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Chapter 1

General introduction
Vaccination belongs with sanitation and clean drinking water to the largest contrib-
utors in the control of infectious diseases. The introduction of vaccines has increased 
life expectancy and increased the chance that children survived the first 5 years of their 
lives. It has been estimated that, due to vaccination, 103 million cases of childhood dis-
eases and 2.5 million deaths are prevented per year1.

In the 18th century, Variola (smallpox) was a lethal disease. Edward Jenner, a general 
physician, was intrigued by the fact that people who had been infected with cowpox, 
a non-lethal variant of the smallpox disease, were immune to smallpox. In 1796, he 
inoculated a young boy with fresh material from cowpox lesions. Nine days later, he 
exposed the boy to smallpox; the boy did not become ill, thus indeed proved to be im-
mune for smallpox. The treatment introduced by Edward Jenner was called inoculation 
with vaccinia, which later became vaccination2. From this point on, the science of vac-
cination was driven by new discoveries, for example the observation that microorgan-
isms are the cause of infectious diseases, discovered by Robert Koch in 1876. Another 
important development/discovery was the use of adjuvants in inactivated vaccines. Ra-
mon discovered that combining foreign substances with a toxoid injection resulted in a 
higher antitoxin production in horses3. In 1926, Glenny et al. discovered that the addi-
tion of aluminum salts to toxoid vaccines improved the immunogenicity and efficacy of 
these toxoid vaccines compared to non-adjuvanted vaccines4-5.

In Latin, adjuvare means to help3, hence the name ‘adjuvant’ refers to all components 
that are included in vaccine formulations to increase the immunogenicity of the co-in-
oculated antigen. In general, adjuvants are used to achieve one or more of the following 
effects: 

1. increasing the immunogenicity of weak antigens6;

2. enhancing the duration of the immune response3, 7-8;

3. modulating antibody avidity, specificity, isotypes or subclasses9;

4. stimulating cell-mediated responses6;

5. enhancing the immune response in immature or senescent antigen presenting 
cells7-8;

6. reducing the required dose of the antigen needed (cost reduction)6;

7. prevent immunological interfering problems in combination vaccines.

Adjuvants are used to elicit an immune response towards less immunogenic, purified 
antigens. Life-attenuated and whole-inactivated vaccines which consist of complete 
microorganisms, usually contain intrinsic adjuvants, like LPS and pathogen-specific 
nucleic acids and are capable of eliciting a strong immune response without additional 
exogenous adjuvant7-8, 10-11, even though the immunogenicity of these whole cell vac-
cines might be decreased upon inactivation11. Many vaccines however, are recombi-
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nant or otherwise highly purified subunits. Immunization with these antigens results in 
modest humoral/antibody-based immune responses with little to no cellular immunity, 
making the inclusion of an adjuvant vital for its efficacy11. Despite the long history of 
their use, there is still some ambiguity remaining for some adjuvants about the molec-
ular mechanism underlying the adjuvant activity, making it difficult to improve vac-
cines on a rational basis. For determining the most suitable adjuvant in a vaccine and 
determine the underlying mechanism of action of the adjuvant, characterization of the 
molecular mechanism involved is evident. Currently, only a few adjuvants are approved 
in human vaccines: aluminum salts, oil-in-water emulsion (e.g. MF59), synthetic mo-
nophosphoryl lipid A (MPL) and saponin (e.g. Quillaja Saponin QS21). For determin-
ing the ideal adjuvant-antigen combination for a vaccine against a specific pathogen, 
information about the mechanism of action of both the adjuvant and the pathogen is 
essential. In addition, it is important to know what the desired vaccine-induced im-
mune response would look like.

Vaccine responses
Vaccine adjuvants are there to ‘activate the innate immune response’. A required vac-
cine response would be a protective pathogen-specific, lasting response. This response 
is achieved by immunizing the host with antigens from the causative pathogen, either 
in an inactivated, life-attenuated, incomplete or synthetic form. This immunization of 
the host, with the causative pathogen is meant to induce a protective response, either 
cellular (CD8+ T cells and CD4+ T cells) or humoral (CD4+ T cells and B cell-mediated 
antibodies)12 depending on the localization of the causative pathogen during natural 
infection. Cellular responses are related to intracellular pathogens, while the humoral 
response is associated with extracellular pathogens. Cellular and humoral immune re-
sponses are part of the adaptive immune system which, upon activation, result in the 
clearance of the pathogen (utilizing pathogen-specific antibodies) or the clearance of 
cells infected by the pathogen (utilizing CD8+ T-cells). This adaptive immune response 
is specific to the antigens in a vaccine and is initiated and shaped by the innate immune 
response (Figure 1), often related to vaccine adjuvants. 

The ‘innate’ immune response is triggered when an Antigen Presenting Cell (APC), 
for example a monocyte, recognizes a Danger-Associated Molecular Pattern (DAMP) 
or Pathogen-Associated Molecular Pattern (PAMP). Examples of DAMPs are host cell 
DNA and uric acid, released by dying or damaged cells13-15. PAMPs can be bacteri-
al lipopolysaccharides (LPS), viral RNA, bacterial DNA or other conserved microbial 
structures16-17. Both DAMPs and PAMPs or synthetic products mimicking these, can 
activate the innate immune system and could therefore be considered adjuvants. In 
addition, components that induce the release of DAMPs can also be a vaccine adjuvant, 
e.g. aluminum hydroxide (Al(OH)3, which causes the release of DAMPs from cells of 
the innate immune system. PAMPs and DAMPs activate the innate immune system by 
ligating Pattern Recognition Receptors (PRRs)16-17. These receptors are mainly present 
on the cell surface of innate immune cells even though some are also present intracel-
lularly, in other cells besides innate immune cells. Examples of receptors expressed by 
innate immune cells are: Toll Like Receptors (TLR), NOD like receptors and C-Type 
Lectin receptors. When a DAMP or PAMP ligates a PRR, the antigen presenting cell 
becomes activated and various innate immune mechanisms are initiated:
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1. influx of innate and adaptive immune cells populations at the site of injection as 
a result of chemotaxis (in vivo)18;

2. pro-inflammatory cytokines are secreted18;

3. expression of co-stimulatory molecules on the cell surface is upregulated18;

4. HLA molecules are upregulated on the cell surface18

5. Immune cell maturation and enhanced phagocytotic capacity

The upregulation of co-stimulatory molecules and HLA class I and class II molecules 
on the cell surface, as well as the secretion of cytokines allow for effective antigen pre-
sentation by the activated APCs to T cells19. APCs can present antigen epitopes to two 
types of T cells: naïve CD4+ T helper (Th) or naïve CD8+ T cells. CD8+ T cells recognize 
antigens presented by HLA class I molecules through their T cell receptor. Naïve CD4+ 
Th cells recognize antigens presented in HLA class II through the T cell receptor. De-
pending on the cytokines secreted, the naïve CD4+ Th cells differentiate towards a Th 

Figure 1. Humoral and cellular immunity. 
Activation of cellular and humoral immunity by the innate immune system. Adapted from C.E. van de 
Sandt et al.12. IL-2 is essential for T cell survival, while IL-6, IL-17A and TNFα are pro-inflammatory 
cytokines. IFNγ has antiviral properties and is associated with a Th1 response, IL-4 is Th2 polarizing 
cytokine IL-5 is involved in B cell development and a Th2-associated cytokine. IL-13 is an anti-inflam-
matory. IL-12 is aTh1 inducing cytokine TGFβ, is a growth factor inducing Th17 cells and IL-21 regu-
lates proliferation of mature T and B cells upon stimulus.
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type 1 (Th1), Th type 2 (Th2) or Th type 17 (Th17) cell type (Figure 1). The polarization 
of a naïve CD4+ Th cell towards a Th1 cell results in cellular immunity and the clear-
ance of intracellular pathogens, like viruses. The differentiation of a naïve CD4+ Th cell 
towards a Th2 cell is associated with the induction of B cell proliferation, a humoral 
immune response and the clearance of extracellular parasites12, 20-21. The differentiation 
of naïve CD4+ T cells towards Th17 cells result in the clearance of fungi and extracellu-
lar bacteria and in the induction of cell-mediated immunity20-21. Antigen presentation 
to CD8+ T cells will result in the induction of a cellular immune response (Figure 1)12. 
Intact antigens can also directly bind to B cells which will result in a humoral immune 
response (Figure 1).

Vaccine adjuvantation
In view of the important function of adjuvants in modern vaccine concepts, a wide 
variety of potential agents has been tested to serve as safe and efficient additives to im-
prove the immunogenicity and steer the immune response of vaccines. Although many 
adjuvants have been clinically tested22, only a few have been approved and applied in 
human vaccines.

Aluminum salts
In 1926, Glenny et al. discovered that aluminum salts had adjuvant features. Diphtheria 
toxoid adsorbed to aluminum salts induced a significantly higher antibody titer against 
the toxoid compared to toxoid alone4. In the years to follow, aluminum salts were incor-
porated in many human vaccines, e.g. the combination vaccine containing diphtheria, 
tetanus and acellular pertussis antigens (DTaP), and hepatitis A and B vaccines, even 
though the mechanism of action was still largely unknown. Shortly after Glenny et 
al. discovered the potential of the aluminum salts, the depot theory was hypothesized. 
It was observed that the clearance of aluminum salt-adsorbed toxoids was delayed 
compared to non-adsorbed toxoids5, thus the assumption was made that antigen alu-
minum salts aggregate at the site of injection forming a slow release depot. However, 
this theory is often challenged23-25.

Different forms of aluminum-based adjuvants are available for human vaccines. 
Although chemically incorrect, they are identified as Al(OH)3 and AlPO4 (Figure 2). 
Al(OH)3 is in fact aluminum oxyhydroxide, AlO(OH) and AlPO4 is actually aluminum 
hydroxyphosphate, Al(OH)(PO4). They are commercially available or are made in situ 
by vaccine manufacturers, possibly resulting in different composition and characteris-
tics. They differ in charge, form and adsorption capacity. Al(OH)3 is positively charged 
at physiological pH, while AlPO4 is negatively charged at physiological pH6, 26. The pos-
itive charge of Al(OH)3 might allow for stronger interactions with negatively charged 
cell membranes than AlPO4. In addition, Al(OH)3 is crystalline while AlPO4 is amor-
phous. In literature the term ‘alum’ is often used without qualifying which form is used.

Aluminum-based adjuvants stimulate the humoral immune response and are poor 
inducers of the cellular immune response. Potential mechanisms of action were discov-
ered more recently:

1. the differentiation from monocytes/macrophages to mature antigen-presenting 
dendritic cells by Al(OH)3 and AlPO4, capable of eliciting a specific immune re-
sponse27-29;
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2.  increase antigen presentation by HLA class II by both Al(OH)3 and AlPO4
28-31;

3. activation of the inflammasome by Al(OH)3, which facilitates the secretion of IL-
1β, a pro-inflammatory cytokine and inducer of Th2 polarization13, 32-34;

4. complement activation by Al(OH)3
35;

5. the induction of cell death and cell stress by Al(OH)3, leading to the release of 
DAMPs13, 15, 36.

By inducing cell death, Al(OH)3 stimulation causes the release of uric acid and en-
dogenous DNA. This endogenous DNA enhances HLA class II antigen presentation 
and prolonged CD4+ T cell interactions with dendritic cells15, 36. In addition, the release 
of host cell DNA can also result in the secretion of IFNβ and IL-1β15, 36. Uric acid can 
activate the inflammasome in vitro and has a role in the recruitment of inflammatory 
monocytes to the site of injection, T cell priming and the humoral immune response 
towards Al(OH)3

13, 32, 37.

LPS derivatives
Microbiota or microbial products, such as lipopolysaccharide (LPS) are also adjuvants. 
LPS is an important surface structure of Gram-negative bacteria, thus a naturally pro-
duced adjuvant. It resides in the outer leaflet of the outer membrane and is composed 
of various sugars and lipids with the following structure:

1. the O-antigen, maintaining the hydrophilicity of the molecule (Figure 3);

2. the inner and outer core classifying the LPS type;

3. lipid A, being the part that activates the innate immune system and is responsible 
for the pro-inflammatory responses induced by LPS38-40(Figure 3).

Wild-type LPS is very potent stimulator of the innate immune response but also too 
toxic to be used directly as an adjuvant40-44. For vaccine applications, monophosphoryl 

Figure 2. Transmission electron microscopy images. 
Images of aluminum hydroxide (Alhydrogel®) (A) and aluminum phosphate (Adju-Phos®) (B).
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lipid A (MPLA), a detoxified derivative of LPS, is used in vaccines. MPLA is derived 
from LPS by removing one or more acyl chains, one or more polysaccharide side groups 
and by removing at least 2 phosphates45. MPLA is a TLR4 ligand, which induces simi-
lar cytokines compared to LPS but is at least a 100-fold less toxic. MPLA is used as an 
adjuvant, combined with Al(OH)3, in human vaccines against HPV vaccine (Cervarix). 

LPS interacts with TLR4 and has very strong effects on the CD4 T cell response42. 
When LPS is taken up by APCs, they start to produce various cytokines and effector 
molecules, including IL-1, IL-6, IL-8, IL-12, TNFα, IFNγ and platelet-activating fac-
tor46-48. LPS also induces the migration of APCs to the draining lymph nodes, specifi-
cally the T cell area, antigen processing and presentation and activation of the comple-
ment system. In addition, LPS induces the activation of antigen presentation and the 
production of cytokines. Moreover, in the presence of IFNγ LPS induces the formation 
of IgG2a, which is a Th1-related antibody49. So, LPS and derivatives allow for an effec-
tive priming of the adaptive immune response towards a Th1 immune response.

Emulsions
Emulsion adjuvants date back to the 1930s and are a two-phase adjuvant system, com-
prising of a hydrophilic and a hydrophobic phase. Simple emulsions are classified as 
either oil-in-water or water-in-oil emulsion6. The most successful emulsion adjuvant is 
MF59, a squalene-based oil-in-water emulsion, licensed in 1997 as adjuvant to over-
come immunosenescence in an influenza vaccine, formulated for elderly30, 50. MF59 
has proved to be safe and efficacious and is now licensed more broadly50. The benefit 
of MF59 as an adjuvant in flu vaccines is that it protects against more heterologous 
strains50. In vitro studies revealed that MF59 activates human monocytes and macro-
phages, to release chemokines that attract monocytes and granulocytes, like IL-829. In 
addition, cytokines secreted upon MF59 stimulation attract activated T cells, e.g. CCL2. 
Besides these chemoattractant properties, it was identified that monocytes are the ac-
tual targets of MF5929, 51. The monocytes targeted by MF59 underwent a phenotypical 

Figure 3. LPS structure. 
The O-specific chain is the repeating unit, the outer core consists of oligosaccharides (D galactose and 
D-glucose), the inner core also consists of oligosaccharides, 3-deoxy-D-manno-oct-2-ulosonic acid and 
Hep, L-glycero-D-manno-heptose, the lipid A consists of, fatty acids and phosphorylated N-acetylglu-
cosamine (adapted from E. Mahenthiralingam et al.38 and P. Sperandeo et al.39.
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change to a more DC-like phenotype, resulting in the hypothesis that MF59 induces a 
monocyte-to-dendrite differentiation. In addition to these phenotypical changes, MF59 
stimulation increased the cell surface expression of CD86 and HLA class II molecules 
and the downregulation of CD14, a monocyte cell surface marker. These changes indi-
cate that indeed the cells are differentiating away from a monocytic cell type towards 
a dendritic cell type in vitro51-52. In vivo studies revealed various mechanisms of action 
for MF59:

1. the recruitment of white blood cells to the muscle when MF59 was injected in-
tramuscular53;

2. the induction of chemoattractant molecules like CCL2, CCL4, CCL6, CCL7 and 
CCL830;

3. enhanced antigen processing and presentation;

4. recruitment of MHC II positive cells to the site of injection30.

MF59 does not bind to TLR receptors54 nor does it activate the inflammasome, the 
latter is in contrast to aluminum-based adjuvants51. Crucial for the immune response 
induced by MF59 however, was MyD88, since MyD88 knockout mice did not induce an 
antibody response upon immunization with MF5951. MyD88, is often associated with a 
TLR induction, however for MF59 the dependence of MyD88 was thought to be inde-
pendent of TLR activation, since MF59 did not activate any TLRs in vitro51, thus it was 
proposed that MF59 is dependent on MyD88 in a TLR independent matter. Perhaps by 
activating IL-1R, required for the induction of IL-1 and IL-18 or via TAC1, involved in 
B cell class switch51, 55 Finally, it may also be that MF59 in vivo induces the expression 
of endogenous TLR ligands thus that the MyD88 dependent immune response could 
be related to TLR activation51. In summary, MF59 has proven to be an adjuvant that 
recruits both innate and adaptive immune cells to the site of injection and is a safe and 
efficacious adjuvant in vaccines.

Techniques and comprehensive approach
All mechanistic studies described in the paragraphs above were conducted using ac-
knowledged immunological techniques, most commonly antibody-based assays like 
ELISAs and flow cytometry. These assays always require a preselection of the targeted 
effector molecules (cytokines, cell surface receptor and co-stimulatory molecules) and 
are also biased due to the availability and selection of the antibodies against particu-
lar cell markers. The last decades, however, mass spectrometry-based proteomics has 
emerged as an essential tool in mapping the proteome in biological systems, in an un-
biased way. This proteomics approach not only allows identification and quantification 
of individual proteins, but also can target differentially regulated biological pathways 
and protein-protein interactions upon defined stimuli, although the latter has not been 
applied in this thesis. With the availability of quantitative mass spectrometry-based 
proteomics, it is now possible to study the underlying mechanisms of vaccine adjuvants 
at the level of proteins. This strategy opens new possibilities to further unravel and val-
idate the mechanism of action of the adjuvants.



15

GENERAL INTRODUCTION

1
In this thesis, a comprehensive approach is used for the analysis of mechanisms of 

action and pathways involved in innate immune activation by adjuvants, consisting of:

1. flow cytometry for the analysis of the maturation/differentiation state of the cells;

2. ELISA-based cytokine analysis, providing inside information about the polariz-
ing messengers secreted by the cell;

3. targeted qPCR for the analysis of 89 immune response genes of the innate and 
adaptive system;

4. relative quantitative unbiased proteome analysis, in which differentially regulated 
processes in the cell by the addition of the stimulation condition were analyzed.

Combining the data of these complementary techniques resulted in a comprehensive 
overview of the mechanisms involved in the activity of a vaccine adjuvant. Targeted 
transcriptome analysis was performed on stimulated cells with quantitative PCR. With 
this method the gene expression of cytokines, chemokines, cell surface markers and re-
ceptors could be determined. For the analysis of the proteome, relative quantitative 
unbiased proteome analysis was used. This quantitative approach was achieved by us-
ing tandem mass tag labeling (TMT) with multiplexing up to ten different conditions 
(TMT(10)) in one single mass spectrometry analysis.



16

Chapter 1

Thesis outline and objective
The objective of this thesis was to unravel the molecular mechanisms of alumi-
num-based vaccine adjuvants. In chapter 2, the mechanisms of action of Al(OH)3 were 
investigated in vitro in human primary monocytes at the molecular level, combining 
targeted transcriptomics, proteome analysis and cytokine analysis. Novel pathways 
elucidated were: type I interferon signaling and HLA class I antigen processing and 
presentation.

Chapter 3 describes the comparison of the Al(OH)3 mechanism of action in human 
primary monocytes with the Al(OH)3-adjuvanted DTaP combination vaccine contain-
ing Diphtheria, Tetanus and (acellular) Pertussis antigens. Synergistic effects between 
adjuvants and antigens could be elucidated. It was concluded that the antigens in DTaP 
influence the innate immune response towards the vaccine adjuvant in a quantitative 
and qualitative manner.

In chapter 4, the response of human monocytes (in vitro) and the local response of 
mice (in vivo) induced by either of the two conventional aluminum-based adjuvants, 
Al(OH)3 and AlPO4, were compared. In vitro, Al(OH)3 induced the processes of antigen 
processing and presentation, while AlPO4 did not. In vivo, both adjuvants attract differ-
ent immune cells to the site of injection.

In chapter 5, the immune response to differently shaped and sized aluminum ad-
juvants were analyzed in human primary monocytes. One conventional adjuvant cur-
rently used in vaccines, Al(OH)3, was compared with two different nanoparticles com-
posed of Al(OH)3: gibbsite and boehmite. Clearly, size and shape of the particles affect 
the strength of the innate immune response induced by these particles.

Chapter 6 describes a new method to map the cellular secretome. This assay utilizes 
a new generation of chemically modified beads to allow for enrichment of de novo-syn-
thesized proteins after administering a stimulus. Isolation of these proteins is based 
on a single step click chemistry without the addition of agents and/or catalyst that are 
incompatible with subsequent mass spectrometric analysis. This assay is intended as an 
unbiased proteomics-based method to target the secreted proteins as an alternative for 
the biased antibody-based assays (e.g. Luminex).
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Abstract
Aluminum-based adjuvants are the most widely used adjuvants in human vaccines. A 
comprehensive understanding of the mechanism of action of aluminum adjuvants at 
the molecular level, however, is still elusive. Here, we unravel the effects of aluminum 
hydroxide Al(OH)3 by a systems-wide analysis of the Al(OH)3-induced monocyte re-
sponse. Cell response analysis by cytokine release were combined with (targeted) tran-
scriptome and full proteome analysis. Results from this comprehensive study revealed 
two novel pathways to become activated upon monocyte stimulation with Al(OH)3: 
the first pathway was IFNβ signaling possibly induced by DAMP sensing pathways like 
TLR or NOD1 activation, and second the HLA class I antigen processing and presen-
tation pathway. Furthermore, known mechanisms of the adjuvant activity of Al(OH)3 
were elucidated in more detail such as inflammasome and complement activation, ho-
meostasis and HLA-class II upregulation, possibly related to increased IFNγ gene ex-
pression. Altogether, our study revealed which immunological pathways are activated 
upon stimulation of monocytes with Al(OH)3, refining our knowledge on the adjuvant 
effect of Al(OH)3 in primary monocytes.
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Significance
Aluminum salts are the most used adjuvants in human vaccines but a comprehensive 
understanding of the working mechanism of alum adjuvants at the molecular level is 
still elusive. Our Systems Vaccinology approach, combining complementary molecu-
lar biological, immunological and mass spectrometry-based techniques gave a detailed 
insight in the molecular mechanisms and pathways induced by Al(OH)3 in primary 
monocytes. Several novel immunological relevant cellular pathways were identified: 
type I interferon secretion potentially induced by TLR and/or NOD like signaling, the 
activation of the inflammasome and the HLA Class-I and Class-II antigen presenting 
pathways induced by IFNγ. This study highlights the mechanisms of the most com-
monly used adjuvant in human vaccines by combing proteomics, transcriptomics and 
cytokine analysis revealing new potential mechanisms of action for Al(OH)3.
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Introduction
Since 1926, colloidal aluminum salts are known for their adjuvant features, when Glen-
ny et al. discovered that diphtheria toxoid adsorbed to aluminum salts showed a signifi-
cantly higher antibody titer against the toxoid compared to antigen alone1. Since then, 
aluminum salts have been widely used as vaccine adjuvants, even though the mech-
anism of action has remained largely unknown. Shortly after Glenny et al. discovered 
its potential, it was observed that the clearance of aluminum salt-adsorbed toxoids was 
delayed compared to non-adsorbed toxoids2. This observation was the basis for the the-
ory that antigen-aluminum salt aggregates form a depot at the site of injection, leading 
to a slow release of the bound antigen. However, when the aluminum salt deposit was 
removed at various time points, the immune response was not compromised, suggest-
ing that this is not the only mechanism by which aluminum salts increase the immune 
response to antigens3. It was shown that antigens desorb rapidly from AlPO4 as well as 
Al(OH)3 after administration, explaining that even when the aluminum salt-deposit is 
removed, an antibody response is still created4. It was demonstrated by flow cytometric 
analysis that Al(OH)3 causes the differentiation of monocytes to antigen-presenting 
dendritic cells, which then can elicit a specific immune response in the presence of an 
antigen5-7. Al(OH)3 has been shown to steer the CD4+ T cell response towards a T help-
er type 2 (Th2) response and induces the recruitment of immune cells (e.g. dendritic 
cells, inflammatory monocytes, eosinophils, neutrophils natural killer cells and CD11+ 
cells) to the site of injection7-12.

Additional mechanisms for the adjuvant effect of Al(OH)3 have been described: 
for example, the activation of the NLRP3 inflammasome, as identified by both in vivo 
and in vitro studies12-15. Inflammasome activation results in the secretion of IL-1β, a 
pro-inflammatory cytokine and potent inducer of the adaptive immune response and 
Th2 polarization13, 15-16. The inflammasome, in vitro, appeared to be critical for Al(OH)3 
dependent IL-1β secretion and antibody responses. In vivo however, there is conflict-
ing data about the necessity of the inflammasome to induce a humoral response13, 15, 

17. Complement activation is another mechanism involved in the adjuvant activity of 
Al(OH)3

12, 18. The release of Danger Associated Molecular Patterns (DAMPs) like uric 
acid and host DNA, is induced by Al(OH)3

13, 19-20. Uric acid is involved in T cell priming 
and humoral responses13, 15. Besides this, uric acid can also activate the inflammasome 
in vitro15, 21. However, in vivo IL-1β production did not depend on the presence of uric 
acid14-15. Uric acid is involved in the influx of inflammatory monocytes to the site of 
injection as is MyD88, since MyD88-deficient mice showed a significant reduction of 
the influx of inflammatory monocytes13. Even though MyD88 appears to be dispens-
able for antibody production there is a role in the adjuvant activity of Al(OH)3

13. DNA 
is also involved in the adjuvant activity of Al(OH)3

19
. DNA can result in the secretion of 

IL-1β or in the secretion of IFNβ and enhances MHC class II antigen presentation19-20. 
In conclusion, there are many potential mechanism described for the adjuvant activity 
of Al(OH)3. A comprehensive study compiling transcriptome data with proteome data 
would make it possible to follow pathways in more detail and create an overview of 
which pathways are actually activated by the Al(OH)3 adjuvant.

In this study, we investigated the Al(OH)3-induced innate cell response at the tran-
scriptome and proteome level, aiming to further complete the overview of molecular 
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pathways and cellular processes involved in the adjuvant effect of Al(OH)3. Primary 
monocytes were chosen as a model, since these prominent mononuclear phagocytes 
play an important role in tissues when activated, bridging the innate and adaptive im-
mune responses22-23. Besides there known differentiation into monocyte derived den-
dritic cells (MDDCs), monocytes can also enforce their antigen presenting role to T cells 
in response to various stimuli as recently reviewed24. In the current study the effect of 
Al(OH)3 on monocytes will be investigated. The combination of transcriptome/pro-
teome analyses and cytokine measurements enabled the comprehensive identification 
of molecular pathways in Al(OH)3-stimulated monocytes, further clarifying the mech-
anism by which Al(OH)3 works.
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Materials and methods

Ethics statement
This study was conducted using blood donations, provided by the National Institute 
for Public Health and the Environment (Bilthoven, The Netherlands), for primary cell 
isolation. The blood donations for this research goal were specifically approved by the 
accredited Medical Research Ethics Committee (MREC), METC, Noord-Holland in The 
Netherlands. The study was conducted according to the principles expressed in the 
Declaration of Helsinki and written informed consent was obtained from all blood do-
nors before collection and use of their samples. Blood samples were processed anony-
mously. All human primary cells described in this study were obtained by the rules of 
this ethical statement.

Reagents used in cell stimulation
Aluminum hydroxide (Alhydrogel 2%; Brenntag; Frederikssund; Denmark) is referred 
to as Al(OH)3. Lipopolysaccharide (LPS) from E.coli K12 (Invivogen; San Diego; Cali-
fornia; USA) was used as positive control and is referred to as LPS.

Isolation and stimulation of monocytes
Peripheral blood derived from 7 healthy adult donors and obtained as described in the 
ethical statement, was used for monocyte isolation. First, peripheral blood mononucle-
ar cells (PBMCs) were obtained by gradient centrifugation at 1,000xg for 30 minutes on 
Lymphoprep (Nycomed; Zurich; Switzerland). Second, monocytes were isolated from 
the PBMC fraction using MACS in combination with anti-CD14 MACS beads (Miltenyi 
Biotech; Bergisch Gladbach; Germany). Purity check by flow cytometric analysis of 
CD14 cell surface expression was performed and only if the purity of the monocyte 
population was ≥95% the cells were used for proteome and transcriptome analysis.

Monocytes were cultured in a 24-well culture plate (0.6 x·106 cells/ml, 1 ml/well) 
in RPMI (Gibco/Thermo Fisher; Waltham; Massachusetts; USA) containing 10% Fetal 
Calf Serum (FCS) (Hyclone), 100 units/ml of penicillin (Gibco) 100 units/ml strepto-
mycin (Gibco), and 2.92 mg/ml L-glutamin (Gibco), hereafter referred to as monocyte 
culture medium. Isolated monocytes were either left unstimulated in monocyte culture 
medium, or were stimulated with 500 µl of LPS or Al(OH)3 in monocyte culture medi-
um with a final concentration of 0.1 µg/ml or 10 µg/ml, for 24 or 48 hours respectively, 
based on the study of Ulanova et al.5.

After incubation, culture supernatants were collected and stored at -80°C for cy-
tokine analysis. Small aliquots were taken from cell suspensions from each donor per 
time point for flow cytometry analysis.

For proteome analysis, the cells of at least one well per condition per time point per 
donor (three individuals) were washed with PBS, before adding 500 µl lysis buffer (4 M 
Guanidine·HCl in phosphate buffer pH 7.5) (Sigma Aldrich; St Louis; Missouri; United 
States).

For transcriptome analysis, the cells of at least one well per condition per time point 
per donor (5 individuals) were placed in 350 µl of RLT buffer (Qiagen; Venlo; The Neth-
erlands). The samples for proteome and transcriptome analysis were stored at -80˚C.
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Generation and stimulation of primary Monocyte-Derived 
Dendritic Cells (MDDCs)
Monocytes from the peripheral blood of 6 donors, obtained as described in the ethics 
statement, were cultured in a 24-well culture plate (0.4 x·106 cells/ml, 1 ml/well) in DC 
culture medium, i.e. IMDM (Gibco) containing 1% FCS, 100 units/ml penicillin, 100 
units/ml streptomycin, 2.92 mg/ml L-glutamine (Gibco), 500 units/ml GM-CSF (Pre-
potech; Rocky Hill; New Jersey; USA) and 800 units/ml IL-4 (Sanquin; Amsterdam; 
The Netherlands) for 6 days. On day 6, the immature MDDCs (iMDDCs) were either 
left unstimulated, or were stimulated for 48 hours with 250 µl of LPS or Al(OH)3 in 
DC culture medium containing 250 units/ml GM-CSF, with a final concentration of 
the stimulus of 0.1 µg/ml or 10 µg/ml. After 48 hours, supernatant were stored at -80° 
for cytokine analysis. The stimulated MDDCs were harvested and suspended in FACS 
buffer. Aliquots were taken from cell suspensions for flow cytometric analysis which 
was used as a quality control for the cell culture procedure. Flow cytometric analysis of 
monocytes was used as a quality control for the cell culture procedure. LPS served as 
a positive control and performed as expected, by inducing CD80 expression (Supple-
mentary S1). Samples were only used for further analysis if the monocytes were at least 
95% pure.

Culture and stimulation of THP-1 cells
The human monocytic cell line THP-1 (ATCC; Teddington; Middlesex; U.K.) was used 
for verification experiments of leads identified in primary monocytes. THP-1 cells were 
cultured according to the supplier’s protocol with the addition of 100 units/ml peni-
cillin, 100 µg/ml streptomycin and 300 µg/ml L-glutamine to the medium, hereafter 
referred to as THP-1 culture medium, in culture flasks.

Cells were primed with 300 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma 
Aldrich) for 24 hours, after which the medium was discarded and new medium without 
PMA was added. After 24 hours in the refreshed medium, the following stimulations 
were performed: mock, 50 or 100 µg/ml Al(OH)3 (based on literature5, 14 and preliminary 
experiments). Each of these conditions was performed in the presence and absence of 
25 µg/ml glybenclamide (Invivogen). An additional cell batch was left completely un-
stimulated and unprimed. Twenty-four and 48 hours after stimulation, supernatants of 
cultures were harvested and used for an IL-1β ELISA.

Flow cytometric analysis
For purity analysis, isolated monocytes were stained with PE-conjugated anti CD14 
clone (H5E2). Cultured monocyte and MDDC cell suspensions were stained with 
PE-conjugated anti-CD40 (BD Biosciences; clone 5C3), APC-conjugated anti-CD80 
(BioLegend; clone 2D10), FITC-conjugated anti-CD83 (BD Biosciences; clone HB15e), 
Pacific Blue-conjugated anti-CD86 (BioLegend; clone IT2.2), HLA-DR FITC (Sanquin; 
clone L243) and finally with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen) 
for 30 minutes at 4°C. The cells were washed in FACS buffer and fixed in FACS buffer 
containing 1% paraformaldehyde (PFA). Data were acquired on a FACS Canto II (BD 
Biosciences) and analyzed using FlowJo software (Tree Star) by comparing the MFI of 
the stained control with the MFI of the stained stimulus. The data were corrected for 
the percentage autofluorescence determined in verification experiments by comparing 
the unstained stimulated with the stained stimulated cells for each stimulus. 
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mRNA expression analysis
mRNA was isolated from monocyte samples using the RNeasy mini kit (Qiagen) ac-
cording to the animal cell spin protocol provided. Isolated RNA concentrations and pu-
rities were determined by the spectrophotometric analysis of the 260-nm and 280-nm 
absorbance on the Nanodrop 2000 (Thermo Fischer). Subsequently, cDNA synthesis 
was performed with the RT cDNA synthesis kit (Qiagen) and the RT preAMP pathway 
primer mix, innate and adaptive immunity comprising primers for 89 functional RNA 
species and controls, on 12 ng of RNA per condition (Qiagen). cDNA was subsequently 
frozen at -20°C. 

qPCR was performed by using the Innate and Adaptive Immune Responses RT2 
Profiler PCR Arrays (PAHS 052ZC) (Qiagen) (Supplementary S2) on a qPCR apparatus 
(ABI step one plus; Applied Biosystems; Foster City; California; USA) with a melt curve 
determination as a quality control, included in the measurement.

qPCR data were analyzed with the qPCR statistical web software from Qiagen. 
Gene expression was normalized to HPRT1 as housekeeping gene, after which the fold 
change was calculated according to the manufacturer’s protocol. Fold change-values 
greater than one indicate an upregulation, in which the fold regulation is equal to the 
fold change. Fold change-values less than one indicate a downregulation in which the 
fold regulation is the negative inverse of the fold change. For donor F (with three tech-
nical replicates), p-values were calculated based on a Student’s t-test of the replicate 
values for each gene in the control group and treatment group. Genes were considered 
regulated if p-value <0.05 and a two-fold change in expression occurred. We validated 
technical replicate reproducibility with the first donor. The Coefficient of Variation (CV) 
between technical replicates was 3.5% for all transcriptome data and all the genes that 
met the two fold difference criterion also had a p-value <0.05. Therefore, for the other 
four donors we used one technical replicate and considered genes regulated if they met 
the two-fold difference criterion. Overall, genes were considered regulated by Al(OH)3 
if they showed a two-fold up- or down-regulation in at least three out of five donors, or 
were regulated in two donors with a clear trend in at least one other.

LPS served as a control for the time point and for potential artifacts25 of the cell iso-
lation with CD14 beads, by determining if LPS-related genes were indeed increased. It 
was confirmed that LPS-related genes were indeed increased after 24 hours (Supple-
mentary S3), indicating that the time point can indeed be used and that artifacts (no 
induction of LPS-related genes) might not play a role here.

Protein isolation
Monocytes were lysed by adding 500 µl 4 M Guanidine·HCl in 100 mM phosphate 
buffer (pH=7.5) to the culture plate and incubated for 2 hours at 4°C. During these 2 
hours, the cells were subjected to a freeze-thaw step. The protein concentrations were 
determined with a BCA protein assay (Pierce biotechnology; Waltham Massachusetts; 
USA) according to the manufacturer’s protocol. Lysed cells were stored at -80°C in a 
culture plate.

Protein digestion
Protein samples from monocytes were diluted 4 times with 100 mM phosphate buffer 
pH 7.5 to reduce the Guanidine·HCl content to 1 M and adjust the pH to 7.5. Proteins 
were digested at 37°C with Lys-C (Roche; Basel; Switzerland) in an enzyme-to-sub-



29

NOVEL IDENTIFIED ALUMINUM HYDROXIDE-INDUCED PATHWAYS PROVE MONOCYTE ACTIVATION AND PRO-INFLAMMATORY PREPAREDNESS

2

strate ratio of 1:10 (w/w). After 4 hours, fresh Lys-C was added in a 1:10 (w/w) ratio for 
an overnight incubation.

Protein labeling in monocyte samples
Following the protein digestion, aliquots from the six monocytes samples per donor 
(three donors) were taken containing equal protein amounts and per condition labeled 
using tandem mass tag labeling 6-plex (TMT(6), Thermo Fisher). For donor A 25 µg per 
condition per time point was labeled, for donor B 50 µg protein per condition per time 
point was labeled and for donor C 25 µg protein and 10 µg per condition was labeled at 
24 and 48 hours, respectively. Labeling was performed on Solid Phase Extraction (SPE) 
columns (Waters; Milford; MA; USA). The SPE columns were equilibrated as described 
by the manufacturer and washed with 100 mM phosphate buffer pH 7.5. The digested 
protein samples were loaded onto 6 separate SPE columns using a vacuum manifold 
(Waters) and washed with 100 mM phosphate buffer pH 7.5. The TMT-label (0.8 mg 
per TMT-label) was reconstituted in 41 µl acetonitrile (AcN) according to the supplier’s 
protocol. The AcN concentration was reduced to a maximum of 2.5% (v/v) with 100 
mM phosphate buffer pH 7.5. The individual TMT labels were loaded onto the 6 SPE 
columns, leaving 0.5 ml reagent on top of the column for a 30 minute incubation, fresh 
label was added for another 30 minutes of incubation, after which the columns were 
washed with water containing 0.5% formic acid (FA). The six samples were eluted with 
90% AcN containing 0.5% FA, pooled, dried by centrifugal evaporation and reconsti-
tuted in water containing 0.1% trifluoroacetic acid (TFA).

SCX fractionation
Pooled and labeled monocyte-derived protein samples were purified by Strong Cation 
exchange (SCX) as described previously26. The system comprised a HyperCarb trapping 
column (200 µm I.D. x 5 mm length, 7 µm particle size) and an SCX column (200 µm 
I.D. x 11 cm length PolySULFOETHYL Aspartamide, 5 µm, PolyLC), both made in-
house. The gradient was 12 min at 100% solvent A (water + 0.5% HOAc), after which 
a linear gradient started to 100% solvent B (250 mM KCl + 35% AcN + 0.5% HOAc in 
water) in 16.5 min, followed by a second linear gradient to 100% solvent C (500 mM 
KCl + 35% AcN + 0.5% HOAc in water) in 16.5 min at a column flow rate of 2 µl/min. 
Twenty-six 4-µL fractions were collected. Fractions were analyzed for peptide content 
during fractionation using UV. The peptide-containing fractions were subjected to na-
noscale LC-MS analysis.

LC-MS/MS analysis
Peptide separation was performed on a Proxeon Easy-nLC 1000 system (Thermo Sci-
entific). Peptides were trapped on a double-fritted trapping column Reprosil C18 (Dr. 
Maisch; Ammerbuch; Germany; df=3 µm, 2 cm length × 100 µm I.D.) and separated at 
a column temperature of 40°C on an analytical column Poroshell 120 EC-C18 (Agilent; 
df=2.7 µm, 50 cm length × 50 µm I.D.) both packed in house. Both columns contained a 
1-mm length KASIL frit prepared as described by Meiring et al.27, to retain the packing 
bed. The second KASIL frit, upstream in the trapping column, was made the same way 
after flushing the packing bed with helium. Solvent A was 0.1% FA in MilliQ water 
and solvent B was 0.1% FA in AcN (Biosolve). The peptides were separated in 143 
minutes (10 minutes at 2% B for peptide loading onto the trapping column, followed 
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by a 118-minutes gradient from 2% to 30% B and 5 minutes at 70% B) in a non-linear 
optimized gradient28. After 128 minutes, the system was kept at 5% B for 15 minutes to 
equilibrate the column. The column effluent was electro-sprayed directly into the MS 
using a gold-coated fused silica tip with a 5-µm TipID and a spray voltage of 1.8 kV.

Mass spectrometric data were acquired on a Tribrid-Orbitrap Fusion (Thermo Fisher 
Scientific), where the full scan (MS1) spectra were acquired with a scan range of m/z 
350-1500 Da at 120K resolution (FWHM) with an Orbitrap readout. The Automatic 
Gain Control (AGC) for the MS1 was set to 200,000 and the maximum injection time 
to 50 ms in top speed mode with a duration of 3 seconds, where precursor ions with an 
intensity of >5,000 were selected for fragmentation (MS2). Charge states between 1 and 
7 were selected. MS2 was performed using Collision-Induced Dissociation (CID) in the 
linear ion trap with a normalized collision energy of 35%. The AGC for the MS2 was set 
to 10,000 and the maximum injection time to 35 ms. Synchronous-Precursor-Selection 
was enabled to include up to 10 MS2 fragment ions. These ions were further fragmented 
by Higher energy Collision Dissociation (HCD) with a normalized collision energy of 
50%. TMT reporter ions were analyzed in the Orbitrap analyzer, with the AGC set to 
100,000 and a maximum injection time of 120 ms.

Proteomics data were analyzed with Proteome Discoverer 2.1 (PD 2.1) (Thermo 
Fisher Scientific) using default settings unless stated otherwise. Precursor mass tol-
erance was set to 5 ppm, MS/MS scans were searched against the human Uniprot 
database (Nov 2014), containing 23,048 entries, using the Sequest HT search engine 
with full enzyme specificity for Lys-C, with b and y type ions enabled for CID and HCD 
data with a fragment mass tolerance of 0.5 Da. The data was searched with Aspargine 
deamidation and Methionine oxidation as dynamic modifications. TMT(6) was set as 
a static modification on the Lysine residues and the peptide N-termini. For relative 
quantitation, the quantification node was used with TMT(6) as defined quantification 
method and an integration tolerance of 0.2 Da. A decoy database defined in the Per-
colator node was used to validate and filter the peptide-to-spectrum matches with a 
False Discovery Rate (FDR) of <5%. Only medium (FDR <5%) and High (FDR <1%) 
confident identified proteins were used in the further data analysis.

The protein data from the SCX fractions of an individual donor were combined by 
PD 2.1 in a consensus report, resulting in one output table per donor/technical replicate. 
If multiple entries occurred for the same protein, based on Uniprot and NCBI data, the 
ratios given by Proteome Discoverer were Log2-transformed and averaged for further 
analysis. Next, a median correction normalization was performed. For donor C, three 
technical replicates of the medium control and Al(OH)3-stimulated culture conditions 
were measured (their median CV was 10.5% for the full proteomics data set) and these 
were combined into a single average value for this donor to make sure each donor is 
weighed equally in further analysis. For donors A and B, one sample per condition was 
analyzed. Data of three biological replicates (donors) were compared and proteins that 
were upregulated or downregulated by 1.5 fold or more in at least two out of three 
biological replicates were considered substantially regulated. These regulated proteins 
were imported in STRING (string.embl.de)29, to identify enriched pathways in these 
regulated protein sets (FDR<0.05), within Gene Ontology (GO) biological processes.

The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE30 partner repository with the dataset identifier 
PXD008452.
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IL-1β ELISA
IL-1β levels in culture supernatants were determined using the Human IL-1 beta/IL-
1F2 DuoSet ELISA (R&D systems; McKinley; Minneapolis; USA.). The analysis was 
performed according to the manufacturer’s protocol and recorded on a Synergy MX 
(Biotek; Winooski Vermont; USA).

ELISA data were analyzed with GraphPad Prism®. Significance of difference was 
determined using a 2-way ANOVA and a Tukey’s multiple comparison test with an 
Alpha of 0.05.
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Results
Al(OH)3 induces changes in cell surface markers on monocytes 
but not on Immature monocyte derived dendritic cells

When immature monocyte-derived dendritic cells (iMDDCs) were stimulated with 
Al(OH)3, no significant changes in cell surface marker expression were observed, as 
determined by flow cytometry, whereas LPS stimulation resulted in the upregulation of 
CD40, CD80 and CD83 (Supplementary S4). Based on the limited effect of Al(OH)3 on 
iMDDCs, further detailed analyses were only performed using monocytes.

The effect of incubation of monocytes with Al(OH)3 on their cell surface marker 
expression was investigated at the level of gene expression (with targeted transcrip-
tomics) and protein identification and quantification. Al(OH)3 stimulation upregulated 
gene expression of, CD80, and CD8A in monocytes compared to control cells after 24 
hours of stimulation. Gene expression of CD14, a typical monocyte marker that is lost 
upon differentiation into iMDDCs and linked to LPS stimulations31, was downregulat-
ed in Al(OH)3-stimulated monocytes after 24 hours (Fig. 1), while gene expression was 
upregulated in LPS-stimulated monocytes (Supplementary S3, S5). Moreover, at the 
protein level (analyzed with quantitative mass spectrometry) CD14 was downregulated 
after 48 hours of Al(OH)3 stimulation (Supplementary S6, S7). Al(OH)3 stimulation of 
monocytes resulted in an increased protein expression of activation markers CD9 and 
CD71 (TRFC) after 48 hours (Table 2 and Supplementary S6, S7) (please note: these 
markers were not analyzed using targeted transcriptomics). These transcriptome and 
proteome results confirmed that in an Al(OH)3-stimulated monocyte population cells 
became activated and start changing their cell surface marker phenotype including the 
loss of CD14 expression.

Al(OH)3 induces changes in immunogenic genes upon monocyte 
stimulation
Targeted transcriptome analysis of monocytes was performed on an array of 96 genes, 
comprising innate and adaptive immune system genes, housekeeping genes and con-
trol genes (Supplementary S2). In total, 89 functional gene-transcripts could be mea-
sured, of which 40 genes were found to be upregulated and 5 genes were downregulat-
ed (Table 1 and Fig 1). Some donor variation was observed since genes were not always 
differentially regulated in all donors. Fig 1 is most representative for all donors used.

Quantitative proteomics reveals up and downregulation 
of homeostatic and immunogenic processes after Al(OH)3 
stimulation of monocytes
Quantitative proteome analysis of Al(OH)3-stimulated monocytes resulted in the iden-
tification of over 4,000 unique proteins, of which 3,000 proteins could be relatively 
quantified. About 200 proteins were upregulated and about 190 proteins were down-
regulated in Al(OH)3-stimulated monocytes compared to unstimulated monocytes 
(Supplementary S6-S10). Some of these proteins could be matched to the transcrip-
tome data, e.g. HLA-A, HLA-E and CD14 (Table 2). Cytokines were not identified in 
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the lysates. However, several cytokine inducible proteins were detected in the lysates 
(e.g. Mx1, Mx2 and IFIT3). These proteins are induced by IFNβ32-34.
Over-representation analysis of GO terms, revealed the involvement of various bio-
logical processes (Fig 2 and 3). A comprehensive overview of all differentially regulated 
proteins and enriched GO terms is represented in Supplementary S7 and S8-10. Im-
mune processes, like antigen processing and presentation and innate immune response 
were over-represented as well as processes involved in homeostasis like metabolic pro-
cesses, localization and transport(Fig 2). Specific pathways that were induced after 24 
hours were related to localization and copper homeostasis: specified proteins related to 
this process were, e.g. copper-transporting ATPase 2 (ATP7B) and Amyloid-beta A4 
(APP). After 48 hours of stimulation, additional GO terms were enriched in the up-
regulated protein sets as compared to 24 hours of stimulation including: intracellular 
transport processes (e.g. protein transport, protein localization) and response to stress (Fig 
3B). Processes related to cell death were also increased after Al(OH)3 stimulation (pro-
grammed cell death). A complete overview can be found in Supplementary S8-S9.

Within the set of downregulated proteins after 24 hours of Al(OH)3 stimulation, no 
GO terms were over-represented. However, in the data set representing downregu-
lated proteins after 48 hours, over-representation of various GO terms was identified 
i.e. blood coagulation, inflammatory response, regulation of immune system process and 
response to stress (Supplementary S10). These data show that Al(OH)3 regulated both 
processes involved in homeostasis as well as in the immune response.

IL-1β production as a consequence of Al(OH)3 stimulation is 
partially inflammasome dependent
Inflammasome-related gene expression was increased in transcriptome analysis after 
24 hours of Al(OH)3 stimulation, i.e. NOD1 and IL-1R1, while CASP1 and MyD88 were 
upregulated in two donors (Fig 1). IL-1β ELISA analysis in the culture supernatant of 
two donors showed a trend towards increased IL-1β secretion (Supplementary S11). 
Cytokine analysis with an IL-β ELISA in THP-1 cells confirmed the upregulation of IL-
1β after 48 hours (Fig 4 and Supplementary S12).

To investigate the involvement of the inflammasome in IL-1β production upon 
Al(OH)3 stimulation in more detail, THP-1 cells (a human monocytic cell line) were 
differentiated into macrophages by addition of PMA and stimulated with 50 µg/ml of 
Al(OH)3 in the presence and absence of the inflammasome blocker glybenclamide. 
Measurement of IL-1β in cell culture supernatants of THP-1 cells revealed that IL-1β 
secretion upon Al(OH)3 stimulation decreased in the presence of glybenclamide (Fig 4 
and Supplementary S12). A similar trend was observed when tested in primary mono-
cytes: one donor with blocking (donor A) and one donor without blocking experiment 
(donor B) (Supplementary S11). However, this response was less pronounced if com-
pared to the response in PMA-primed THP-1 cells. The loss of IL-1β production upon 
glybenclamide addition provided evidence that the IL-1β production of Al(OH)3-stim-
ulated monocytic cells is indeed partially dependent on the activation of the inflam-
masome.

Al(OH)3 activates the complement system
Our proteomics data of Al(OH)3-stimulated primary monocytes identified the altered 
expression of proteins from all complement pathways: C4 (lectin pathway), C8 (alter-
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native pathway), and C5aR (classical pathway) were significantly upregulated after 24 
hours of stimulation (Table 2 and Supplementary S7). In addition, gene expression of 
C3 was upregulated and CASP1 was upregulated in two donors (Table 1).

Al(OH)3 promotes the production of Th2 and Th1 related 
cytokines
Notably, in Al(OH)3-stimulated monocytes, the Th1-associated gene IFNγ 35-36 was up-
regulated after 24 hours (Fig 1 and Supplementary S5). Proteins involved in the re-
sponse to IFNγ, IFNγR1 and IFI30, were also upregulated (Supplementary S7). Other 
cytokine genes increased after Al(OH)3 stimulation, were IL-2, IL-5, IL-17A, IL-23A 
and IFNβ (Fig 1, Table 1 and Supplementary S5). Interferon-induced protein with 
tetratricopeptide repeats 3 (IFIT3) and the interferon-induced GTP-binding proteins 
Mx1 and Mx2 were also upregulated (Table 2). In addition, increased expression of the 
Th2 polarizing gene IL-4 was observed, after 24 hours of stimulation (Table 1 and Fig 1). 

Figure 1. Gene expression profile of Al(OH)3-stimulated monocytes after 24 hours.
Gene expression was normalized to a housekeeping gene. This figure depicts the LOG10(normalized) 
gene expression profile after 24 hours of Al(OH)3 stimulation (10µg/ml) compared to the control, of two 
representative biological replicas (for an overview of all the altered genes in three out of five donors see 
Table 1). The genes above the upper dotted line are significantly upregulated by at least a factor of 2 as 
a result of the Al(OH)3 stimulation, while the genes below the lower dotted lines are downregulated by 
at least a factor of 2 due to the Al(OH)3 stimulation.
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Table 1. Genes differentially expressed upon Al(OH)3 (10 µg/ml) stimulation of mono-
cytes.
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However, in the presence of the Th1-associated gene IFNγ , which was also increased 
after 24 hours of stimulation.

Stimulation with Al(OH)3 increases the chemotactic capacity of 
the monocytes
Transcriptome data showed that Al(OH)3-stimulated monocytes regulated mecha-
nisms to attract other immune cells. The gene expression of CCL2 was upregulated in 
Al(OH)3-stimulated monocytes (Table 1); this gene encodes for a molecule involved in 
monocyte trafficking. Al(OH)3 stimulation also induced the expression of chemokine 
receptors CCR6 and CCR8 (Table 1).

Table 2. Selection of proteins and their fold changes after 24 and 48 hours of Al(OH)3 
(10 µg/ml) stimulation compared to control in primary monocytes.

Accession num-
ber

Protein Fold changes after 24 
hours

Fold changes after 48 
hours

P05534 HLA-A 1.05 15.53

P13747 HLA-E 2.65 15.01

Q8TCT9 HM13 2.11 4.01

Q99538 LGMN 2.20 3.08

P07339 CTSD 2.43 3.35

P07711 CTSL 7.04 6.85

P25774 CTSS 1.22 1.71

O60911 CSTV 2.53 2.39

P21926 CD9 1.57 2.82

P08571 CD14 0.67 0.20

P02786 TFRC 1.47 3.32

P20591 MX1 1.36 1.62

P20592 MX2 1.26 1.72

P13284 IFI30 2.31 1.49

O14879 IFIT3 1.62 2.53

P26951 IL3RA 3.37 90.58

P15260 IFNγR1 2.02 3.37

Q9UHD2 TBK1 0.92 0.99

P0C0L4 C4 1.86 1.74

P21730 C5aR1 1.50 1.97

P07357 C8a 2.64 1.77

P07358 C8b 6.86 0.93
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Figure 2. Heatmap of all Al(OH)3-regulated pro-
teins in monocytes.
The heatmap represents the median of all upregulated (red) 
and downregulated (green) proteins from 3 biological rep-
licates on a LOG(2) scale after 24 and 48 hours of Al(OH)3 
stimulation (10µg/ml). Regulated proteins were at least al-
tered by a factor 1.5 compared to the control in at least two 
out of three biological replicates. Enrichment analysis of GO 
biological processes was performed on the regulated pro-
teins; depicted processes have FDRs <0.05. The proteins were 
clustered by GO term as described in Supplementary S7.
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Al(OH)3 induces upregulation of components of the HLA 
processing and presentation pathways in monocytes
The upregulation of HLA class II pathways in monocytes induced by Al(OH)3 was ob-
served at the level of the proteome. The pathway antigen processing and presentation 
by HLA class II was enriched in the upregulated protein data set of Al(OH)3-stimu-
lated monocytes. HLA class II-related upregulated proteins included Legumain37-39 and 
Cathepsin D, S and L (Table 2 and Supplementary S7)40. mRNA expression of IFNγ 
was upregulated as was the protein expression of IL-3R, both synergizing in increasing 
HLA class II expression41-42.

In addition to HLA class II pathway upregulation, induction of HLA class I-related 
genes and proteins was observed. Al(OH)3 stimulation of monocytes increased gene 
and protein expression of HLA-A and HLA-E, as well as the gene expression of β2M 

Figure 3. Enriched GO biological process terms in the upregulated protein set after 24 
and 48 hours of Al(OH)3stimulation of monocytes.
The GO terms are biological processes that are significantly overexpressed (p-values <0.1) in the 
upregulated protein data set after 24 hours of Al(OH)3 stimulation (10µg/ml) (3A) and 48 hours (3B) 
from three biological replicates. The bars depict the percentage of upregulated proteins out of the total 
proteins in this GO term. the numbers display the ratios between upregulated proteins and total pro-
teins in this GO term and the numbers between brackets are referring to the specified GO term.
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compared to controls (Table 1 and Fig 1). HLA class I-related proteins were also upreg-
ulated upon Al(OH)3 stimulation i.e. heat shock protein 90 (HSP90) and Minor Histo-
compatibility Complex HM13 (Table 2).

Al(OH)3 stimulation of monocytes induces IFNβ secretion 
potentially by upregulating TLR or NOD like signaling
Al(OH)3 stimulation of monocytes resulted in a significantly increased IFNβ gene ex-
pression (p <0.01). Protein expression of proteins downstream of IFNβ: i.e. Mx1, Mx2, 
and IFIT3 was increased in Al(OH)3-stimulated monocytes (Supplementary S7), as was 
the gene expression of Mx1. This provides evidence that IFNβ indeed has been secret-
ed, since these proteins would otherwise not have been increased. These proteins could 
be induced by IFNβ via STAT1. Indeed, gene expression of STAT1 was upregulated in 
Al(OH)3-stimulated monocytes (Fig 1 and Supplementary S5). These data confirm the 
secretion and consumption of IFNβ.

Indications of IFNβ transcription were also found since the gene expression of IRF7 
a key transcriptional regulator was found to be increased (Fig 1). IRF3 gene expression 
was increased in two donors. Genes involved in the pathways via which IRF7 can me-
diate the induction of type I interferons were increased, i.e. TICAM1 and IRAK1 while 
MyD88, and TRAF6 clearly trended towards upregulation (Table 1 and Supplementary 
S5)43. The protein TBK1 in the IRF7 signaling pathway was identified at the level of the 
proteome but was not increased (Supplementary S6). Upstream of both MyD88/IRAK1 
and TICAM/TRAF6, TLR and NOD signaling could be involved, although Al(OH)3 is 
not a ligand for both TLRs and NOD1. However, Al(OH)3 induced cell stress and cell 
death (Supplementary S8 and S9)13, 16, 19, resulting in the release of DAMPs/endogenous 
ligands. These endogenous ligands can bind various receptors leading to the secretion 

Figure 4. IL-β levels in supernatants of THP-1 cell cultures upon Al(OH)3 stimula-
tion of THP-1 cells.
PMA-treated THP-1 cells were stimulated with 50 µg/ml Al(OH)3 with or without the inflammasome 
blocker glybenclamide. IL-1β levels, measured after 48 hours of stimulation, were compared to non-
blocked Al(OH)3- stimulated cells. Data are represented as the mean and the standard deviation of 
three independent experiments (biological replicates), each, with at least two technical replicates p-val-
ues <0.05 are depicted as * and p-values < 0.005 are depicted as ***. Medium represents control cells, 
medium+ represents medium with the PMA prime and 50 µg Al(OH)3 represents the PMA-primed, 
Al(OH)3-stimulated group.
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of type I interferons. Gene expression of a subset of these DAMP sensors was identified 
in this data set, specifically DDX58, (no further pathway evidence identified) TLR2 (up-
regulated in two donors but downregulated in one), TLR3 (upregulated in four donors) 
and NOD1 (in two donors tending towards upregulation in at least one more) (Fig 1). 
TLR3 can be activated by endogenous mRNA44-46 resulting in the secretion of type I 
interferons, via the induction of TICAM1, TRAF6, TBK1 and IRF744-45, 47. TLR2 (upregu-
lated in two donors and downregulated in one donor) can be induced by endogenous 
ligands and induce the secretion of type I interferons via the pathway described by 
Dietrich et al.48. NOD1 can also be induced by endogenous ligands and results in the 
formation of type I interferons49-50. These data indicate the TLR signaling and NOD1 
signaling could be involved in the induction of type I interferons by DAMP sensing.

Although involvement of other DNA sensors cannot be excluded, hypothetical 
Al(OH)3-induced pathways resulting in the release of type I interferons, based on the 
data described and the literature are depicted in Fig 5.

Fig 5. Hypothetical pathways resulting in IFNβ secretion, potentially via TLR2/TLR3 
and NOD1 pathways that become activated upon Al(OH)3 stimulation of monocytes.
TLR2 and TLR3 can be activated by DAMPS, after which two pathways can be activated: one leading 
to the formation of NFκB and the second pathway leading to the formation of IFNβ and downstream 
proteins. NOD1 activation leads to the secretion of IFNβ. Genes are annotated in circles, proteins are 
annotated in boxes.
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Fig 6. Overview of the kinetics from the monocyte response towards Al(OH)3 in com-
bination with the analytical tool used.
The green blocks represent cytokines and related proteins. The light blue blocks represent the surface 
markers. The purple blocks represent the HLA-class I and class II antigen presentation pathways. The 
dark blue blocks represent the inflammasome activation. The orange blocks represent complement acti-
vation
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Discussion
A comprehensive analysis of the effects of Al(OH)3 on monocytes revealed two novel 
cellular processes to be involved in the adjuvant action of Al(OH)3: first, IFNβ secre-
tion via NOD1 or TLR signaling and second, the upregulation of antigen processing 
and presentation via HLA class I-related proteins, potentially leading to more antigen 
processing and presentation when an antigen is present. Together with a deeper eluci-
dation of known Al(OH)3-affected mechanisms, these novel processes emphasize that 
Al(OH)3-stimulated monocytes prepare for a pro-inflammatory function and antigen 
presentation in the immune response22-24.

Known mechanisms of Al(OH)3 (as reviewed by He et al.12) were elucidated in more 
detail: inflammasome activation, complement activation, cytokine induction, monocyte 
activation and differentiation and induced HLA-class II activation possibly due to in-
creased IFNγ gene expression. It is noteworthy that IFNγ gene expression is induced as 
a result of Al(OH)3 stimulation. As the gene targets were measured at mRNA level and 
the proteins induced by these measured genes were determined to be increased by pro-
teomics-enabled mass spectrometry, it can be stated that the genes actually have been 
translated into proteins and subsequently induced downstream pathways; e.g. IFNβ 
induction was measured at the gene expression level and Mx1, Mx2 and IFIT3 were 
measured at protein level (Table 2 and Supplementary S7), these proteins are specifi-
cally induced by type I interferons32-33. By combining the transcriptome and proteome 
analysis, pathways can be identified in more detail, despite the sometimes relative low 
coherence between protein and gene expression with respect to the same Uniprot en-
try. This might be related to the limited set of genes investigated, due to differences in 
kinetics or due to the fact that secreted proteins probably have not been identified in 
the cell lysates. By combining these techniques it is possible to analyze activated path-
ways, based on the identification of selected cytokines and downstream proteins.

One of the novel processes identified is the induction of IFNβ secretion resulting 
from Al(OH)3 stimulation, most likely due to TLR2, TLR3, NOD like or other DAMP 
signaling. IFNβ gene expression was increased in Al(OH)3-stimulated monocytes. 
Downstream of IFNβ, various proteins were induced: e.g. Mx1, Mx2 and IFIT3 were 
increased in Al(OH)3-stimulated monocytes. These proteins can be induced by IFNβ 
via STAT1. Indeed, gene expression of STAT1 was upregulated in Al(OH)3-stimulated 
monocytes (Fig 1). Upstream of IFNβ, IRF7 gene expression was increased as was the 
expression of IRF3 in two biological replicates. These inducers of type I interferon secre-
tion can be activated via various pathways. Multiple of these inducers were identified 
and upregulated at the level of gene expression: TICAM1, TRAF6, MyD88 and IRAK1. 
Upstream of these molecules, TLR signaling can be involved. In this data set, TLR3 was 
upregulated at the level of gene expression. TLR2 was upregulated in two donors (Table 
1). Al(OH)3 is not a direct ligand for either of these pathways, however Al(OH)3 causes 
the release of endogenous ligands by inducing cell death13, 16, 19. Indeed, markers of cell 
stress and cell death were identified in the protein dataset in this study (Fig 3A, 3B, 
Supplementary S6-S9). These endogenous ligands can activate TLR3 and downstream 
signaling44-46 and TLR2 directly or indirectly via TLR351-54. The activation of TLR3 results 
in recruitment of TICAM1 followed by the activation of IRF3/IRF7 leading to type I In-
terferon transcription. The activation of TLR2 can result in the formation of a complex 
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with MyD88 and the internalization of this complex towards the endolysosome where 
this complex binds IRAK1. Subsequently, IRAK1 phosphorylates IRF3/IRF7, resulting 
in the transcription and secretion of type I interferons48. Many of the genes involved in 
these pathways were found to be upregulated as can be seen in Fig 5. Since TLR2 was 
upregulated in two donors but downregulated in one donor, the pathway via TLR3 is 
more likely to be involved in type I Interferon induction than the pathway via TLR2.

Detection of cytosolic DNA or other DAMPs is another possible cause of IFNβ in-
duction16. Two of those DAMP sensors are NOD1 and DDX5819, 49-50. NOD1 gene ex-
pression was found to be increased. Activation of NOD1 results in a similar pathway as 
the TLR2/TLR3 signaling pathway (Fig 7). DDX58 gene expression was upregulated in 
this data set, however, no further evidence of the activation of this pathway was identi-
fied. This is in agreement with the data from Marichal et al. describing that the DDX58-
STING pathway might not be involved in the adjuvant effect of Al(OH)3

12, 19. However, 
based on this data this pathway cannot be excluded. TLR8 and TLR9 are other potential 
DAMP sensors. Protein expression of TLR8 was downregulated and the gene expres-
sion of TLR8 and TLR9 was not increased in Al(OH)3-stimulated monocytes, probably 
excluding TLR8 and TLR9 from a role in the adjuvant effect of Al(OH)3. These results 
show that Al(OH)3-induced DAMPS could be involved in the formation of IFNβ, most 
likely by activation TLR2 and/or TLR3 and by NOD1 signaling pathways, since many 
genes and proteins were upregulated in Al(OH)3-stimulated cells that belong to these 
pathways. Other potential sensors for DNA in the cytoplasm signaling via the Caspase 
recruitment and activation domain (CARD) were not identified in the proteomics data, 
but cannot be excluded from being involved in Interferon secretion. It has been de-
scribed that TLR signaling is not involved in the Ab response in Al(OH)3-stimulated 
DCs12, 15, however, a potential role for TLR signaling in the induction of interferons has 
been described earlier16, as is the interaction with the inflammasome55-57. This data in-
dicate that TLR signaling can be involved in the adjuvant effect of Al(OH)3.

The induction and secretion of type I interferons can be related to processes described 
above, amongst others: differentiation away from a monocytic cell type, chemotaxis via 
the induction of CCL2, the increase of HLA class I and class II, activate complement 
and induce or inhibit the secretion of various cytokines as described previously58-60. This 
implies that type I interferons are crucial mediators of the innate immune response 
induced by Al(OH)3. In addition, secretion of type I interferons (IFNβ) after Al(OH)3 
stimulation, might have several effects if the effects induce innate memory. Innate 
memory is the phenomenon of innate immune cells, like NK cells and macrophages, 
that are permanently changed after stimulation. Interferons play a role in inducing this 
innate memory61. First, type I interferons induced via TLR signaling are essential in the 
host response to virus. Second, they prime NK cells and macrophages62-63, of major 
importance for an early clearance of infections and the maturation of Th1 cells, which 
can be needed to induce memory64-65. Third, type I interferons are essential for the sur-
vival of both CD4+ and CD8+ T cells63, but most relevant for the immune response upon 
vaccination is the stimulation of local B cells by type I Interferons66. Therefore, IFNβ 
secretion can be important in the adjuvant effect of Al(OH)3.

The other novel mechanism identified in this study is the increased activation of the 
antigen presentation pathway via HLA class I. It was recently described that activated 
monocytes have a fundamental role in antigen presentation to T cells in the lymph 
nodes and that antigen presenting monocytes can in fact cross present to HLA class 
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I24. This study showed an upregulation of HLA class I molecules HLA-A and HLA-E, 
on both the level of gene expression and protein expression. Moreover, an increased 
protein expression of HM13 and an increased gene expression of β2M and IFNγ was 
observed, all related to antigen presentation via HLA class I41, 67. These results show that 
Al(OH)3 increased the expression of HLA class I molecules on monocytes which leads 
to enhanced antigen presentation. Although Al(OH)3 is capable of activating CD8+ T 
cells, these T cells will likely not develop into mature cytotoxic T cells but rather into 
CD8+ memory T cells8, 13, 68-70. Nevertheless, Al(OH)3 is mainly considered an inducer of 
CD4+ T cells5, 13, 71. HLA-E plays a role in the stimulation of NK cells. NK cells specifi-
cally recognize the HLA-E-peptide complex, which can inhibit and excite the response, 
depending if the peptide is self or foreign, such as a viral peptide72-73. This is a useful 
process in inducing the immune response or preventing autoimmunity.

Besides increased expression of HLA class I molecules, an increased expression of 
components of the HLA class II pathway after Al(OH)3 stimulation was observed, like 
Legumain, Cathepsins S, L, B and D. There is conflicting literature regarding the effect 
of Al(OH)3 on HLA class II expression5-6, 74,. The increased expression of HLA class II 
molecules by Al(OH)3 might be due to IFNγ signaling41. Indeed, in our study mRNA of 
IFNγ was increased. Moreover, protein expression of IFNγR1, and IFI30, a downstream 
molecule of the IFNγ signaling pathway, was increased. IFNγ-induced increase of HLA 
class II can be synergized by IL-3 and the IL-3R receptor, of which protein expression 
was increased42. The detection of several Cathepsins (S, L, D) and IFI30, which is re-
quired for antigen presentation via HLA class II, supports the hypothesis that Al(OH)3 
increases HLA class II antigen presentation by monocytes and that the increase of HLA 
class II molecules in monocytes might be due to the induction of IFNγ and subsequent 
signaling.

As described previously, Al(OH)3 induced the downregulation of CD146. This find-
ing indicates that Al(OH)3-stimulated monocytes are starting to differentiate away 
from a monocytic cell type and that the cells become activated, which was confirmed 
by the increase of activation marker CD71 for monocytes. For the response to Al(OH)3 
it was expected that the response would be well measureable after 24 hours, since the 
responses towards LPS could still be detected after 24 hours; this time point was also 
based on the study of Ulanova et al.75-77.

Induction of cytokines by an adjuvant is important in steering the immune response. 
Al(OH)3 is described as an adjuvant that primes for a Th2 response by inducing IL-45. 
Indeed, our results show production of the Th2 polarizing cytokine IL-4 by monocytes 
upon Al(OH)3 stimulation. Presumably, the IL-4 response is dominant and may inhibit 
Th1 polarization in response to Al(OH)3. However, innate IFNγ is associated with a 
Th1 response36, 69. A more Th1-related response to Al(OH)3 was observed in multiple 
studies related to Al(OH)3

69. IFNγ was secreted in IL-4 knockout mice9 resulting in a 
more Th1-related response. IFNγ has more functions then solely being a Th1-associat-
ed cytokine. Thus, the polarization towards a Th2 type response occurs upon Al(OH)3 
stimulation despite the IFNγ produced.

One of the known mechanisms in the adjuvant activity of Al(OH)3 besides preparing 
the innate immune system for antigen presentation and T cell activation, is the activation 
of the inflammasome leading to the secretion of IL-1β. This was confirmed in primary 
monocytes, by the increased gene expression of NOD1, IL1R1 and a trend in CASP1 
and MyD88. In addition, a trend towards increased IL-1β secretion was observed in 
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primary monocytes (2 donors) as was the reduction of IL-1β secretion when the in-
flammasome was blocked (1 donor). In PMA-primed THP-1 cells, an inflammasome 
inhibition experiment was performed that resulted in a reduced IL-1β secretion. PMA-
primed THP-1 cells were used to further elucidate the inflammasome dependent or-
igin of IL-β. THP-1 cells were used because, the levels of IL-1β detected in primary 
monocytes were low and THP-1 cells are a useful model since PMA priming causes 
the production of pro IL-1β and subsequent exposure to Al(OH)3 can increase actu-
al IL-1β, mimicking the two step activation required for inflammasome induction78-80. 
THP-1 cells are immortalized cells that differ in sensitivity form primary monocytes in 
response to stimuli such as LPS, due to differences in the cell surface marker expres-
sion of81-82. However, the confirmation of the role of the inflammasome pathway in the 
IL-1β secretion in THP-1 cells suggests a similar involvement of the inflammasome in 
primary monocytes, since leads were also found in the primary monocyte data.

Complement activation is another mechanism described to be induced by Al(OH)3
18, 

either by Al(OH)3 directly or by dying cells; genes and proteins related to the classical, 
alternative and lectin pathways were upregulated in this dataset18. In our study, tran-
scriptome data revealed the upregulation of C3 showing the initiation of the comple-
ment cascade, while at the level of the proteome C4, C5A and C8 were upregulated, 
representing the different complement pathways. These results show that combined 
use of transcriptomics and proteomics is valuable. At the transcriptome level, the initi-
ation of the complement cascade was observed while with the proteome data the spe-
cific pathways were determined. The activation of complement pathways can be useful 
for bacterial lysis, and clearing apoptotic cells, which could prevent autoimmunity83.

This study demonstrates that the response to Al(OH)3 is very complex (Fig 6), but 
also indicates that there might be considerable differences between in vivo and in vitro 
models. This might be caused by the use of a single cell type in vitro versus the avail-
ability of an intact, coherent immune system in vivo. Also, the species difference be-
tween cells from humans and mice might play a role. In mouse models, it was observed 
that Al(OH)3 skews to a Th2 response84. In this study we indeed observed a polarization 
of the immune response towards a Th2 response, but in the presence of the Th1-asso-
ciated gene IFNγ.
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Conclusion
The immune response is a complex interplay of many molecules, residing in different 
tissues and cellular compartments. Hence, our model system, utilizing primary mono-
cytes, does not include the coherent adaptive immune response upon Al(OH)3 stimulus. 
Moreover, the present study did not include a particular antigen adsorbed to Al(OH)3 
which might also contribute to the innate immune response induced by Al(OH)3.

Our systems biology-based approach revealed a detailed overview of the molecular 
mechanisms of Al(OH)3 as an adjuvant for monocyte responsiveness (Fig 6). Most im-
portant, the monocyte response to Al(OH)3 is broad as illustrated by the induction of 
Th2-polarizing factors, the induction of type I and type II interferons and the upregu-
lation of both HLA class I and HLA class II pathways, even in the absence of antigens. 
In this study, two new modes of action of Al(OH)3 were elucidated, i.e. the upregulation 
of IFNγ in relation to HLA regulation and antigen presentation and the IFNβ secretion 
possibly as a result of TLR2, TLR3 or NOD1 activation. Finally, by combining comple-
mentary techniques, e.g. functional assays, transcriptome data and proteome data, it 
was possible to create a detailed overview of cellular processes in response to Al(OH)3, 
which are important in the adjuvant effect of Al(OH)3.
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Legends to the Supplementary data

Supplementary S1. Gating staining strategy used for the monocytes.
S1A: all cells without any gating. S1B: gating set around the live cells. S1C: the single-stained cells 
within the gate of the live cells. S1D: CD14+ monocytes within the gate of the single stained cells. 
S1E: the histogram of a single representative donor for CD80 after 24 hours of stimulation. In these 
histograms the grey-filled line represents the medium-stimulated monocytes, whereas the red line rep-
resents the LPS-stimulated monocytes and the blue line the Al(OH)3-stimulated (10 µg/ml) monocytes.
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Supplementary S2. All measured genes on the qPCR array except for controls.
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Supplementary S3. LPS-related genes.
The gene expression of known LPS-related genes is depicted for two biological replicates with each two 
technical replicates upon LPS stimulation (100 ng/ml). The graph depicts the delta delta Ct values of 
those replicates, in which the delta delta Ct value is inversely proportional to the gene regulation.

Supplementary S4. Cell surface marker expression of stimulated iMDDCs.
Cell surface marker expression values obtained by flow cytometric analysis are depicted by the mean 
fluorescent intensities (MFI and SD). The intensities and error bars depict the mean relative intensity 
and the standard deviation of 5 biological replicates. The lower dark-colored part of each bar rep-
resents the MFI corrected for the autofluorescence.
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Supplementary S5. qPCR raw data table.
Ct Values and delta delta Ct values for a given donor and stimulation condition (Al(OH)3) or LPS, 
10 µg/ml and 100 ng/ml, respectively) after 24 hours of stimulation. For Al(OH)3 five biological repli-
cates are depicted, with one of these donors (donor F) analyzed with three technical replicates. For LPS 
two biological replicates are depicted, each with two technical replicates.

Supplementary S6. LC-MS/MS raw data table.
The worksheet ‘Raw’ contains all raw data combined for all three donors, empty cells indicate that a 
protein was not detected for a given condition. All values are LOG transformed. The worksheet ‘Nor-
malized’ contains all data median normalized, LOG(2) transformed and pooled on Uniprot entry. The 
worksheets ‘Donor C’ (three technical replicates) and ‘Donor A’ and ‘Donor B’ contain all the raw data 
per donor and technical replicate extracted from proteome discoverer 2.1.

Supplementary S7. Proteins regulated by Al(OH)3.
Regulation factors for all proteins affected by Al(OH)3 stimulation (10 µg/ml) after both 24 and 48 
hours. These values are the median-normalized expression values of the three biological replicates and 
the GO clustering after 24 and 48 hours is depicted. The gene code represents the Uniprot geneID and 
the values represent the normalized expression values of the proteins. Proteins of the three biological 
replicates were median-normalized; the proteins depicted in this table are at least regulated by a fac-
tor of 1.5 in two out of three donors. This table includes the grouping used to create the heatmap in 
 Figure 2.

Supplementary S8. Enriched GO terms in the upregulated protein set after 24 hours 
of Al(OH)3 stimulation.
The GO terms represented by the upregulated proteins after 24 hours of Al(OH)3 (10 µg/ml) are de-
picted. The table represents the GO_ID of the enriched processes in the set of upregulated proteins after 
24 hours of Al(OH)3 stimulation. The table represents the term, the number of proteins identified and 
the FDR of the process enrichment. 

Supplementary S9. Enriched GO terms in the upregulated set after 48 hours of 
Al(OH)3 stimulation.
The GO terms represented by the upregulated proteins after 48 hours of Al(OH)3 (10 µg/ml) are de-
picted. The table represents the GO_ID of the enriched processes in the set of upregulated proteins after 
48 hours of Al(OH)3 stimulation. The table represents the term, the number of proteins identified and 
the FDR of the process enrichment.
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Supplementary S10. Enriched GO terms in the downregulated set after 48 hours of 
Al(OH)3 stimulation. 
The GO terms represented by the downregulated proteins after 48 hours of Al(OH)3 (10 µg/ml) 
are depicted. The table represents the GO_ID of the enriched processes in the set of downregu-
lated proteins after 48 hours of Al(OH)3 stimulation. The table represents the term, the number 
of proteins identified in the dataset and the FDR of the process enrichment.

Supplementary S11. IL-1β secretion in primary human monocytes.
The IL-1β secretion of two biological replicas is depicted in 1 donor on which a blocking experiment 
was performed (donor A) and in the other donor without blocking experiment (donor B) in which ‘me-
dium’ represents the control stimulation, ‘medium + glybenclamide’ represents the control cells with 
the inflammasome blocker glybenclamide (25 µg/ml), ‘Al(OH)3’ represents cells stimulated with 10 µg/
ml Al(OH)3 and ‘Al(OH)3 + glybenclamide’ represent the Al(OH)3-stimulated cells in the presence of 
25 µg/ml glybenclamide.
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Supplementary S12. Raw IL-1β ELISA data.
Measured IL-1β concentrations in pg/ml for the three individual stimulation experiments (biological 
replicates) with at least two technical replicates after stimulation with 50 µg/ml Al(OH)3 in THP-1 
cells.

medium medium 
+PMA

medium 
+PMA 
+block

Al(OH)3 Al(OH)3+ 
PMA+block

IL-1β (pg/ml) 0,00 0,00 0,00 9,31 2,79
IL-1β (pg/ml) 0,00 0,63 0,04 9,36 2,75
IL-1β (pg/ml) 0,00 0,04 0,39 8,47 3,01
IL-1β (pg/ml) 0,83 0,62 0,62 9,91 2,27
IL-1β (pg/ml) 0,70 0,43 1,53 9,65 3,91
IL-1β (pg/ml) 0,40 0,39 2,35 19,86 9,84
IL-1β (pg/ml) 0,00 0,39 2,29 24,81 10,01
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Abstract
Aluminum-based adjuvants have widely been used in human vaccines since 1926. In 
the absence of antigens, aluminum-based adjuvants can initiate the inflammatory pre-
paredness of innate cells, yet the impact of antigens on this response has not been 
investigated so far. In this study, we address the modulating effect of vaccine antigens 
on the monocyte-derived innate response by comparing processes initiated by Al(OH)3 
and by Infanrix, an Al(OH)3-adjuvanted trivalent combination vaccine (DTaP), contain-
ing diphtheria toxoid (D), tetanus toxoid (T) and acellular pertussis (aP) vaccine anti-
gens. A systems-wide analysis of stimulated monocytes was performed in which full 
proteome analysis was combined with targeted transcriptome analysis and cytokine 
analysis. This comprehensive study revealed four major differences in the monocyte 
response, between plain Al(OH)3 and DTaP stimulation conditions: (I) DTaP increased 
the anti-inflammatory cytokine IL-10, whereas Al(OH)3 did not; (II) Al(OH)3 increased 
the gene expression of IFNγ, IL-2 and IL-17a in contrast to the limited induction or 
even downregulation by DTaP; (III) increased expression of type I interferons-induced 
proteins was not observed upon DTaP stimulation, but was observed upon Al(OH)3 
stimulation; (IV) opposing regulation of protein localization pathways was observed for 
Al(OH)3 and DTaP stimulation, related to the induction of exocytosis by Al(OH)3 alone. 
This study highlights that vaccine antigens can antagonize Al(OH)3-induced program-
ming of the innate immune responses at the monocyte level.
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Introduction
In 1926, the adjuvant features of colloidal aluminum salts were discovered by observing 
that diphtheria toxoid adsorbed to aluminum induced a significantly higher antibody 
titer against the toxoid than the antigen alone1. Since the discovery of their adjuvant 
activity, aluminum salts have been widely used as vaccine adjuvants in human vac-
cines. For a long time the mechanism of action of aluminum adjuvants was largely 
unknown. Based on the observation that aluminum salt-adsorbed toxoids were cleared 
more slowly from the injection site than non-adsorbed toxoids1, it was hypothesized 
that antigen-aluminum salts act as a depot at the site of injection, causing a slow anti-
gen release. However, in guinea pig experiments, the immune response was not com-
promised when the salt deposit was removed from the injection site2-3, indicating that 
this is at least not the only mechanism by which Al(OH)3 affects the immune response 
towards antigens. Other modes of action suggested for the adjuvant effect of Al(OH)3 
include early innate mechanisms such as differentiation of monocytes to antigen-pre-
senting dendritic cells4, triggering and recognition of Danger Associated Molecular Pat-
terns (DAMPs)5-7 promoting T-helper (Th) 2 differentiation4, 8, recruitment of immune 
cells to the site of injection9-10, inflammasome activation7, 11-12, complement activation13, 
increasing antigen presentation via HLA class I and II14, enhanced phagocytosis15.

Most of the previous studies analyzed the effect of Al(OH)3 with either Al(OH)3
4, 14, 

16 alone or in combination with a model antigen like ovalbumin or alpha casein7-8, 11, 15. 
Since antigens may have a distinct effect on innate immune cells, the question arises to 
what extent particular antigens skew the innate effects of the adjuvant.

DTaP vaccine was implemented for active immunization against diphtheria, tetanus 
and pertussis in infants and children. Besides diphtheria toxoid and tetanus toxoid, 
DTaP comprises Bordetella pertussis-derived filamentous hemagglutinin, pertussis tox-
oid and pertactin P.69 antigens. DTaP vaccination typically induces a Th2-biased and 
regulatory T cell response15, 17-18 not optimally conferring long-term protective immuni-
ty to pertussis. For vaccine development it is important to understand whether antigens 
affect the innate phase of the immune response or the instructions of the adaptive 
response of the adjuvant, or both.

In this study, we compared the innate immune responses induced by Al(OH)3 alone 
versus that of a licensed combination DTaP vaccine containing Al(OH)3, using cytokine 
analysis, transcriptomics and proteomics, to determine unique, shared and potential 
synergistic or antagonistic effects of adjuvant and antigen components. Primary hu-
man monocytes were used as the main innate cell platform since these are promi-
nent mononuclear phagocytes in the blood and play, when activated, an important role 
in bridging the innate and adaptive immune response in tissue19-20. Besides this, their 
known differentiation into monocyte-derived dendritic cells (MoDCs) monocyte can 
also enforce their antigen presenting role to T cells in response to various stimuli21. This 
systems-based approach results in a comprehensive insight in the molecular pathways 
involved in innate immune activation of monocytes upon stimulation with Al(OH)3-
based vaccines.
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Materials and methods

Ethics statement
This study was conducted according to the principles expressed in the Declaration of 
Helsinki. Written informed consent was obtained from all blood donors before col-
lection and use of their samples. All blood samples were processed anonymously. All 
blood donations, provided by the Dutch National Institute for Public Health and the 
Environment (RIVM, Bilthoven; The Netherlands), were specifically given for primary 
cell isolation, a research goal explicitly approved by the accredited Medical Research 
Ethics Committee (MREC), METC, Noord-Holland in The Netherlands.

Materials used for cell stimulation
Aluminum hydroxide (Al(OH)3) Alhydrogel 2%, Brenntag (Frederikssund; Denmark) 
was used as the adjuvant. The registered DTaP vaccine Infanrix was obtained from 
GlaxoSmithKline (Brentford; Middlesex; UK). The vaccine contains combined antigens, 
i.e. a minimum of 30 international units (I.U.) diphtheria toxoid, a minimum of 40 I.U. 
tetanus toxoid, 25 µg filamentous hemagglutinin (FHA), 25 µg pertussis toxoid, and 
8 µg pertactin P.69 (PRN), all absorbed to 0.5 mg of Al(OH)3 per dose. LPS from E.coli 
K12 (Invivogen; San Diego; California; USA) was used as positive control. Non-ad-
sorbed Bordetella pertussis antigens PRN and Pertussis toxin (PTx) were obtained from 
Biotrend (Cologne; Germany) and FHA was purchased from Sigma Aldrich (Darm-
stadt; Germany).

Monocyte isolation and stimulation
Blood from 5 healthy adult donors was used for Peripheral blood mononuclear cell 
(PBMC) isolation and subsequent monocyte isolation. PBMCs were obtained by densi-
ty gradient centrifugation on Lymphoprep (Nycomed; Zurich; Switzerland) at 1,000xg 
for 30 minutes. Subsequently, monocytes were isolated from the obtained PBMC frac-
tion using anti-CD14 MACS beads in combination with MACS (Miltenyi Biotech; Ber-
gisch Gladbach; Germany). A purity check of the monocytes was performed by flow 
cytometric analysis of CD14 cell surface expression and only if the purity of the mono-
cyte population was ≥95% the cells were used for proteome and transcriptome analysis.

The isolated monocytes, 600,000 cells/well were cultured in a 24-wells plate (Corn-
ing; Corning; New York; USA) in 1.5 ml of RPMI (Gibco/Thermo Fisher; Waltham; 
Massachusetts; USA) containing 10% Fetal Calf Serum (FSC) (Hyclone), 100 units/ml 
of penicillin (Gibco) 100 units/ml streptomycin (Gibco) and 2.92 mg/ml L-glutamin 
(Gibco) (culture medium). Monocytes were either left unstimulated or were stimulated 
with a final concentration of 0.1 µg/ml LPS, 10 µg/ml Al(OH)3 or DTaP containing a 
final concentration of 10 µg/ml Al(OH)3 per stimulation condition per donor. After 24 
and 48 hours of stimulation, culture supernatants were collected for cytokine assays 
and monocytes were harvested for targeted transcriptome and whole proteome analy-
sis. For both proteomics and gene expression analysis, the material of three individual 
donors was available. LPS was used as a positive control for the cell culture and only 
when LPS performed as expected, by inducing CD80, as described previously16 (S1 Fig), 
the samples were used.
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Culture and stimulation of THP-1 cells
A human monocytic cell line THP-1 (ATCC; Teddington; Middlesex; U.K.), was used to 
verify pathways or leads identified in primary monocytes, i.e. Inflammasome activation 
and IL-10 secretion.

THP-1 cells were cultured according to the supplier’s protocol. To investigate the IL-
1β secretion induced by Al(OH)3 or DTaP, the cells were primed with 300 ng/ml phorbol 
12-myristate (PMA) (Sigma-Aldrich; Darmstadt, Germany) for 24 hours. After 24 hours 
of priming, the cells were placed in culture medium without PMA for 24 hours16. The 
medium was refreshed again and cells were either left unstimulated or stimulated with 
50 µg/ml DTaP or the same concentration of Al(OH)3 (based on a dose response curve 
in THP-1 cells), in the presence or absence of 25 µg/ml of an inflammasome blocker 
(Glybenclamide) (Invivogen; San Diego; California; USA) for 48 hours.

For determination of the IL-10-inducing component, THP-1 cells were stimulated 
with 50 or 100 µg/ml Al(OH)3 alone or the same concentrations of Al(OH)3 in DTaP or 
with PTx (0.165 µg/ml to 5.28 µg/ml), FHA (0.165 µg/ml to 5.28 µg/ml), PRN (0.05 µg/
ml to 1.6 µg/ml) alone all in a twofold dilution series. The concentration range used 
was based on the concentrations of the individual antigens in the complete vaccine. 
Synergy in a complete vaccine cannot be excluded; therefore the concentration range 
started just below the lowest vaccine dose used in THP-1 cell stimulations. The DTaP 
stimulations contained 0.33 or 0.66 µg/ml of PTx or 0.33 or 0.66 µg/ml of FHA or 0.2 or 
0.4 µg/ml of PRN, respectively. Cells were stimulated for 48 hours. Supernatants were 
analyzed for the presence of IL-10 by ELISA.

mRNA Expression analysis
mRNA Isolation from monocytes (from three different donors) was performed using 
the RNeasy mini kit (Qiagen; Venlo; The Netherlands), according to the manufacturer’s 
animal cell spin protocol. RNA purity and concentration was determined using spectro-
photometric analysis of the 260-nm and 280-nm absorbance, on the NanoDrop 2000 
(Thermo Fisher; Waltham MA; USA). cDNA synthesis of 12 ng of RNA was performed 
using the RT cDNA synthesis kit and the RT preAMP pathway primer mix innate and 
adaptive immunity (both from Qiagen; Venlo; The Netherlands); cDNA was frozen at 
-20°C. qPCR measurements were performed using the Roche Light Cycler 96 (Roche; 
Basel; Switzerland) and the innate and adaptive immune response RT2 profiler arrays 
(Qiagen; Venlo; The Netherlands), comprising 89 functional genes and 7 controls. A 
melt curve determination was included in the measurement for quality control16.

Gene expression of each donor was normalized to the three most stable house-
keeping genes ACTB, HPRT1 and RPLP0. After normalization, the fold-change was 
determined, meaning normalized gene expression (2-∆Ct) in the test sample divided 
by the normalized gene expression (2-∆Ct) in the control sample. Fold change values 
greater than one indicates an up-regulation of 21 or more. Fold-change values less than 
one indicate down-regulation. Genes were considered regulated when they differed a 
factor 2 or more from the control in two out of three donors, based on the SD between 
technical replicates of 0.13xCt values, corresponding to a coefficient of variation (CV) of 
9.4% (S1 Table). This means that a two-fold change in gene expression more than three 
times exceeds the CV and is a meaningful difference.
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Protein isolation, digestion and labeling
To isolate the proteins from the monocytes (from 3 three different donors) the cells 
were incubated with 500 µl of 4 M guanidine·HCl in phosphate buffer, pH 7.5, at 4°C 
for two hours. During incubation, the cells were subjected to a freeze-thaw step. After 
the cell lysis, 50 µl of the lysate of each sample was used to determine the protein con-
centration using the BCA protein assay (Pierce Biotechnology; Waltham; Massachu-
setts; USA), according to the manufacturer’s protocol. The remaining lysed cells were 
stored at -80°C.

To reduce the guanidine·HCl concentration, protein samples were diluted four times 
with 100 mM phosphate buffer pH 7.5. Subsequently, the proteins were digested with 
Lys-C (Roche) in an enzyme-to-substrate ratio of 1:10 (w/w) at 37°C. After 4 hours, 
fresh Lys-C was added in a 1:10 (w/w) enzyme-to-substrate ratio for an overnight in-
cubation.

Normalization on protein content was performed on aliquots of the digested protein 
samples from the 6 conditions (medium, Al(OH)3 and DTaP all at 24 and 48 hours) per 
individual donor. The samples were labeled per condition on solid phase extraction 
(SPE) columns (Waters; Milford; MA; USA) using tandem mass tag labeling-6plex 
(TMT(6), Thermo Fisher). The SPE columns were equilibrated as described by the man-
ufacturer. Columns were washed with 100 mM phosphate buffer pH 7.5.

The digested samples were loaded onto individual SPE columns per condition, us-
ing a vacuum manifold (Waters), after which samples were washed with 100 mM phos-
phate buffer pH 7.5. The labeling reagent (TMT(6)) was reconstituted in acetonitrile 
(AcN) according to the supplier’s protocol (0.8 mg per individual label in 41 µl AcN), 
after which the AcN concentration was reduced to a maximum of 2.5% (v/v) with 100 
mM phosphate buffer pH 7.5. The individual TMT(6) labels were loaded onto the 6 
individual SPE columns leaving 0.5 ml reagent on top of the column for a 30 minute 
incubation. After 30 minutes, fresh label was added for another 30 minutes of incuba-
tion subsequently, the columns were washed with water containing 0.5% formic acid 
(FA). The individual stimulation conditions per donor were eluted from the column 
with 90% Acetonitrile (AcN) containing 0.5% formic acid (FA), were pooled and then 
dried by centrifugation under reduced pressure and reconstituted in Trifluoroacetic acid 
(0.1%TFA).

Peptide fractionation by SCX
To purify and fractionate the labeled monocyte-derived digested protein samples, 
Strong Cation eXchange (SCX) was used as described previously22. The system com-
prised an in-house made Hypercarb trapping column (200  µm I.D. x 5 mm length, 
7 µm particle size) and an in-house made SCX column (200 µm I.D. x 11 cm length 
PolySULFOETHYL Aspartamide, 5 µm, PolyLC). Elution was 12 min at 100% solvent A 
(water + 0.5% HOAc) followed by a 16.5 minute linear gradient to 100% solvent B (250 
mM KCl + 35% AcN+ 0.5% HOAc in water) and a second linear gradient of 16.5 min 
to 100% solvent C (500 mM KCl + 35% AcN+ 0.5% HOAc in water). Twenty-six SCX 
fractions were obtained and of each 4 µL was subjected to nanoscale LC-MS analysis.

LC-MS/MS analysis
Peptide separation of the individual SCX fractions was performed on a Proxeon Easy-
nLC 1000 system (Thermo Scientific; San Jose; CA; USA). Peptides were trapped on 
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a double-fritted trapping column Reprosil (Dr. Maisch; Ammerbuch; Germany) C18; 
df=3 µm, 2 cm length × 100 µm I.D., made in-house and separated on an in-house-
packed analytical column Poroshell (Agilent; Waldbron; Germany) 120 EC-C18; 
df=2.7 µm, 50 cm length × 50 µm I.D.), at a column temperature of 40°C. Solvent A 
was MilliQ water containing 0.1% FA and solvent B was 0.1% FA in AcN (Biosolve). 
The peptides were separated in 133 minutes (10 minutes at 2% B, from 2% to 30% B in 
118 minutes and 5 minutes at 70% B) in a non-linear gradient optimized as described 
by Morus et al.23. After 133 minutes, the system was kept at 5% B for 15 minutes to 
equilibrate the column for the next injection. The column effluent was electro-sprayed 
directly into the MS using a gold-coated fused silica tapered tip of 5 µm, at a spray 
voltage of 1.8 kV.

Mass spectrometric data were acquired on a Tribrid-Orbitrap Fusion (Thermo Fisher 
Scientific; San Jose; CA; USA). The full scan (MS1) spectra were acquired with a scan 
mass range of m/z 350-1500 at 120,000 resolution (FWHM) with an Orbitrap readout. 
For the MS1 the maximum injection time was 50 ms and the automatic gain control 
(AGC) was set to 200,000. Top speed mode was chosen with a duration of 3 s where 
precursor ions with an intensity >5,000 were selected for fragmentation (MS2). For MS2 
charge states between 1 and 7 were selected. MS2 was performed using Collision-In-
duced Dissociation (CID) in the linear ion trap (LTQ) with a normalized collision en-
ergy of 35%. In MS2 the AGC was set to 10,000 and the maximum injection time was 
35 ms. Synchronous-Precursor-Selection (SPS) was used to include up to 10 MS2 frag-
ment ions in MS3. These fragment ions were further fragmented by Higher energy Col-
lision Dissociation (HCD) with a normalized collision energy of 50%. The TMT reporter 
ions were analyzed in the Orbitrap with a maximum injection time of 120 ms, and an 
AGC of 100,000.

Proteomics data were analyzed with Proteome Discoverer 1.4, (Thermo Fisher Sci-
entific; San Jose; CA; USA). Default settings were used, unless stated otherwise. Pre-
cursor mass tolerance was set to 5 ppm. MS2 scans were searched, with the Sequest 
HT search engine and a full enzyme specificity for Lys-C, against the human Uniprot 
database from November 2014, containing 23,048 entries. b-Type ions and y-type ions 
were enabled for CID and HCD data using a fragment mass tolerance of 0.5 Da. The 
quantification node was used to obtain relative expression values, where TMT(6) was 
defined as the quantification method, with an integration tolerance of 0.2 Da. Percola-
tor was used to filter the peptide to spectrum mass with a false discovery rate (FDR) of 
<5%. The data was searched with Aspargine deamidation and Methionine oxidation as 
dynamic modifications and TMT(6) was set as a static modification on the N-termini 
and Lysine residues.

The results of the separate SCX fractions were integrated in the data analysis for each 
individual donor. When multiple entries occurred, based on Uniprot and NCBI data 
for the same protein, the ratios as provided by Proteome Discoverer were Log2-trans-
formed and these entries were averaged for further analysis. Next, data were normal-
ized by performing a median correction. Data of three individual donors were com-
pared: proteins that were upregulated or downregulated by 1.5-fold or more compared 
to control in at least two out of three biological replicates were considered regulated. 
The fold change of 1.5 was based upon being 3 times the median coefficient of variation 
(CV) of the technical variation, which corresponds to a p-value of < 0.01. The regulat-
ed proteins were imported in STRING (string.embl.de)24 and Protein Center to iden-



66

Chapter 3

tify enriched pathways (FDR<0.1), within functional annotations provided by Gene 
Ontology (GO) biological processes and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) using the following String settings: medium confidence and the interactions 
sources: experiments, co- expression, co-occurrence and database.

Venn diagrams were created using http://bioinfogp.cnb.csic.es/tools/venny/ with the 
regulated proteins for each condition and time point incorporated.

Protein network was created using Cytoscape based on the enriched pathways in 
each up or downregulated protein set. String network analysis of the gene expression 
data was performed.

Cytokine ELISA
In the supernatants of THP-1 cultures, IL-1β was determined by using the Human IL-1 
beta/IL-1F2 DuoSet ELISA (R&D systems; McKinley; Minneapolis; USA) and IL-10 
by human IL-10 ELISA Ready set go (Affymetrix; eBiosciences; San Diego; CA; USA), 
both according to the manufacturer’s protocol. Samples were measured on a Syner-
gy MX (Biotek; Winooski; Vermont; USA). ELISA data were analyzed with Graphpad 
Prism®. Significance of difference between stimulation conditions was determined us-
ing multiple T-tests one per row with the FDR approach with the two-stage linear setup 
procedure of Benjamini, Q=5%.
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Results

DTaP, like Al(OH)3, induces differentiation of monocytes
To first assess whether primary monocytes show characteristics of activation and dif-
ferentiation when stimulated with the Al(OH)3-adjunvanted vaccine DTaP or with 
Al(OH)3 alone, the expression of known cell surface markers was surveyed selectively 
with targeted transcriptome analysis and unbiased by mass spectrometry-based pro-
teomics. Al(OH)3 increased the expression of activation markers, at the protein level16. 
The activation marker TFRC (i.e. CD71, after 48 hours) was increased at least two-
fold in both Al(OH)3 and DTaP-stimulated monocytes (Fig 1, Table 1). Another pro-
tein indicating an active function of the monocytes, CD44 (involved in the adhesion of 
leukocytes), was significantly upregulated in DTaP-stimulated cells, after 48 hours. In 
addition, the gene expression of the costimulatory marker CD80 was induced by DTaP 
also when compared to plain Al(OH)3, after 24 hours of stimulation16 (Fig 2).

The expression of the monocyte differentiation antigen CD1425-26, was downregu-
lated after 48 hours of Al(OH)3 stimulation16. This was also the case in response to the 
Al(OH)3-containing vaccine DTaP after 48 hours of stimulation (Fig 1, Table 1). The 
loss of CD14 indicates that both DTaP-stimulated monocytes and Al(OH)3-stimulated 
monocytes differentiate away from a monocytic cell type.

Figure 1: Expression profiles of cell surface proteins of stimulated monocytes as deter-
mined by mass spectrometry. 
Fold changes (average and range) of the expression at the protein level of indicated cell surface mark-
ers by monocytes under the indicated stimulation conditions. Both contain 10 µg of Al(OH)3. The ab-
sence of a bar means that this marker was quantified not more than once for this stimulation condition. 
Significance of difference compared to control were determined with a student t-test with Bonferroni 
set up p-values <0.05 are depicted with an *.
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Table 1. Proteins involved in the processes described and their median fold changes 
after 24 and 48 hours of stimulation of three donors.

Protein Fold changes

DTAP stimulation Al(OH)3 stimulation

24 hours 48 hours 24 hours 48 hours

HLA-A 0.85 1.95 1.04 2.47
HLA-E 1.84 N.D. 1.75 N.D.
HSP90AA1 1.16 1.29 1.60 1.31
Minor histocompatibility 
antigen H13

1.06 1.68 N.D. 2.01

Full-length cDNA clone 
CS0DI002YH20 of Pla-
centa of Homo sapiens 
(human)
Legumain

1.43 1.75 2.09 1.83

Cathepsin B 1.27 1.95 1.39 0.99
Cathepsin D 2.11 2.50 2.73 2.16
Cathepsin L1 2.95 2.48 4.66 2.29
Cathepsin S 1.11 1.73 1.14 1.78
CD9 antigen N.D. 1.4 1.28 1.61
Monocyte differentiation 
antigen CD14, urinary 
form CD14*

0.69 0.44 0.68 0.44

Macrosialin 2.12 N.D. 3.13 N.D.
CD71 (TFRC) 2.00 4.96 1.70 5.75
MX1 1.07 1.99 1.50 1.64
MX2 1.00 1.32 1.23 1.90
IFI30 1.61 1.39 2.33 1.4
IFIT2 1.03 1.44 N.D. 1.44
IFIT3 1.05 2.13 1.64 2.62
IL3RA 1.73 1.55 2.22 1.61
IFNγR1 1.03 1.29 1.90 3.08
IRF5 1.06 1.73 1.15 1.21
C4 0.78 2.31 1.82 1.65
C5aR 1.57 2.19 1.48 2.10
C8a 1.75 0.95 1.87 1.48

* CD14 was only identified in one donor twice.

N.D. there were no quantitative data at this time point.

Median fold change of three biological replicates of monocytes: a fold change ≥1.5 compared to medium-stimu-

lated monocytes was considered significant. Non-significant genes are depicted in italic.
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Quantitative proteomics reveals distinct protein expression and 
pathway enrichments in monocytes induced by DTaP compared to 
Al(OH)3
Quantitative proteomics of Al(OH)3 and DTaP-stimulated monocytes resulted in the 
identification of 4,000 unique proteins of which 3,000 proteins were relatively quanti-
fied. 650 Proteins were regulated as a result of one of the stimulation conditions com-
pared to unstimulated control (Figs 3A and 3B, S2 Table). Proteins were clustered in 
GO terms and KEGG pathways and the differences in these terms and pathways be-
tween the stimulations and control were identified with a pathway overrepresentation 
analysis (S3 Table). It was previously observed that after 24 hours of stimulation with 
Al(OH)3, several immunological relevant GO terms were overrepresented16. In addi-
tion, localization processes were also enriched16. Also processes requiring localization 
such as, vesicle mediated transport and exocytosis were enriched (Fig 3C, S3 Table). After 
48 hours of Al(OH)3 stimulation, the immune system-related pathways were still en-
riched, as were the localization processes and the processes requiring localization, e.g. 
secretion by cell and exocytosis. The inflammatory response was downregulated after 48 
hours of Al(OH)3 stimulation16 (Table 2, Fig 3C, S3 Table).

In contrast, upon 24 hours of DTaP stimulation (adjuvanted with Al(OH)3) no im-
mune response-related GO terms were overrepresented (Table 2, S3 Table). Amongst 
the 4 KEGG pathways identified, one immune system-related KEGG pathway was 
found: activation of complement and coagulation pathways (S3 Table). Endocytosis was 
overrepresented in both the up and downregulated protein set (Table 2, Figs 3C and 3D, 
S3 Table). The downregulated protein set overrepresented localization pathways (Table 
2, Fig 3C, S3 Table). After 48 hours of DTaP stimulation, the upregulated processes also 
included multiple immune system-related processes, e.g. antigen processing and presen-
tation and interferon induced signaling and exocytosis (Table 2, Figs 3C and 3E, S3 Table). 
Interestingly, the GO-annotated term positive regulation/activation of immune system 
processes was downregulated after 48 hours of DTaP stimulation (Tabel 2 and S3 Table).

These data reveal several differences in the processes induced by plain Al(OH)3 or 
the Al(OH)3 containing vaccine DTaP: early activation of the antigen processing and 
presentation pathways after Al(OH)3 stimulation, with a delayed response upon DTaP 
stimulation. Furthermore, DTaP did not induce processes requiring localization, e.g. 
exocytosis after 24 hours of stimulation and less strong, compared to Al(OH)3 after 48 
hours of stimulation. Finally, re-localization processes were also found to be differen-
tially activated upon stimulation with Al(OH)3 (upregulated) or DTaP (downregulated) 
(S3 Table). Thus, the antigens in a vaccine alter the processes activated, in a cell, by the 
adjuvant.

DTaP is a stronger activator of the inflammasome than Al(OH)3 
alone
Part of the adjuvant effect of Al(OH)3 is often assigned to activation of the inflam-
masome11-12, 16. To determine if the presence of antigens influences this inflammasome 
activation, transcriptome analysis and an IL-1β ELISA were performed. As was ob-
served previously for stimulation with Al(OH)3 alone16, DTaP stimulation also induced 
gene expression of the inflammasome-related genes, in particular IL1R1. Moreover, 
DTaP induced the expression of CASP1 and a trend towards upregulation in MyD88 
expression (Fig 2, S1 Table).
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Table 2. Overview of enriched processes identified by quantitative proteomics ex-
tracted from S3 Table.
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To verify if the enhanced activation after DTaP stimulation resulted in an increased 
secretion of IL-1β, the presence of IL-1β was measured in culture supernatants of stim-
ulated and PMA-primed THP-1 cells. Medium and medium with PMA do not differ 
significantly in the induction of IL-1β both with and without blockage, indicating that 
the prime with PMA does not induce IL-1β secretion16. DTaP, however, significantly 
enhanced the secretion of IL-1β compared to plain Al(OH)3 (Fig 4, S4 Table)16, support-
ing the transcriptomics data. Subsequently, the role of the inflammasome activation in 
IL-1β secretion was investigated by adding the inflammasome blocker Glybenclamide 
during stimulation of the cells. DTaP-induced secretion of IL-1β was dependent on the 
inflammasome, since 60% of the secretion was inhibited when the inflammasome was 
blocked (Fig 4), which is less than the inhibition of 80% found in Al(OH)3-stimulated 
cells (Fig 4).

The loss of IL-1β secretion upon inflammasome blockage implies that DTaP, like 
Al(OH)3 depends on the inflammasome for the induction of IL-1β. The substantially 
higher levels of IL-1β induced by DTaP indicate that the antigens in the vaccine signifi-
cantly contribute to IL-1β secretion.

Al(OH)3 and DTaP induce different chemokine-related genes
Al(OH)3 induces a Th2 polarization16, 27. Additionally, the presence of Th1-related and 
inflammatory cytokines (IL-2, IL-17A and IFNγ) was observed16 (S1 Table, schematically 
depicted in Fig 2). DTaP stimulation also induced the Th2 polarization. Increased gene 
expression of IL-4 (in one donor with a trend towards upregulation in another donor) 
and of IL-5 was found. These expression levels of IL-4 and IL-5 were lower (factor 10 
and 2, respectively) than the levels induced by plain Al(OH)3 (Fig 2). In addition, DTaP 
also induced the gene expression of IL-8 and the anti-inflammatory cytokine IL-10. 
IL-10 represses the formation of IL-2, IL-17A and IFNγ. Transcripts for IL-2 were a 
12-fold less regulated in DTaP-stimulated cells compared to Al(OH)3 stimulated cells, 
while IL-17A was even downregulated in DTaP-stimulated monocytes (Fig 2, S1 Table). 
Expression of IFNγ was increased by DTaP stimulation. The gene expression of CCL2 
and CCL5 was induced by DTaP stimulation as was the gene expression of CCR6 and 
CXCR3.

The data show that Al(OH)3 and DTaP differentially regulated the expression of 
genes involved in the innate immune response. Thus, antigens qualitatively alter the 
innate immune response induced by Al(OH)3 at the level of gene expression towards 
a less pro-inflammatory profile represented by a decrease in IL-2 and IL-17A gene ex-
pression (compared to Al(OH)3) and an increase in IL-10 gene expression.

IL-10 is mainly induced by FHA
Next, we investigated whether the difference in IL-10 gene transcription also resulted 
in increased levels of the IL-10 protein. For this we stimulated PMA-primed THP-1 
cells as a monocyte model and IL-10 was measured in the culture supernatant. To iden-
tify the antigen responsible for the induction of IL-10, THP-1 cells were stimulated with 
DTaP, with single antigens of Bordetella pertussis that are present in the vaccine, FHA, 
PTx or PRN, a combination of these antigens without Al(OH)3 or with plain Al(OH)3 
for 48 hours. In accordance with the transcriptome data, DTaP induced the secretion of 
IL-10, whereas plain Al(OH)3 did not. In addition, the combination of antigens without 
Al(OH)3 also enhanced the secretion of the anti-inflammatory cytokine IL-10. FHA 
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←
Figure 2. Gene expression after 24 h of 
stimulation of monocytes. 
Regulated genes in monocytes (at least a factor 
2 up or down) are depicted after 24 hours of 
Al(OH)3 or DTaP stimulation. The median fold 
change from the 3 donors is depicted. The genes 
are clustered in a heatmap based on their mo-
lecular function.

→
Figure 3. Venn diagram and protein 

network analysis of regulated proteins. 
Venn diagrams indicate numbers of sharing and 
upregulated (A) and downregulated (B) proteins 

in DTaP versus Al(OH)3 adjuvant-stimulated 
monocytes after 24 hours and 48 hours. Purple 
represents Al(OH)3 24 hours, yellow represents 

DTaP 24 hours, green represents Al(OH)3 48 
hours and red represents DTaP 48 hours. All 

proteins depicted in these Venn diagrams were 
regulated by a factor of at least 1.5 in at least 

two out of three donors. Up and downregulated 
proteins, identified per stimulation condition 

and per time point by mass spectrometric anal-
ysis, were assessed based on Gene Ontology 

biological process enrichment (GO terms). An 
overview of the main enriched pathways is 

depicted in a protein network (C). The yellow 
circles represent the stimulation conditions, the 

purple squares represent the processes. Green 
lines from a condition towards a process repre-

sent downregulated pathways. Red lines from 
a condition towards a process represent an en-
richment of these processes in the upregulated 

protein sets. The width of the line represents the 
significance of the enrichment factor: the thick-

er the line the more significantly enriched the 
process; the thinnest lines represent a p-value 

<0.05, the medium lines represent a p-value 
<0.01 and the thickest lines represent a p-val-
ue <0.001. The black arrows connect daughter 

terms with the mother term.
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All terms are at least enriched with a False Discovery Rate p value of <0.05. Bar graphs of the number 
of proteins found to be regulated upon the stimulation conditions after 24 hours (D) and 48 hours (E), 
in which red represents that process was enriched in the upregulated proteins set and green represents 
that the process is enriched in the downregulated protein set. The * depicts the significantly regulated 
pathways.
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was the only individual antigen that induced significant amounts of IL-10 (Fig 5, S5 
Table); PRN and PTx contributed marginally.

DTaP induces type I interferons and IFNγ, but downstream 
signaling is stronger in monocytes stimulated with plain Al(OH)3
After 24 hours of stimulation, both Al(OH)3 and DTaP-stimulated monocytes showed 
a trend towards increased gene expression of the type I interferon IFNβ. We showed 
before that Al(OH)3 significantly induced proteins downstream of IFNβ16. The expres-
sions of two antiviral proteins MX1 and IFIT3, that are specifically induced by type I 
interferons28-33, were significantly lower in DTaP-stimulated monocytes compared to 
the expression in Al(OH)3-stimulated monocytes (p-value≤ 0.05) (Fig 6). After 24 hours, 
DTaP specifically induced gene expression of the receptor for IFNβ, IFNαR1.

After 48 hours, gene expression levels of all IFN-related genes were reduced to levels 
lower than naïve cells in both DTaP and Al(OH)3-stimulated cells (Table 3). However, 
proteins downstream of IFNβ were still upregulated: MX1 and IFIT3 in both stimula-
tion conditions and MX2 specifically in Al(OH)3-stimulated monocytes (a factor 1.44 
stronger compared to DTaP). DTaP specifically induced IRF5, a transcription factor of 
type I interferons, a 1.43-fold stronger compared to Al(OH)3 (Fig 6, Table 1). Although 
both proteins were not significantly regulated compared to the other stimulation con-
dition a clear trend was observed.

With respect to type 2 interferons, IFNγ gene expression was induced by Al(OH)3, 
as was the expression of the downstream proteins IFI30 and IFNγR116. DTaP stimula-
tion also induced the gene expression of IFNγ, however, unlike Al(OH)3, DTaP did not 
induce the expression of IFNγ-induced proteins (Table 1). The protein expression of IF-
NγR1 was more than a 1.5-fold lower and the expression IFI30 was a 1.48-fold lower in 
DTaP-stimulated monocytes compared to the effect of Al(OH)3 (Table 1, extracted from 
S2 Table). In addition, after 24 hours, DTaP specifically induced the gene expression of 
IFNγR1 in monocytes (Fig 2).

These data provide evidence that Al(OH)3 alone as well as formulated in DTaP in-
duce IFNβ and IFNγ gene expression. However, downstream signaling is impacted by 
the antigens in DTaP, since this downstream signaling was not evident for IFNβ after 24 
hours of DTaP stimulation, while this was the case in Al(OH)3-stimulated monocytes. 

Table 3. Fold changes of interferon-related genes relative to control after 48 hours of 
stimulation.

Gene DTaP fold change 48 hours Al(OH)3 fold change 48 hours

IFNα 0.47 0.60
IFNαR1 0.76 0.62
IFNβ 0.13 0.11
IFNγ 1.34 (2 times up one time down) 1.42
IFNγR1 0.16 0.15

Data are depicted as an average from three biological replicates.
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In addition, signaling downstream of IFNγ was induced much stronger in monocytes 
stimulated by plain Al(OH)3.

Antigens in DTaP do not enhance antigen processing and 
presentation pathways compared to induction by Al(OH)3
Antigen processing and presentation by HLA class II and HLA class I is crucial for the 
activation of CD4 helper T-cells and cytotoxic CD8 T-cells, respectively. The process of 
antigen processing and presentation was enriched after 24 hours of Al(OH)3 stimula-
tion16. Notably, this was not the case after 24 hours of DTaP stimulation, determined 
upon pathway analysis of the upregulated proteins (Fig 3). DTaP induced the protein 
expression of HLA-E after 24 hours, but not the expression of HSP90, while Al(OH)3 
did. The expression of HLA-A and HM13 was enhanced after 48 hours of DTaP stim-
ulation similar to the response induced by Al(OH)3 alone (Table 1, S2 Table). Addition-
ally, as for Al(OH)3 the gene expression of HLA-A was increased by DTaP (S2 Table, 
summarized in Table 1)16. Moreover, DTaP induced the gene expression of HLA-E after 
24 hours of stimulation (Fig 2, S2 Table).

Various proteins related to antigen processing and presentation were increased upon 
Al(OH)3 stimulation, i.e. Cathepsin D, Cathepsin L and Legumain16. DTaP also induced 
the protein expression of Cathepsin D and Cathepsin L, with the latter showing a mod-
est increase in expression as compared to Al(OH)3 (S2 Table summarized in Table 1). 
Contrary to the Al(OH)3 stimulus, the expression of Legumain, a protease involved in 
antigen presentation by HLA class II34-36, was not increased upon DTaP stimulation. 

Figure 4: IL-1β secretion profile. 
Concentrations of IL-1β (average and range) present in supernatants of Al(OH)3 or DTaP-stimulated 
THP-1 cells in the absence or presence of Glybenclamide. Data are from three individual experiments, 
with two technical replicates. ‘Medium +’ is the PMA-primed medium. Significant values were identi-
fied with a t-test with a two stage setup method of Benjamini. p-Values <0.05 are indicated as * p-val-
ues <0.01 are indicated as **, whereas p-values <0.001 are indicated as ***.
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After 48 hours, both stimulation conditions increased the protein expression of 
Cathepsin S (involved in HLA class II antigen presentation) and Legumain, while 
Cathepsin B was only induced by DTaP, also compared to Al(OH)3. The similar strength 
in the induction of antigen processing and presentation pathways and associated pro-
teins, indicates that Al(OH)3 adjuvant alone is sufficient to activate antigen processing 
and presentation pathways and that the antigens in DTaP do not enhance these pro-
cesses further.

Figure 5. IL-10 secretion profile. 
The concentration (average and range) of IL-10 induced by the indicated stimulation conditions in pg/
ml in THP-1 cells. Data are from three individual experiments. Significant values were identified with 
a t-test with a two stage setup method of Benjamini. p-Values <0.05 are indicated as *.
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Discussion
Aluminum salts have been used as adjuvants in a wide variety of vaccines and these 
formulations are known to induce a Th2-biased response. In this study, we investigated 
the immune skewing of one such vaccine, DTaP, in detail and compared the in vitro 
innate immune response with those initiated by a plain Al(OH)3 stimulus as described 
in our previous study16. Combined proteomics and transcriptomics analysis revealed 
several similarities between the monocyte responses towards the vaccine and the plain 
Al(OH)3 adjuvant, like activation of the inflammasome. Flow cytometry analysis could 
not be used in the presence of an Al(OH)3 suspension because the particles cause a 
substantial background masking the specific signals. Nevertheless, predominant dif-
ferences were found with respect to interferon and IL-10 signaling: (i) the induction of 
the anti-inflammatory cytokine IL-10 by DTaP, (ii) gene expression of the pro-inflam-
matory cytokines IFNγ, IL-2 and IL-17A by Al(OH)3, (iii) differences in the production 
of IFN-induced proteins between stimulation conditions and (iv) processes involved in 
re-localization of proteins and macromolecules being induced by Al(OH)3, but down-
regulated by DTaP, which could be related to the induction of exocytosis and endocyto-
sis, respectively. However, the implications of this difference for the functional immune 
response need further investigation.

The unique induction of IL-2 and IL-17A by plain Al(OH)3 and the unique induc-
tion of IL-10 by DTaP (annotated as differences (i) and (ii) in the previous paragraph, 
respectively) are likely related, since IL-10 inhibits the formation of IL-2, IL-17A and 
IFNγ37-43 (Fig 7). Note: IFNγ was equally induced by both stimulation conditions. The 
induction of IL-10 by DTaP could be attributed to the B. pertussis antigens present in 

Figure 6. Interferon-related protein expression ratios of stimulated monocytes. 
The protein expression ratios (median and range of three biological replicates) of indicated interfer-
on-related proteins normalized to medium control (1.0) after 24 and 48 hours of Al(OH)3 or DTaP 
stimulation are depicted. Significance of difference is determined with a t-test with a two stage setup 
method of Benjamini, p-Values <0.05 are denoted as: * when upregulated compared to the other stimu-
lation condition.
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the vaccine and more specifically to FHA with a minor contribution for PRN; this is in 
agreement with previously described data18, 44-46.

IL-2 and IL-17A are important pro-inflammatory cytokines in the protective re-
sponse towards bacteria and viruses. IL-2 is involved in activating and steering NK cells 
and is required for T-cell survival47-49. IL-17A is a pro-inflammatory cytokine involved in 
cell trafficking and inflammation and induces in innate immune cells IL-12 secretion, 
resulting in Th1 polarization50-51. IFNγ plays a role in the induction of HLA class II ex-
pression on the cell surface and is related to the polarization of a Th1 response partly by 
the inhibition of a Th2 response52-55. By inducing IL-10, the monocyte response to DTaP 
might have become less inflammatory and less Th1-related. For bacteria, the secretion 
of anti-inflammatory components, such as the B. pertussis antigen FHA, can be very 
effective in evading the human immune response. To improve current DTaP vaccines it 
may be relevant to select the antigenic composition not only based on immunogenicity 
but also on innate immune modulating effects of the antigens.

The third difference, the specific upregulation of IFNβ-induced proteins upon 
Al(OH)3 stimulation could be related to the induction of IL-10 by DTaP, since IFNβ 

Figure 7. Overview of all data. 
The different effects of Al(OH)3 and DTaP stimulation on monocyte functions are summarized. The red 
arrows from a stimulation DTaP and FHA (A) or Al(OH)3 (B) represent an upregulation, the green ar-
rows represent a down regulation. Red arrows towards a box indicate that the genes/proteins in the box 
are upregulated. The title in the box represents the process regulated. For interferon secretion, individu-
al arrows indicate if genes or processes are upregulated. The dashed arrows represent connections based 
on the literature. The circles represent measurements at the gene expression level while the rounded 
boxes represent measurements at the protein level. The green and orange rectangles represent conse-
quences of an inhibition or activation by one of the stimulations.
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can be consumed by monocytes to produce IL-1056. This results in an apparently limit-
ed upregulation of IFNβ-induced proteins as observed after DTaP stimulation, as well 
as the increased IL-10 secretion. The proteins downstream of IFNβ are all proteins 
involved in the defense response against viruses, thus perhaps not functional in the 
response against the bacterial antigens in the DTaP vaccine. This explains why these 
are not formed upon DTaP stimulation and provide evidence that the specific response 
against the antigens of DTaP can antagonize the underlying broad spectrum innate 
response against the adjuvant.

As described previously, Al(OH)3 stimulation of monocytes induced re-localization 
processes16. In DTaP-stimulated monocytes, these processes were downregulated after 
24 hours of stimulation. Processes requiring protein localization include secretion, exo-
cytosis, vesicle mediated transport, communication and signal transduction57. Al(OH)3 did 
induce processes requiring localization after 24 and 48 hours of stimulation, whereas 
in DTaP-stimulated monocytes the processes requiring localization were not evident 
after 24 hours of stimulation. Upon prolonged stimulation, these particular process-
es were enriched in DTaP stimulated monocytes. However, the enrichment was less 
strong compared to Al(OH)3-stimulated monocytes, implicating that this could partly 
explain the differences in localization processes. In contrast to the secretory pathways, 
DTaP specifically induced the process of endocytosis after 24 hours. Endocytosis plays 
a role in antigen processing and presentation and cross-presentation58-59, which is un-
likely occur in the cells where no exogenous antigen is present; this is confirmed by the 
stimulation with plain Al(OH)3 after which we did not observe enhanced endocytosis16.

Processes induced by both Al(OH)3 and DTaP are activation of the inflammasome 
and the secretion of IL-1β16, however, much stronger by DTaP than by Al(OH)3. This 
implies that the antigens in the vaccine boost the secretion of IL-1β (Fig 7). IL-1β is a 
cytokine involved in many innate immune system-related processes, e.g. the induction 
of adhesion molecules on the cell surface, being co-stimulatory for T cells and induce 
Th17 polarization60-61. The stronger induction of IL-1β by DTaP most likely results in 
a stronger co-stimulation for T cells and induction of the adaptive immune response.

Other processes being regulated both by Al(OH)3 and DTaP are the activation of 
complement and antigen processing and presentation. Al(OH)3 stimulation alone is 
enough to induce proteins related to antigen processing and presentation by both HLA 
class I and class II16. This induction is not affected further when the complete vaccine is 
used as a stimulus (Fig 6). This indicates that Al(OH)3 plays a role in antigen processing 
and presentation previously thought to be related to antigens.

These in vitro data show that we indeed find the described Th2 profile often as-
signed to Al(OH)3 and Al(OH)3-adjuvanted vaccines, like DTaP8, 62-63. However, our 
findings clearly show that the effect of the adjuvant can be influenced significantly by 
the antigens in the vaccine, since Al(OH)3 induced a mixed Th1/Th2 profile and that 
the antigens in the vaccine formulation influence this to a great extent. This difference, 
the mixed response we observe for Al(OH)3 compared to the Th2 response described 
in literature27, could be related to responses in mice versus human: in mice, Al(OH)3 is 
specifically a Th2 polarizing adjuvant while in human it induces a more mixed innate 
response8, 46-49, 62-63. These differences between in vivo mice data and in vitro human 
data indicate that our model of human monocytes can be important in the transla-
tion of in vivo mice to human data. However, in this analysis only one cell type was 
used to determine the induced immune responses, thus we would miss interactions 
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between different cell types, involved in the immune response. An additional consid-
eration could be that for some proteins their functions are not annotated, thus the 
link to the pathways they would have been involved in. The comprehensive systems 
approach allows for the identification of multiple differences in innate pathway acti-
vation in monocytes between an adjuvant alone and a complete adjuvanted vaccine. 
Our results show that antigens can have a profound impact on the adjuvant activity of 
a vaccine. A possible explanation could be that DTaP contains Al(OH)3 particles with 
different physicochemical interactions due to inhomogeneous antigen distribution. For 
example, bare Al(OH)3 particles may exist next to particles with adsorbed antigen, or 
the different antigens are adsorbed on different particles in case the formulation of the 
final bulk is done by mixing pre-adsorbed individual antigens. This is unlikely since 
studies have shown that any inhomogeneous distribution is equilibrated due to rear-
rangements of the Al(OH)3 primary particles and/or antigen64. Most likely, the distinct 
innate effects between plain Al(OH)3 and an Al(OH)3-adjuvanted vaccine are caused 
by intrinsic adjuvant actions of some antigens present, e.g. the ability of FHA to induce 
IL-10 as shown here and by others65. Our study clearly reveals that the combination of 
antigen and the adjuvant determine the innate effects caused by a vaccine.
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Legends to the Supplementary data

Supplementary S1 Fig. Flow cytometry data gating staining
Data of one representative donor to illustrate the gating strategy used: (A) represents ungated mono-
cytes, in (B) the live cells are gated, (C) represents the single stained cells inside the live cells, (D) 
represents the monocytes inside the single stained cells and (E) is a histogram of CD80-stained cell in 
which the grey line represents medium control and the red line represents LPS as a positive control.

Supplementary S1 Table. qPCR raw data table
Values are Ct values, Delta Ct values, DeltaDelta Ct values and ratios to control for a given donor and 
stimulation condition (Al(OH)3 or DTaP) after 24 hours of stimulation. The technical replicates used 
for the determination of the significance threshold are also depicted in the tab ‘Technical replicates’. A 
heap map of all the individual donors is depicted in the tab ‘heatmap individual donors’.

Supplementary S2 Table. LC-MS/MS raw data table
LOG(2) ratios as obtained by Proteome Discoverer for the individual proteins are depicted. To combine 
multiple entries for the same protein, columns B and C contain the information used to remove redun-
dancy in protein accession numbers (column A). Blank values indicate that no quantification data were 
available. The tab ‘Regulated Proteins’ contains the proteins that were regulated with at least a factor 
1.5 in one of the stimulation conditions, after pooling and normalization. The fold changes are depicted 
as LOG(2) factors.

Supplementary S3 Table. Enriched pathways and GO terms
The pathways that are enriched after a specific stimulation condition and time point. The pathways are 
GO terms or KEGG pathways, which are enriched after one of the stimulation conditions with an FDR 
of <0.1. The proteins were at least a factor 1.5 regulated compared to control in 2 out of 3 donors.
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Supplementary S4 Table. Raw IL-1β ELISA
Measured IL-1β concentrations in pg/ml for the individual experiments.
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IL-1β pg/ml 0 0 9,932 5,32 342,686 138,24
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IL-1β pg/ml 0,39 0,038 6,06 3,04 102,838 26,6
IL-1β pg/ml 1,355 0 5,979 4,28 98,728 103,65
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Supplementary S5 Table. Raw IL-10 ELISA
Measured IL-10 concentrations in pg/ml for the individual experiments.
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Abstract
Aluminum hydroxide (Al(OH)3) and aluminum phosphate (AlPO4) are widely used 
adjuvants in human vaccines. However, a rationale to choose one or the other is lack-
ing since the differences between molecular mechanisms of action of these adjuvants 
are unknown. In the current study, we compared the innate immune response induced 
by both adjuvants in vitro and in vivo. Proteome analysis of human primary mono-
cytes was used to determine the immunological pathways activated by these adjuvants. 
Subsequently, analysis of immune cells present at the site of injection and proteome 
analysis of the muscle tissue revealed the differentially regulated processes related to 
the innate immune response in vivo. Al(OH)3 specifically enhanced the activation of 
antigen processing and presentation pathways in vitro. In vivo experiments showed 
that only Al(OH)3 attracted neutrophils, while AlPO4 attracted monocytes to the site 
of injection. In addition, Al(OH)3 enhanced the process of hemostasis after 96 hours, 
related to neutrophilic extracellular trap formation, while AlPO4 did not. Both adjuvants 
differentially regulated various immune system-related processes. The results show 
that Al(OH)3 and AlPO4 act differently on the innate immune system. We speculate 
that this is related to the different physicochemical properties of both adjuvants, affect-
ing the interaction with cells.
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Introduction
Most of the inactivated vaccines currently available require the use of an adjuvant to 
boost the immune response. Since the early 20th century, aluminum salts are known 
for their adjuvant activity1. Many vaccines contain aluminum hydroxide (Al(OH)3) or 
aluminum phosphate (AlPO4)

2. The immunological mechanisms of action attributed 
to aluminum salts are several: 1) Depot effect. Glenny et al. observed that the clearance 
of toxoids adsorbed to aluminum potassium sulfate was delayed compared to non-ad-
sorbed toxoids in vivo3; 2) Activation and maturation of antigen presenting cells by both 
aluminum-based adjuvants occur both in vivo and in vitro with and without antigen 
present4-5; 3) Enhancement of the expression of chemotactic proteins in vitro. Al(OH)3 and 
AlPO4 attract immune cells to the site of injection, e.g. inflammatory monocytes, den-
dritic cells, neutrophils, natural killer cells, eosinophils and CD11+ cells, in the presence 
and absence of an antigen, in vivo4-9; 4) Activation of the inflammasome, inducing the 
secretion of inflammatory cytokine IL-1β both in vitro and in vivo, upon Al(OH)3 stim-
ulation in the presence of an antigen10-11; 5) Complement activation in human sera (in 
vitro) upon Al(OH)3 stimulation, in the presence of an antigen12; 6) Release of Danger 
Associated Molecular Patterns (DAMPs) upon cell death, induced by Al(OH)3. DAMPs 
like Uric Acid and DNA can induce cell priming, inflammasome activation, IL-1β se-
cretion, and MHC class II antigen presentation in vitro and in vivo, in the presence of 
an antigen13-15. 7) The induction of a T helper (Th) type 2 response, by inducing IL-4 
secretion, in vivo and in vitro6, 9.

Most of the molecular mechanisms described above were obtained in studies fo-
cused on Al(OH)3 but not on AlPO4. These studies are mostly conducted with classi-
cal immunological techniques, such as flow cytometry, ELISA and multiplex immune 
assays (MIA). More recently, comprehensive, non-biased approaches have emerged, 
e.g. genomics and proteomics16-17. However, the use of these techniques in adjuvant 
research is limited as of now.

In many vaccine formulations either of the two adjuvants are used, apparently with-
out a clear rationale of choosing between the two adjuvants. Sometimes the degree 
of antigen adsorption is used as a criterion. Because of its high isoelectric point (IEP), 
Al(OH)3 often adsorbs antigen more efficiently as compared to AlPO4 with a neutral or 
slightly acidic IEP.

However, the link between antigen adsorption in the formulation and immuno-
genicity does not always hold true18. Antigens may rapidly desorb from the adjuvant 
in vivo19. Sometimes, however, a link between adsorption and adjuvant activity is de-
scribed, both positive and negative20-21, although it is not clear whether a link between 
degree of adsorption and adjuvant effect is causal. There may be other effects than ad-
sorption of antigen causing the adjuvant effect, e.g. interaction with antigen presenting 
cells. Thus, knowledge on the immune-modulating effect of both adjuvants is import-
ant to substantiate the use of Al(OH)3 versus AlPO4 as an adjuvant.

In the current study, we compared the effects of Al(OH)3 and AlPO4 in vitro and in 
vivo by flow cytometric assays and quantitative mass spectrometry-based proteomics. 
In vitro, the adjuvant effects were studied in human primary monocytes, since these 
prominent mononuclear phagocytes play an important role in bridging the innate and 
adaptive immune response22. In addition, we focused on the site of injection in vivo to 



92

Chapter 4

study the initiation of the immune response in mice. The recruitment of immune cells 
to the site of injection was studied, as well as changes in the proteome of the site of 
injection. The results of this study show that both adjuvants attract different cell types 
to the site of injection and are different in inducing immune system-related processes.
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Materials and methods 

Ethics statement
The human monocyte study was conducted according to the principles expressed in the 
Declaration of Helsinki. All blood donors gave written-informed consent before col-
lection and use of their samples. All blood donations, provided by the Dutch National 
Institute for Public Health and the Environment (RIVM, Bilthoven; the Netherlands) 
were specifically donated for primary cell isolation. This research goal was explicit-
ly approved by the accredited Medical Research Ethics Committee (MREC), METC, 
Noord-Holland in the Netherlands. All blood samples were processed anonymously.

Animal studies complied with the ARRIVE guideline and were approved by the 
central committee animal studies (CCD The Hague; the Netherlands) following the 
procedures of European legislation guideline (2010/63/EU and law for animal testing 
(WOD) the Netherlands). The specific experiment was approved by the authority for 
animal welfare (IvD) and the Scientific committee (WTC) of Intravacc (Bilthoven; the 
Netherlands).

Reagents used for cell stimulation
Al(OH)3 is Alhydrogel 2% (Brenntag; Frederikssund; Denmark). Aluminum phosphate, 
referred to as AlPO4, is AdjuPhos (Brenntag; Frederikssund; Denmark). Lipopolysac-
charide (LPS) from E.coli K12 was used as a positive control and is referred to as LPS 
and was obtained from Invivogen (San Diego; USA).

Primary monocyte culture and adjuvant stimulation
Fresh peripheral blood was obtained from four healthy volunteers and collected in hep-
arin-coated tubes. Peripheral Blood Mononuclear Cells (PBMCs) were isolated from 
the blood using Ficoll density centrifugation at 1,000xg for 30 minutes. Monocytes were 
isolated from the PBMC fraction using positive selection by CD14 micro beads and 
magnetic LS MACS columns (Miltenyi Biotech; Bergisch Gladbach; Germany). A puri-
ty check was performed by flow cytometric analysis of CD14 cell surface expression23. 
Monocytes were ≥95% pure. The monocytes were cultured in a 24-well culture plate at 
a density of 0.6 x 106 cells/ml, 1 ml/well, in RPMI (Gibco/Themo Fisher; Waltham; Mas-
sachusetts; USA) supplemented with 10% Fetal Calf Serum (FCS) (Serana Germany) 
and 100 units/ml penicillin, 100 µg/ml streptomycin and 0.3 µg/ml L-glutamine (P/S/G) 
(Invitrogen/Thermo Fisher Scientific; Waltham; Massachusetts; USA). Isolated mono-
cytes were either left unstimulated, or were stimulated with Al(OH)3 or AlPO4 with a 
final concentration of 10 µg/ml aluminum for 24 or 48 hours. LPS (100 ng/ml) was used 
as a culture control.

Protein isolation, digestion and labeling
To disrupt the cells and isolate the proteins from the cells, 500 µl of 4 M guanidine·HCl 
in 100 mM phosphate buffer pH 7.5 was added to the cell culture plates. The cell sus-
pensions were incubated at 4°C for 30 minutes. During this incubation step, the cell 
suspensions were subjected to a freeze-thaw step. Lysed cells were stored at -80°C. 
After the cell lysis, a 50-µl aliquot of each sample was used to determine the protein 
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concentration with the BCA protein assay (Pierce Biotechnology; Waltham; Massachu-
setts; USA). To adjust the pH of the lysates and to reduce the concentration of Guani-
dine·HCl to 1 M, the samples were diluted four times in 100 mM phosphate buffer pH 
7.5. Next, the isolated proteins were digested with Lys-C (Roche; enzyme-to-substrate 
ratio 1/10) for 4 hours at 37°C, after which fresh Lys-C was added (enzyme-to-sub-
strate ratio 1/10) for an overnight incubation at 37°C. Samples were normalized on 
protein content, desalted using solid phase extraction (SPE) on C18 columns (Waters) 
according to the manufacturer’s protocol and dried with centrifugation under reduced 
pressure, after which the samples were labeled per condition using Tandem Mass Tag 
labeling-10plex (TMT(10) (Thermo Fisher; Waltham; Massachusetts; USA) according to 
the manufacturer’s protocol. Samples were pooled and dried by centrifugation under 
reduced pressure. Next, the pooled samples were dissolved in MilliQ water contain-
ing 5% dimethyl sulfoxide (DMSO) and 0.1% formic acid (FA) for mass spectrometry 
based-proteome analysis.

In vivo studies
Female (20 individuals) and male (30 individuals) BALB/c mice (age 6-8 weeks, spec-
ified pathogen free) were obtained from Charles River Laboratories. Mice were ran-
domly divided in ten groups of five mice (three male and two female mice per group). 
The males and females were housed separately and per group in Macrolon II cages with 
top filter. Three groups were injected Intramuscularly (I.M.) in both quadriceps with 
Al(OH)3 (100 µg aluminum), in 50 µl Phosphate-buffered saline (PBS) pH 7.2 (Gibco; 
10.6 mM KH2PO4, 150 mM NaCl, 29.7 mM Na2HPO4). Three groups were injected I.M 
in both quadriceps with AlPO4 (100 µg aluminum) in 50 µl PBS. One control group was 
not treated at all and euthanized after 96 hours and three other control groups were 
injected with PBS only. Injections were given under anesthesia (isoflurane/oxygen). 
Groups were euthanized and muscles were taken from individual mice after 24, 48 and 
96 hours of immunization and placed in All Protect (Qiagen; Venlo; the Netherlands).

Muscle cell isolation
During sample collection, the same part of each muscle was separated, sliced in small 
cubes placed in DMEM culture medium (Gibco) and kept on ice. Samples were supple-
mented with Hanks-Balanced Salt Solution (HBSS) and 0.2% Collagenase B (Roche; 
Basel; Switzerland). Samples were rotated at 37°C for 30 minutes, after which the same 
amount of collagenase B was added and samples were again rotated for 30 minutes 
at 37°C. The remaining cell suspensions were filtered over a cell strainer (0.7 µm) and 
washed with DMEM containing 10% FCS and P/S/G. Samples were frozen at -135°C in 
DMEM medium, containing 40% FCS and 10% DMSO for subsequent analysis.

Muscle protein extraction and labeling
Whole muscles were homogenized in the All Prep Lysis buffer (1 ml, Qiagen; Venlo; 
the Netherlands ) with the Fast Prep-24 Classic instrument: the samples were shaken 6 
times 30 seconds at speed 6 meters/second (m/s), with cooling between each 30 seconds 
of shaking. Next, 500 µl was used for protein extraction with the All Prep kit (Qiagen; 
Venlo; the Netherlands) according to the manufacturer’s protocol. Protein pellets were 
reconstituted in 8 M urea (which was degassed with helium to prevent carbamylation 
of proteins) in 100 mM phosphate buffer pH 7.5. After reconstitution, urea concentra-



95

THE ALUMINUM HYDROXIDE AND ALUMINUM PHOSPHATE ADJUVANTS ELICIT A DIFFERENT INNATE IMMUNE RESPONSE

4

tions were reduced to 1 M. A protein content analysis was performed using the BCA kit 
(Pierce Bioscience) according to the manufacturer’s protocol. Samples were normalized 
on protein content and digested with proteinase Lys-C in a 1:10 enzyme-to-substrate 
ratio at 37°C. After 4 hours, fresh Lys-C was added in a 1:10 enzyme-to-substrate-ra-
tio for an overnight incubation at 37°C. The individual protein samples were labeled 
with TMT(10) (Thermo Fisher) according to the manufacturer’s protocol. Each 10-plex 
contained the isolated proteins from the muscle of one mouse per group. Individual 
samples were pooled and dried with centrifugation under reduced pressure and a sub-
sequent C18 solid phase extraction clean-up was performed, after which the samples 
were eluted with 90% acetonitrile and 0.5% acetic acid in MilliQ water. Samples were 
centrifuged under reduced pressure and reconstituted in MilliQ water containing 5% 
DMSO and 0.1 %FA for further analysis.

Flow cytometry
The muscle samples frozen in medium were rapidly thawed at 37°C in a water bath. 
Subsequently, they were placed in a 15-ml tube with the addition of 4 ml medium 
(RPMI supplemented with P/S/G and 10% FCS). Samples were washed with medi-
um and subsequently with FACS buffer (PBS + 0.5% Bovine Serum Albumin (BSA) 
+ 0.5 mM Ethylenediaminetetraacetic acid (EDTA)). Samples were divided into two 
fractions. One of the fractions was left unstained and was used as a control. The other 
fraction was stained with AF488-conjugated Ly-6G (BioLegend clone 1A8), PE-con-
jugated CD115 (BD Biosciences clone T38-320), BV510-conjugated CD11b (BD Bio-
sciences clone m1/70) and BV711 conjugated-F4/80 (BD Biosciences clone T45-2342), 
all in a 1/50 dilution and Live Dead fixable viability stain 780 (BD Biosciences) in a 
1/2000 dilution in FACS buffer for 30 minutes at 4°C. The muscle cells were washed 
and re-suspended in FACS buffer containing 1% paraformaldehyde (PFA). Data were 
acquired on a flow cytometer (Attune Next, Thermo Fisher Scientific). Samples were 
compared to their unstained control and to the PBS control group at the corresponding 
time point. Data was analyzed using FlowJo software version 10 (Three Star).

LC MS/MS analysis of human monocytes and mouse muscle cells
Peptide separation was performed on an Agilent 1290 system (Santa Clara; California; 
USA). Peptides were trapped on a trapping column (Reprosil-Pur C18-AQ, df=5 μm, 
2 cm length × 100 μm I.D.; Dr. Maisch; Ammerbuch; Germany) and separation was 
performed on an analytical column (Reprosil-Pur C18-AQ, df=3 µm, 30 cm length x 
50 µm I.D.; Dr. Maisch; Ammerbuch; Germany), both packed in-house. Solvent A was 
0.1% FA in MilliQ water and solvent B was 0.1% FA in AcN (Biosolve). The peptides 
were separated in 195 minutes in a non-linear gradient (15 minutes at 0% B for peptide 
loading on the trapping column, subsequently followed by a gradient of 160 minutes 
from 0% to 30% B, a 15-minutes gradient to 45% B and 5 minutes at 65% B) optimized 
as described by Morus et al.24. The column effluent was electro-sprayed directly into the 
MS using a gold-coated fused silica tip of 3.5 µm tipID, with a spray voltage of 1.8 KV.

Mass spectrometric data were acquired on a Tribrid-Orbitrap Fusion Lumos (Ther-
mo Fisher Scientific). The full scan (MS1) spectra were acquired with a scan mass range 
of 350-1500 at 120,000 resolution (FWHM) with an Orbitrap readout. For the MS1, the 
automatic gain control (AGC) was set to 400,000 and the maximum injection time was 
50 ms. Top speed mode was used with a duration of 3 sec for the in vitro samples and 5 
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sec for in vivo mouse muscle cells, where precursor ions were selected with an intensity 
>5,000 for fragmentation (MS2). Charge states between 2 and 7 were selected for MS2 
and fragmentation was performed using Collision-Induced Dissociation (CID) in the 
linear ion trap (LTQ) with a normalized collision energy of 35%. In MS2, the AGC was 
set to 10,000 and the maximum injection time was 100 ms. Synchronous-Precursor-Se-
lection (SPS) was enabled to include up to 5 MS2 fragment ions in MS3. The fragment 
ions were further fragmented by higher energy collision dissociation (HCD) with a nor-
malized collision energy of 60%. The TMT reporter ions were analyzed in the Orbitrap 
analyzer, the AGC was set to 100,000 and the maximum injection time was set to 240 
ms for the in vitro samples and 160 ms for the in vivo mouse muscles. Each individual 
sample was analyzed three times to optimize protein identification and quantification.

Data analysis of proteomics data
Proteomics data were analyzed with Proteome Discoverer 2.1 (Thermo Fisher Scien-
tific) with default settings unless stated otherwise. Precursor mass tolerance was set to 
5 ppm. MS2 scans were searched against the Human Uniprot protein database from 
November 2014, containing 23,048 entries or the Mus musculus database, using the 
SequestHT search engine with a full enzyme specificity for Lys-C as described previ-
ously23. The quantification node was used to obtain relative expression values, where 
TMT(10) was defined as the quantification method, with an integration tolerance of 0.2 
Da. Cite Percolator was used to filter the peptide to spectrum mass with a False Discov-
ery Rate (FDR) of <5%.

Data were normalized by performing a median correction as described previously23. 
Data of three biological replicates for human samples and five biological replicates for 
mice samples were compared. Proteins that were upregulated or downregulated by 
1.5 fold or more compared to control (based on being >2.5x the median coefficient of 
variation (CV) as described previously23 in at least two out of three replicates (human 
monocyte samples) or a factor 2 in three out of five mice per group) were considered 
significantly regulated. This factor 2 was based on approximately 3x the median CV 
of 28%, analogously to our previous studies23. The regulated proteins were imported 
in Panther25 to identify regulated pathways (FDR<0.05), within functional annotations 
provided by Gene Ontology (GO) biological processes.

Statistics
Flow cytometry data was analyzed with Graphpad Prism®. Significance of difference 
was determined with a two way ANOVA and a Tukey test for multiple comparison 
correction.
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Results

AlPO4 and Al(OH)3 induce different pathways related to immune 
activation in human primary monocytes
Monocytes were stimulated with AlPO4 and Al(OH)3 for 24 and 48 hours. Quantitative 
proteome analysis resulted in about 1200 quantified proteins in all samples. After 24 
hours, in both AlPO4 and Al(OH)3-stimulated cells about 100 proteins were up- or 
downregulated compared to the expression in unstimulated cells. These changes are 
reflected in the enrichment of various immune system-related pathways induced by 
both AlPO4 and Al(OH)3 (GO terms) (Figure 1), including known Al(OH)3-induced 
pathways regulation of complement activation12 and regulation of the humoral response. 
In addition, Al(OH)3 specifically induced regulation of the acute inflammatory response 
and immune response after 24 hours of stimulation. The pathways specifically enriched 
by AlPO4 were related to viral transcription and viral gene expression. After 24 hours of 
AlPO4 stimulation, the pathway antigen processing and presentation was downregulat-
ed, while this was not the case in Al(OH)3-stimulated monocytes.

After 48 hours of stimulation, both adjuvants induced many immunologically rel-
evant pathways, e.g. (positive regulation of) defense response, immune response, viral 
process and blood coagulation, Antigen processing and presentation pathways were also 
upregulated by both stimuli, although much stronger for Al(OH)3 compared to AlPO4 
(Figure 1). Upon Al(OH)3 stimulation, typical proteins related to antigen processing 
and presentation via both HLA class I and class II were upregulated. Proteins related 
to antigen presentation via HLA class I specifically regulated by Al(OH)3 included: var-
ious proteasomal subunits related to antigen processing and presentation, e.g. protea-
some subunits alpha type-3 (PSMA2) and beta type-3 (PSMB3) and 26S proteasome 
non-ATPase regulatory subunits 3 and 13 (PSMD3 and PSMD13, respectively). Pro-
teins specifically upregulated by Al(OH)3 that are related to antigen presentation via 
HLA class II consisted of: cathepsin (CTS) L1, dynactin subunit 2 (DCTN2), cytoplas-
mic dynin II chain (DYNC1i2) and legumain (LGMN) (Supplementary S1). Pathways 
uniquely induced upon 48 hours of Al(OH)3 stimulation included: positive regulation 
of type IIa hypersensitivity and positive regulation of adaptive immune response. After 48 
hours of stimulation, AlPO4 uniquely induced positive regulation of complement activa-
tion (Figure 1, Supplementary S2).

These data show that both adjuvants activate the immune system and immune sys-
tem-related pathways in monocytes. Distinct differences in the quality and kinetics of 
the immunogenicity of both adjuvants were observed. Figure 1 clearly shows that the 
in vitro immune response towards Al(OH)3 is more pronounced compared to AlPO4, 
in particular after prolonged stimulation (48 hours). Another important difference was 
found with respect to antigen presentation and processing, which was downregulated 
after 24 hours of stimulation with AlPO4 (with no regulation upon Al(OH)3 stimulation 
at this time point), whereas this pathway was strongly upregulated after 48 hours of 
stimulation with Al(OH)3, with a minimal induction for AlPO4.



98

Chapter 4

Figure 1. Heatmap of regulated processes in human monocytes. 
For each stimulation condition a summary of the enriched pathways is depicted. The pathways are 
grouped based on immunological and homeostatic features. The intensity of the color and the numbers 
correspond to the significance of the pathway: 1, 2 and 3 correspond to a p-value of <0.05, <0.01 and 
<0.001 respectively.
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Al(OH)3 but not AlPO4 attracts neutrophils to the site of injection
To determine whether the differences identified in vitro could also be observed in in 
vivo experiments, mice were intramuscularly injected with the adjuvants. The cell types 
present at the site of injection after 24, 48 and 96 hours of administration were analyzed 
with flow cytometry (gating strategy specified in Supplementary S3). Twenty-four hours 
after administration of Al(OH)3 or AlPO4, no significant increase in any cell population 
was observed compared to the control group (PBS injected mice) (Figure 2A-C). How-
ever, after both 48 and 96 hours, Al(OH)3 significantly increased neutrophil (CD11b+ 
F4/80- Ly6G+) influx at the site of injection compared to the control group, while for 
AlPO4 this neutrophil population was not significantly different from the control group. 
After 96 hours, the influx of neutrophils induced by Al(OH)3 was significantly higher 
compared to control and AlPO4-administered mice (Figure 2A). In addition, Al(OH)3 
significantly increased the monocyte population at the site of injection after 48 hours. 
After 96 hours, both adjuvants induced a significant increase in macrophages (CD11b+ 
F4/80+ Ly6G- SSCint) (Figure 2B). In addition, monocytes (CD11b+ F4/80± Ly6G- SS-
Clow) appeared 96 hours after AlPO4 administration (Figure 2C). Thus, both AlPO4 and 
Al(OH)3 attracted immune cells to the site of injection, but there is a difference in the 
numbers of monocytes. Also, Al(OH)3 attracted significant numbers of neutrophils, 
while AlPO4 did not induce significant amounts of monocytes.

Distinct protein expression at the site of injection after 
administration of Al(OH)3 and AlPO4
Twenty-four hours after administration of the Al(OH)3 and AlPO4 stimulus, protein 
analysis of mouse muscles showed a large overlap (67%) in upregulated proteins be-
tween the two adjuvants. Proteins that were highly upregulated in both stimulation 
conditions were S100-A8 and S100-A9 (Supplementary S4); these proteins are related 
to the presence of neutrophils. The pathway (GO term) neutrophil aggregation (attrac-
tion of neutrophils) was enriched in both stimulation conditions. Moreover, (antibac-
terial) humoral immune response, hemostasis and the related Gene Ontology process 
negative regulation (i.e. inhibition) of hemostasis were also enriched. In addition, the 
processes monocyte chemotaxis and acute phase response were specifically enhanced 
by Al(OH)3 (Figure 3 extracted from supplementary S5). AlPO4 uniquely induced the 
pathway localization, a pathway related to the movement of, e.g. proteins, macromole-
cules and organelles in the cell, after 24 hours of stimulation (Figure 3).

After 48 hours of stimulation, the overlap between the upregulated proteins by 
Al(OH)3 and AlPO4 at the site of injection was 62%. Both adjuvants still enhanced 
neutrophil aggregation, hemostasis and the Gene Ontology-related term negative reg-
ulation (i.e. inhibition) of hemostasis. In addition, various immune system-related pro-
cesses, e.g. adaptive immune response and innate immune response were enriched (Figure 
3). Moreover, Al(OH)3 specifically induced various pathways, such as regulation of cell 
death and regulation of interleukin-8 production. IL-8 is one of the main neutrophil che-
moattractant molecules, thus its upregulation is in accordance with the detection of 
neutrophils at the injection site in response to Al(OH)3 only. AlPO4 did not regulate any 
immunological pathways not being regulated by Al(OH)3.
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Figure 2. Cell populations at the site of injection in mice muscles. 
Percentage of neutrophils (A), percentage of F4/80+ cells (macrophages) from single cells (B) and 
percentage of F4/80+CD11β+ (monocytes) cell of single cells isolated from muscle (C). Significance of 
difference was determined with a 2-way ANOVA with Tukey testing for multiple comparison, p-values 
<0.05 are indicated with an *, p-value <0.01 are indicated as ** and p-values <0.001 are indicated 
as***.
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Figure 3. Pathway analysis in mouse muscle cells. 
A subset of pathways extracted from Supplementary S5 that were upregulated by either Al(OH)3 or 
AlPO4 relative to PBS injected controls at 24, 48 and 96 hours post injection. The numbers 1-3 indicate 
the significance of the regulations with false discovery rates of <0.05, <0.01 and <0.001, respectively. 
The empty cells indicate that there was no regulation of the specific pathway for that stimulation con-
dition.
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After 96 hours of stimulation, the overlap in the upregulated proteins in mice mus-
cles between Al(OH)3 and AlPO4 was 57%. Both adjuvants induced immune sys-
tem-related processes, e.g. innate immune response, (antimicrobial) humoral response, 
hemostasis and defense response. In contrast to immune cell/leukocyte aggregation, which 
was upregulated by both adjuvants at all time points, Al(OH)3 uniquely induced neutro-
phil chemotaxis and neutrophil migration, showing that pathways related to neutrophil 
influx are specifically upregulated by Al(OH)3 (Figure 3), which is in agreement with the 
flow cytometry data, showing the presence of a large population of neutrophils upon 
Al(OH)3 stimulation.

Other immunological processes that were upregulated by Al(OH)3 were negative 
regulation or inhibition processes, e.g. negative regulation of immune system process, 
which could either represent tolerance to the adjuvant or the contraction phase after 
initiation. AlPO4 specifically enhanced positive regulation of cell-cell adhesion, the in-
flammatory response, adaptive immune response and negative regulation (inhibition) of 
hemostasis (Figure 3).

These data prove that the innate immune response induced by both aluminum-based 
adjuvants is quite similar at 24 hours after injection, but after 96 hours differences were 
observed between Al(OH)3 and AlPO4 responses. This included strong induction of 
neutrophil-related pathways in Al(OH)3-stimulated muscles, that was much less prom-
inent after AlPO4 injection. Also, there was a difference in the processes related to he-
mostasis after 96 hours: the adjuvants both induced and inhibited the processes of 
hemostasis, except after 96 hours when Al(OH)3 only induced hemostasis.
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Discussion
Aluminum-containing adjuvants are often used in human vaccines. Although the 
mechanisms of action have been extensively studied in recent years, comparison of 
the molecular responses to Al(OH)3 versus AlPO4 has not been performed. This study 
reveals that both Al(OH)3 and AlPO4 activate innate immune responses. However, two 
main differences were observed: 1) antigen processing and presentation pathways in 
monocyte cultures were mainly upregulated by Al(OH)3 and 2) Al(OH)3 attracted more 
neutrophils to the site of injection in vivo, possibly related to NET formation and he-
mostasis.

Activated monocytes play a fundamental role in antigen processing and presen-
tation22. A clear difference was observed in the activation of antigen processing and 
presentation pathways between Al(OH)3 and AlPO4: Al(OH)3 strongly activated the 
pathway of antigen processing and presentation in monocytes, both via HLA class I and 
HLA class II, as described previously14, 17, 23, while AlPO4 only induced a limited re-
sponse. This may be related to the fact that Al(OH)3 is taken up better by cells than 
AlPO4

26. This enhanced uptake is most likely related to the physicochemical properties 
of the adjuvants, in particular charge and size. With respect to charge, Al(OH)3 is pos-
itively charged at physiological pH, even though this charge may be partly shielded 
by proteins and salts in the culture medium26. This positive charge of Al(OH)3 allows 
for stronger interactions with the negatively charged cell membrane, compared to the 
slightly negatively charged AlPO4

27. With respect to size, Al(OH)3 particles are expected 
to have a more suitable size (smaller) for phagocytosis by monocytes as compared to 
AlPO4 as described by Mold et al.26. This is also observed in the current study, since only 
Al(OH)3 activated phagocytosis. Thus, both size and charge probably lead to increased 
uptake of Al(OH)3 and enhanced antigen processing and presentation as well as relat-
ed pathways, e.g. activation of immune response and innate immune response-activating 
signal transduction.

The attraction of neutrophils to the site of injection was affected by Al(OH)3 admin-
istration after 48 and 96 hours, but not after AlPO4 administration. In agreement with 
this, Al(OH)3 uniquely induced neutrophil chemotaxis and neutrophil migration after 96 
hours. Neutrophils are capable of eliciting an inflammatory response by binding and 
ingesting bacteria when activated28. In addition, neutrophil presence can result in the 
formation of Neutrophil Extracellular Traps (NETs). Extracellular Traps (ETs) are net-
works of chromatin and histones, which are extruded from immune cells. NETs are 
specifically extruded from neutrophils and can trap and kill bacteria29 and further am-
plify neutrophil recruitment upon Al(OH)3 stimulation30. Moreover, neutrophils, both 
alive and dead due to netosis, contribute to the adjuvant effect of Al(OH)3 by inducing 
antigen specific T cell expansion, B cell differentiation and B cell class switch in the 
presence of an antigen. Mice deficient in netosis had significantly less antigen specific 
T cells and germinal B cell centers30. This shows that trap formation indeed contributes 
to the adjuvant effect of Al(OH)3 upon vaccination. Upon AlPO4 administration, there 
was no increase observed in neutrophils at the site of injection, so AlPO4 will probably 
not induce NET formation. However, the formation of nodules that resemble ETs was 
described previously for AlPO4

31. These ETs did not depend on the presence of neutro-
phils but on the presence of fibrinogen (FETs) and were induced by both Al(OH)3 and 
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AlPO4
31. However, these FETs were observed after intraperitoneal administration of 

the adjuvants. Via this route, the adjuvants are exposed to many types of immune cells 
which are also able to form ETs30, 32-33 implying that the route of administration may 
have an effect on ET formation.

The formation of NETs and FETs is also related to the processes of hemostasis30-31, 

34-36. After 96 hours of Al(OH)3 stimulation, hemostasis was upregulated by Al(OH)3 
and AlPO4. However, only for Al(OH)3 this coincided with the presence of a significant 
population of neutrophils and the enrichment of histone 1.3 and 2A, proteins that are 
often found in NETs31. Finally, also the pathways neutrophil degranulation and neutro-
phil migration were upregulated. Together, these data, for the 96 hours Al(OH)3-admin-
istered group, are in agreement with NET formation that was found previously30. Other 
proteins found in (F)ETs were upregulated by both adjuvants, e.g. fibrinogen alpha 
chain and histone 4 (Supplementary S4). This upregulation of proteins associated with 
(F)ETs, upon both Al(OH)3 and AlPO4 stimulation implies that (F)ET formation might 
also occur upon I.M. injection of Al(OH)3 and AlPO4.

Attracting neutrophils to the site of injection and the activation of more immuno-
logical pathways by Al(OH)3 implies that this is perhaps a more pro-inflammatory ad-
juvant compared to AlPO4. This might result in more side effects since neutrophils also 
contain high levels of cytotoxic compounds, often associated with tissue inflammation 
and potential side effects28. Whether this results in a stronger adjuvant effect is not 
clear. Studies comparing the adjuvant effect of Al(OH)3 or AlPO4, i.e. in the presence 
of antigen, have been contradicting. Either no differences between the antibody titers 
were reported27, 37-38 or a trend towards a stronger response towards antigen adsorbed 
to AlPO4

27 or a better response when Al(OH)3 was used as an adjuvant20. The stron-
ger response towards Al(OH)3 was associated with higher adsorption of the antigen 
to Al(OH)3

20. Other potential explanations might be, intrinsic immunogenicity of the 
adjuvant, as suggested by Berthold et al., antigen-adjuvant ratio and the dose of both 
the adjuvant and the antigen38. Finally, the ability of the antigen to desorb from the 
adjuvant when bound can also be involved. If the interaction is too strong, the adjuvant 
effect can be negatively influenced as reviewed by Clapp et al.18.

One major difference between the mechanisms identified in vitro and in vivo is that, 
unlike the in vitro data, indications for antigen processing and presentation were not 
identified in the in vivo data. The reason for this difference is not known. Al(OH)3 may 
be coated by serum proteins present in the culture medium which might result in the 
cell entrance of adjuvant-serum protein complexes during in vitro experiments. This 
might not happen in vivo, upon Al(OH)3 I.M. injection since interstitial fluid is lower in 
protein content compared to serum39-40. In addition, proteins in culture medium might 
be identified as non-self (enhanced antigen presentation) while proteins in interstitial 
fluid are self. However, enhanced antigen processing and presentation upon Al(OH)3 
I.M. injection was described previously17. The reason that this is not identified in the 
current study could be that different outcome parameters are used: mRNA versus pro-
tein, in vivo the expression of antigen processing-related proteins might occur predom-
inantly at different locations, e.g. draining lymph nodes, or the presence of other APCs 
than only monocytes. 

Some mechanisms of action of alum-based adjuvants were confirmed in this study, 
e.g. in vitro upregulation of complement activation and cell death by Al(OH)3

12-14 and 
recruitment of immune cells to the site of injection by both Al(OH)3 and AlPO4

8, 9, 41-42. In 
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addition, differences between in the innate immune response after Al(OH)3 or AlPO4 
stimulation were observed in vitro. However, it needs to be taken into account that we 
have analyzed the cellular proteins and not the secreted proteins. In addition, some 
processes related to Al(OH)3 adjuvant activity require the presence of an antigen or 
other additional components, such as activation of the inflammasome43. In vitro culture 
of monocytes was studied, in which effects of interaction between different cell types 
cannot be taken into account.

The current study demonstrates that two commercially available aluminum-based 
adjuvants, Al(OH)3 and AlPO4, have a very distinct impact on the innate immune re-
sponse both in vitro on human primary monocytes as well as in vivo in mice. Based on 
current data, Al(OH)3 induces a more immunogenic response compared to AlPO4 since 
Al(OH)3 upregulated antigen processing and presentation pathways more strongly 
than AlPO4. Additionally much more immune system-related pathways were induced 
by Al(OH)3 and in vivo more neutrophils were attracted to the site of injection as com-
pared to AlPO4.
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Supplementary figures

Supplementary S1. Raw and normalized proteomics data from human monocytes.
Results table generated by Proteome Discoverer 2.1. Each multiplex refers to a TMT(10)-plex contain-
ing quantitative ratios compared to control for both Al(OH)3 and AlPO4. The raw data were combined 
in one output table ‘raw data combined’. The data was median-normalized (presented in the worksheet 
‘normalized data’) and the upregulated proteins (fold change >1.5) per condition are given in the 
worksheet ‘upregulated protein table’. Downregulated proteins (fold change <0.667) are depicted in the 
worksheet ‘downregulated protein table’.

Supplementary S2. GO term analysis of up and downregulated proteins.
GO terms represented by the upregulated proteins in human primary monocytes after stimulation with 
Al(OH)3 or AlPO4 for 24 or 48 hours. The table shows the GO_ID of the enriched processes in the set of 
upregulated proteins after 24 and 48 hours of Al(OH)3 or AlPO4 stimulation. The table depicts the GO 
term, the number of proteins identified in the dataset and the FDR of the process enrichment.
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Supplementary S3. Gating staining strategy applied to flow cytometric analysis of 
mice muscle cells.
Gating strategy is presented for (A) the cell gate, (B) the live cell gate, (C) the single cell gate and (D) 
the CD11b+ gate. Further gating of markers is given for (E) gating on F4/80: F4/80-, F4/80± and F4/80+, 
(F) the Ly6g-CD11b+ F4/80+ gate, (G) the macrophage gate (Ly6g-CD11b+ F4/80± SSC low SSC inter-
mediate), (H) the Ly6g-CD11b+ F4/80± gate, (I) the monocyte gate (Ly6g-CD11b+ F4/80± SSC low) and 
(J) the neutrophil gate (CD11b+Ly6G+ F4/80-).

Supplementary S4. Raw and normalized proteomics data from mouse muscle tissue.
The labels of the individual samples can be found in ‘labels’. Raw data per condition per run is depict-
ed in ‘raw data’ and normalized data is depicted in the tab ‘normalized’. The median for up and down-
regulated protein determination is given in ‘Stat.Median’.

Supplementary S5. Proteomics pathway analysis of mouse muscle tissue.
All pathways that are overrepresented in the upregulated protein set after 24, 48 and 96 hours of 
Al(OH)3 or AlPO4 stimulation. The table depicts the GO term, the number of proteins in the pathway, 
the number of upregulated proteins in the pathway the FDR. 
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Abstract 
Background Aluminum salts are widely used vaccine adjuvants. These salts consist 
of micrometre-sized aggregates. In the past decades, nanoparticles have emerged as 
promising adjuvant candidates. In this study, the responses of human monocytes to 
aluminum hydroxide nanoparticles (hexagonal-shaped gibbsite) and aluminum oxyhy-
droxide nanoparticles (needle-shaped boehmite) were investigated and compared with 
classical aluminum oxyhydroxide (Alhydrogel®). 

Methods Human primary monocytes were cultured in the presence of Alhydrogel®, 
gibbsite or boehmite. The transcriptome and proteome were investigated using quan-
titative polymerase chain reaction and mass spectrometry. In addition, human mono-
cytic THP-1 cells were used to investigate the cellular maturation, differentiation and 
cytokine secretion, which was demonstrated by enzyme-linked immuno sorbent assay 
and flow cytometry. 

Results Alhydrogel®, gibbsite and boehmite caused changes in gene expression 
related to the pro-inflammatory interferons and the Th2 polarizing cytokine IL-4. In 
addition, each compound resulted in a specific gene expression profile. After 24 hours, 
Alhydrogel® specifically induced the pro-inflammatory cytokine IL-2, which was down-
regulated by the nanoparticles. Both nanoparticles increased the expression of the im-
mune system-related transcription factor NFκb1. Proteome analysis revealed that Al-
hydrogel® activated both homeostatic and immunological pathways after 24 hours of 
stimulation. Gibbsite and boehmite induced limited activation of both immunogenic 
and homeostatic pathways. After 48 hours, the effect of Alhydrogel® was even stronger 
than the response after 24 hours, while boehmite induced a more specific immune 
system-related (non-homeostatic) response. Of the seven surface markers investigat-
ed, only CD80 was significantly upregulated by Alhydrogel® and neither by gibbsite or 
boehmite. IL-1β secretion was significantly upregulated by Alhydrogel®. 

Conclusion The in vitro innate immune response induced by adjuvants depends 
on the composition, size and shape of the adjuvant. Boehmite induced a stronger im-
mune response and a less stress response-related response and is therefore a promis-
ing nanoparticle adjuvant candidate.
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Introduction 
Many prophylactic vaccines contain adjuvants, which enhance the immune response 
after vaccination. Aluminum-based adjuvants activate and maturate antigen-present-
ing cells (APCs), which have a key role in the activation of the specific immune system1. 
Traditional aluminum-based adjuvants consist of aluminum salts that form aggregates 
of 0.5-10 µm upon dispersion in water2. However, aluminum-based nanoparticles have 
drawn the attention to improve the immune response compared to the traditional 
adjuvants3,4. In the past decades, studies investigating the effect of size and shape of 
aluminum-based nanoparticles on the immune response have been performed. For 
example, ovalbumin and Bacillus anthracis antigens induced a stronger antigen-specif-
ic antibody response in mice when adsorbed to nanoparticles of aluminum hydroxide 
than microparticles5. In addition, Sun et al. found that the size of aluminum oxyhydrox-
ide nanorods was positively related to the adaptive humoral immune response using 
ovalbumin as model antigen, and that rod-shaped nanoparticles were more potent 
adjuvants compared to plates and polyhedra6. Moreover, aluminum (oxy)hydroxide 
nanoparticles induced higher levels of uric acid compared to microparticles both in vi-
tro and in vivo7. Thus, aluminum hydroxide nanoparticles may have a stronger adjuvant 
effect than microparticles. These studies mostly address the adaptive immune response 
and so have been done in the presence of antigen. Not much is known about the in-
trinsic capacity of these particles to activate the innate immune system. 

To investigate the role of adjuvants, classical immunological assays such as en-
zyme-linked immuno sorbent assay (ELISA), multiplex immune assays and flow cy-
tometry, have been utilised, analysing secreted proteins and cell surface markers, 
respectively, to profile the immune response. However, modern, systems-based om-
ics-approaches, analysing protein expression and mRNA expression, may attribute to 
further unravelling the molecular signatures that are induced by adjuvants8. Few stud-
ies have been done on the analysis of protein and gene expression. For example, the 
secretome of human monocytes stimulated in vitro with Adju-Phos®, MPLA and R848 
in absence of an antigen or complete vaccines have been investigated with mass spec-
trometry9. In addition, Alhydrogel®, MF59 and CPG induced distinct gene expression 
profiles at the site of injection in mouse muscle cells without the presence of an anti-
gen10. Transcriptome and proteome analysis may thus help to unravel the mechanism 
by which adjuvants work.

In this study, two experimental aluminum (oxy)hydroxides, gibbsite and boehmite, 
and a commercially available aluminum oxyhydroxide adjuvant (Alhydrogel®, often re-
ferred to as aluminum hydroxide) were used to identify differences of the size and shape 
on the innate immune response. The effects of these particles on the transcriptome and 
proteome in human monocytes were investigated and related to cellular pathways. The 
results demonstrate that the size and shape of aluminum salts influence the induction 
of the innate immune response. 
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Materials and methods

Materials
Alhydrogel® 2% (batch 9394) was purchased from Brenntag Biosector. Ultrapure lipo-
polysaccharide (LPS) from E. coli K was obtained from Invivogen. Bovine serum albu-
min (BSA), ethylenediaminetetraacetic acid (EDTA), aluminum-iso-propoxide, alumi-
num-sec-butoxide, AlCl3, dodecyltrimethylammonium bromide, Eriochrome cyanide R 
and Ficoll® were purchased from Sigma-Aldrich. 

Hank’s balanced salt solution (HBSS) was purchased from Gibco. Phosphate-buff-
ered saline (PBS, 10.6 mM KH2PO4, 1.5 M NaCl, 29.7 mM Na2HPO4) pH 7.2, Roswell 
Park Memorial Institute Media 1640 (RPMI) and Penicillin/Streptomycin/L-Glutamin 
(P/S/G) were obtained from Invitrogen (ThermoFisher Scientific). Fetal calf serum 
(FCS) was purchased from Serana. 

Human CD14 microbeads were from Miltenyi Biotec. Fluorescently labelled antibod-
ies CD83-APC (HB15E), CD40-BV711 (5C3), CD86-BV510 (FUN-1), CD14-PE (H5E2), 
CD11c-BV421 (B-ly6/3.9) and CD80-BB515 (L307.4), and Fixable Viability Stain 780 
were obtained from BD Biosciences (New Yersey, USA). HLA-DR-PerCP (L243) was 
purchased from BioLegend. 

Human IL-1β ELISA Ready-Set-Go! was from eBioscience (ThermoFisher Scientif-
ic). IL-6 human uncoated ELISA kits were from Invitrogen (ThermoFisher Scientific). 
Human IL-18 matched antibody pair was from Invitrogen (ThermoFisher Scientific). 

Synthesis of boehmite and gibbsite
Boehmite and gibbsite were synthesised as previously described by Buining et al11. 
Briefly, 80 mM aluminum-iso-propoxide was mixed with 80 mM aluminum-sec-bu-
toxide in 90 mM HCl. The solution was stirred for at least 10 days. After hydrothermal 
treatment at 150°C (boehmite) or 85°C (gibbsite) for 36h, the suspension was dialysed 
against water (MilliQ, resistivity = 18.2 MΩ.cm, total organic carbon < 5 ppb) using 
dialysis cassettes with a cut-off of 10,000 Da for at least 14 days. During this procedure, 
the dialysate was replaced at least 8 times. Suspensions were autoclaved and stored at 
room temperature. 

Aluminum determination 
The quantification of Al3+ ions was performed using a colorimetric assay. Standards 
were prepared by diluting 150 µM AlCl3 in 6 M KOH so that the final range of the 
calibration line was 0-15 µM Al3+ ions. Samples were diluted in 6 M KOH so that the 
maximum concentration Al3+ ions was not higher than 0.85 mM. Samples were heat-
ed at 100°C for 60 min to dissolve aluminum salts. After cooling to RT, standards and 
samples were diluted in 1 M sodium acetate buffer pH 5.5 so that the expected final 
concentration was between 0.1 and 8.5 nM Al3+. 50 µL of each sample or standard 
was added to a transparent polystyrene flat-bottom 96-wells plate (Greiner bio one) 
in triplicate. To each well, 50 µL of 12 mM dodecyltrimethylammonium bromide, 50 
µL of 600 µM Eriochrome cyanide R and 50 µL of 1 M sodium acetate buffer pH 5.5 
was added. The plate was incubated on a plate shaker at 600 rpm at RT for 15 min. The 
absorbance was determined at 584 nm using a SynergyMx reader (BioTek). Aluminum 
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concentrations in samples were calculated based on the standard curve using Gentech 
5 software (BioTek). 

Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was performed using a Philips Tecnai 10 elec-
tron microscope, typically operating at 100kV. The samples were prepared by drying 
a drop of diluted, aqueous particle dispersion on top of polymer-coated copper grids.

Dynamic Light Scattering (DLS) 
The hydrodynamic size was measured by DLS using a zetasizer (Zetasizer Nano ZS, 
Malvern Instruments Ltd.). 60 µL of each sample diluted 80x (Alhydrogel®) or 8x (gibb-
site and boehmite) in 1 mM NaCl or cell culture medium was measured in single-use 
polystyrene UV micro cuvettes (BRAND®). The Dispersion Technology Software (ver-
sion 7.11) was used for collection and analysis of the data. Each sample was measured 
at 25°C in triplicate with an automatic attenuator. The number of runs and the mea-
surement duration were automatically optimised by the software. 

Laser-Doppler electrophoresis
The zeta potential was measured using a zetasizer (Zetasizer Nano ZS, Malvern In-
struments Ltd.). Folded capillary cells (DTS1070, Malvern Instruments Ltd.) were filled 
with 800 µL sample containing 1.2 mg/mL Al3+ ions diluted in 1 mM NaCl or in cell 
culture medium. The Dispersion Technology Software (version 7.11) was used for col-
lection and analysis of the data. Each sample was measured at 25°C in triplicate with 
an automatic attenuator. The number of runs and the measurement duration were au-
tomatically optimised by the software. 

Cell culture
The human monocyte study was conducted according to the principles expressed in the 
Declaration of Helsinki. All blood donors gave written-informed consent before collec-
tion and use of their samples. All blood donations, provided by the Dutch National In-
stitute for Public Health and the Environment (RIVM, Bilthoven, the Netherlands) were 
specifically donated for primary cell isolation. This research goal was explicitly approved 
by the accredited Medical Research Ethics Committee (MREC), METC, Noord-Holland 
in the Netherlands. All blood samples were processed anonymously. 

Fresh peripheral blood was collected from healthy volunteers and collected in hep-
arin-coated tubes. Peripheral blood mononuclear cells (PBMCs) were isolated from 
whole blood using Ficoll® density centrifugation at 1000xg for 30 min. Monocytes were 
isolated by positive selection using CD14 microbeads and a magnetic LS MACS column 
(Miltenyi Biotech). Monocytes were cultured at 400,000 cells/well in 24-wells plates in 
cell culture medium (RPMI containing 10% FCS, 100 units/mL penicillin, 100 µg/mL 
streptomycin and 0.3 µg/mL L-glutamine) in the presence of Alhydrogel®, gibbsite or 
boehmite (each at a concentration of 10 µg/mL Al3+ ions), in the presence of 100 ng/mL 
LPS or were left unstimulated for 6, 24 or 48 hours. 

Human THP-1 cells were grown in cell culture medium at 37°C with 5% CO2. Cells 
were primed overnight with 300 ng/mL PMA in a 96-wells plate containing 100,000 
cells/well in 200 µL. After priming, cells were washed three times with culture medium 
by centrifugation at 300xg for 5 min. The supernatant was discarded and Alhydrogel®, 
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gibbsite and boehmite were added at a final concentration of 0.1 mg/mL Al3+ ions in the 
presence of 2.5 ng/mL LPS in culture medium in a total volume of 200 µL/well. Cells 
were incubated at 37°C with 5% CO2 for 24h and centrifuged at 300xg for 5 min. Super-
natants (170 µL/well) were stored at -20 °C until further use. Cells were immediately 
processed for surface marker analysis as described under “flow cytometry”. 

Flow cytometry
After 24h of stimulation, THP-1 cells were washed twice with FACS buffer (0.5% BSA 
and 0.5 mM EDTA in PBS, pH 7.2) by centrifugation at 300xg for 3 min. After centrif-
ugation (300xg, 3 min) pellets were resuspended in 100 µL FACS buffer containing 
CD83-APC (HB15E), CD40-BV711 (5C3), CD86-BV510 (FUN-1), CD14-PE (H5E2), 
CD11c-BV421 (B-ly6/3.9), CD80-BB515 (L307.4) or HLA-DR-PerCP (L243) in a 1:20 
dilution. Cells were incubated at 4°C for 30 min. After staining, cells were washed with 
FACS buffer and resuspended in 150 µL FACS buffer. Cell populations were analysed 
by flow cytometry using Attune NxT (Thermo Fisher Scientific). AttuneTM NxT Software 
V2.6 was used for data collection. Samples were analysed using FlowJo software, ver-
sion 10.2 (Treestar). Surface marker expression is reported as the percentage of cells in 
the positive gate using unstained controls per stimulation. The gating strategy can be 
observed in Supplementary S1. 

Cytokine secretion 
Cytokine concentrations (IL-1β, IL-4, IL-6, IL-10, IL-17A and IL-18) were measured 
in the culture supernatants of primary monocytes and THP-1 cells using ELISA kits 
according to the manufacturer’s instructions. The light absorbance was determined at 
450 nm using a SynergyMx reader (BioTek). Cytokine concentrations in samples were 
calculated based on the standard curves using Gentech 5 software (BioTek). 

mRNA expression 
The mRNA produced by 89 genes which are involved in innate and adaptive immu-
nity and 7 controls were determined. Monocytes were lysed with RLT buffer (Qiagen). 
Subsequently, mRNA was extracted using the RNeasy mini kit (Qiagen), according 
to the manufacturer’s animal cell spin protocol. RNA purity and concentration were 
determined using spectrophotometric analysis at 260 nm and 280 nm, samples were 
measured on a Synergy MX (Biotek). Depending on the amount of mRNA available, 
10 or 12 ng of cDNA was synthesised. Each sample was compared to a control sample 
with the same amount of cDNA. Analysis was performed using the RT cDNA synthesis 
kit and the RT preAMP Pathway primer mix “Innate and Adaptive immunity” (Qiagen) 
according to the manufacturer’s protocol. cDNA was stored at -20°C. 

Subsequently, qPCR analysis was executed with the ’Innate and Adaptive Immune 
response RT2 profiler arrays’ (Qiagen), comprising 89 functional genes and 7 controls 
for determining the reliability of the experiments. The PCR was performed using the 
Roche light cycler 96 (Roche). Melting curves were measured of each cDNA and were 
included for quality control. 

The PCR array contained 5 housekeeping genes (ACTβ, β2M, GAPDH, HPRT1 and 
RPLP0). For each time point, the four most stable housekeeping genes were used in 
the calculations (β2M, GAPDH, HPRT1 and RPLP0 after 6 hour of stimulation; ACTβ, 
β2M, HPRT1 and RPLP0 after 24 hours of stimulation). The Ct values of these four 
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genes were averaged to a general housekeeping gene value. The target gene expression 
values of each gene were normalised based on the general value (Supplementary S2). 
Changes in target gene expression versus medium control were calculated as the ∆∆Ct. 
Expression changes for three donors were compared and genes that showed a twofold 
increase or decrease in at least two out of three biological replicates were considered 
differentially expressed. For these genes the median values across the three biological 
replicates were visualised as a heatmap combined with hierarchical clustering (Euclid-
ean distance, Ward.D linkage) using R statistical software (version 3.4.0).

Isolation, digestion and labelling of proteins
Cells were centrifuged at 300xg for 5 min and washed twice with 500 µL of ice-cold 
PBS. Subsequently, 500 µL of guanidine-HCl solution (4 M guanidine-HCl in 100 mM 
phosphate buffer, pH 7.5) was added to the culture plates to disrupt the cells and to de-
nature the proteins. Samples were freeze-thawed and subsequently incubated with the 
lysis buffer at 4°C for 30 minutes. After the cell lysis, 50 µL of the lysate of each sample 
was used to determine the protein concentration with the BCA protein assay (Pierce 
Biotechnology), according to the manufacturer’s protocol. The remaining lysates were 
stored at -80°C in the lysis buffer.

The lysates were diluted four times with a 100 mM phosphate buffer pH 7.5 to lower 
the concentration of guanidine-HCl and to adjust the pH. Subsequently, the proteins 
were digested with Lys-C (Roche) in an enzyme to substrate ratio of 1:10 (w/w) at 37°C. 
After 4 hours, fresh Lys-C was added in a 1:10 (w/w) enzyme to substrate ratio for an 
overnight incubation. 

The protein content of the digested protein samples, from the eight incubations 
conditions (medium, Alhydrogel®, gibbsite and boehmite, each at 24 and 48 hours in-
cubation times) per biological replicate, was normalised on protein content and diluted 
in 100 mM phosphate buffer pH 7.5. Samples were desalted using C18 Solid Phase Ex-
traction (Waters) according to the manufacturer’s protocol and dried by centrifugation 
under reduced pressure. The samples were labelled per condition using tandem mass 
tag labelling-10plex (TMT(10)), (ThermoFisher Scientific), pooled and dried by centrif-
ugation under reduced pressure. Subsequently, samples were dissolved in MilliQ water 
with 5% DMSO and 0.1% Formic Acid (FA) for proteome analysis. 

LC-MS/MS analysis
Peptide separation was performed on an Agilent 1290 system (Santa Clara). Peptides 
were trapped on a fritted trapping column Reprosil-Pur C18-AQ, df=5 µm, 2 cm x 100 
µm I.D. (Dr. Maisch), made in-house and separated on an in-house packed analytical 
column (Reprosil-Pur C18-AQ, df=3 µm, 30 cm x 50 µm I.D., Dr Maisch). Solvent A was 
0.1% FA in MilliQ water and solvent B was 0.1% FA in acetonitrile (AcN) (Biosolve). 
The peptides were separated in 195 minutes at a column flow rate of 125 nL/min in a 
non-linear gradient (15 minutes at 0% B, a gradient of 160 minutes from 0% to 30% 
B, a 15 minutes gradient to 45% B and 5 minutes at 65% B) optimised as described by 
Morus et al.(20). The column effluent was electro-sprayed directly into the MS using a 
gold-coated fused silica tip of 3.5 µm, with a spray voltage of 2.1 kV.

Mass spectrometric data were acquired on a Tribrid-Orbitrap Fusion Lumos (Ther-
moFisher Scientific). The full scan (MS1) spectra were acquired with a scan mass range 
of 350-1500 m/z at 120,000 resolution (FWHM) with an Orbitrap readout. For the MS1, 
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the automatic gain control (AGC) was set to 400,000 and the maximum injection time 
was 50 ms. Top speed mode was chosen with a duration of 3 s where precursor ions 
with an intensity > 5,000 were selected for fragmentation (MS2). Charge states be-
tween 1 and 7 were selected for MS2 which was performed using collision-induced 
dissociation (CID) in the linear ion trap (LTQ) with a normalised collision energy of 
35%. In MS2, the AGC was set to 10,000 and the maximum injection time was 100 ms. 
Synchronous-precursor-selection (SPS) was enabled to include up to 5 MS2 fragment 
ions for MS3. These fragment ions were further fragmented by higher energy collision 
dissociation (HCD) with a normalised collision energy of 60%. The TMT reporter ions 
were analysed in the Orbitrap analyser, the AGC was set to 100,000 and the maximum 
injection time was set to 240 ms.

Proteomics data were analysed with Proteome Discoverer 2.1 (ThermoFisher Scien-
tific); unless stated otherwise default settings were used. Precursor mass tolerance was 
set to 5 ppm. MS2 scans were searched against the human Uniprot database from No-
vember 2014, containing 23,048 entries, using the Sequest HT search engine with a full 
enzyme specificity for Lys-C as described previously. The quantification node was used 
to obtain relative expression values, where TMT(10) was defined as the quantification 
method, with an integration tolerance of 0.2 Da. Cite Percolator was used to filter the 
peptide to spectrum mass with a false discovery rate (FDR) of <5%. 

Next, data were normalised by performing a median correction. Data of three bi-
ological replicates were compared, proteins that were upregulated or downregulated 
by 1.5 fold or more compared to control, in at least two out of three replicates were 
considered significantly regulated as described previously1. The regulated proteins were 
imported in STRING (string.embl.de)to identify enriched pathways (FDR<0.1), within 
functional annotations provided by Gene Ontology (GO) biological processes and Kyo-
to Encyclopedia of Genes and Genomes (KEGG) pathways.
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Results

Characterisation
To investigate the effects of aluminum salts on monocytes, a commercially available 
aluminum-based adjuvant, Alhydrogel®, and 2 experimental aluminum salts, gibbsite 
and boehmite, were used. Alhydrogel® and boehmite consisted of needle-shaped parti-
cles, while gibbsite consisted of hexagonal particles (Figure 1). The Alhydrogel® primary 
particles were aggregated to particles with a hydrodynamic diameter of 744 ± 5 d.nm, 
while gibbsite and boehmite consisted of individual particles of 155 ± 2 and 502 ± 13 
d.nm (Table 1). The hydrodynamic diameter and polydisphersity index (PdI) increased 
after dispersion in culture medium for all particles except for Alhydrogel® (Table 1). The 
zeta potential of the aluminum hydroxides in MilliQ was positively charged, varying 
from 12 to 53 mV (Table 1). However, the zeta potential of all particles was reduced 
to less than -10 mV upon dispersion in culture medium. This can be attributed to the 
presence of salts and proteins in the culture medium. 

Gene expression
Human primary monocytes were stimulated with each of the aluminum-based adju-
vants for 6 hours, after which the adjuvant’s effects on monocyte gene expression were 
assessed related to the innate and adaptive immune response. Alhydrogel® altered the 
gene expression of 34 immune system-related genes (of which 32 were upregulated 
and 2 were downregulated) (Supplementary S2). Also gibbsite and boehmite altered 
the gene expression of immune system-related genes significantly, although in smaller 
numbers: gibbsite 14 (13 up and one down) and boehmite 9 (8 up and one down) (Fig-
ure 2A and Supplementary S2). Stimulations with the three aluminum salts increased 
the expression of IFNα and IFNβ (both pro-inflammatory cytokines), APCS (an acute 
phase-related gene) and IL-4 (a Th2 polarizing cytokine) (Figure 2A). Alhydrogel® spe-
cifically increased the gene expression of HLA-A, IL-2, IL-6 and IL-17A (all pro-in-
flammatory cytokines) and the cell surface marker CD8A (related to an inflammatory 
response and co-activation of FcγR)12. Gibbsite specifically increased mRNA levels of 

Figure 1. Representative TEM images of Alhydrogel® (A), gibbsite (B) and boehmite 
(C). 
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CD4, (associated with the differentiation to functional macrophages)13, and TICAM1 
(involved in TLR-mediated interferon regulatory factor signalling). In addition, gibb-
site shared gene expression upregulation with Alhydrogel®, e.g. IL-5 (a Th2-related cy-
tokine) and IFNγ (a Th1-related cytokine) (Figure 2A). Boehmite specifically induced 
CSF2, which is related to the proliferation of monocyte-derived pro-inflammatory 
macrophages14, and CCR6 (a chemoattractant for DCs and effector/memory B and T 
cells). Thus, based on this data the gene expression profiles of Alhydrogel®, boemite 
and gibbsite appear to generate a mixed Th1/Th2 response as described previously for 
Alhydrogel®1. In addition, the response induced by Alhydrogel® is more pro-inflam-
matory compared to the response induced by gibbsite and boehmite after 6 hours of 
stimulation. 

Table 1. Physicochemical properties of aluminum salts. Data is presented as mean ± 
SD (n = 3).

Compo-
sition

MilliQ culture medium

Z- 
average 
(d.nm)

PdI zeta  
potential 
(mV)

Z- 
average 
(d.nm)

PdI zeta  
potential 
(mV)

Alhydro-
gel®

Alumi-
num oxy-
hydroxide

744± 5 0.162 ± 
0.074

12 ± 0.3 583 ± 5 0.72 ± 
0.037

-9 ± 1

gibbsite Alumi-
num oxy-
hydroxide

155 ± 2 0.085 ± 
0.023

53 ± 1 1467 ± 188 0.564 ± 
0.046

-9 ± 0

boehmite Alumi-
num oxy-
hydroxide

502 ± 13 0.234 ± 
0.017

33 ± 1 1110 ± 120 0.427 ± 
0.083

-9 ± 1
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Figure 2. Heatmap of differentially expressed genes. 
The genes that induced a fold changes of 2 or greater in one of the stimulation conditions after 6 hours 
(A) and 24 hours (B) were clustered using Euclidean distance. In this heatmap green and red represent 
a down and upregulation, respectively, of the gene expression.
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After 24 hours of stimulation with the adjuvants, the gene expression profiles of the 
monocytes were determined a second time. All adjuvants increased the gene expres-
sion of CCR8 (a chemokine receptor involved in monocyte chemotaxis). Moreover, 
IFNα (a pro-inflammatory cytokine) expression remained upregulated by all adjuvants. 
In addition, Alhydrogel® continued to induce IL-17A (a pro-inflammatory cytokine) 
expression. Moreover, gibbsite and boehmite also induced the expression of IL-17A 
after 24 hours of stimulation. IFNγ was induced by all adjuvants (Figure 2B, Supple-
mentary S2). Besides this overlap in gene expression, differences between Alhydrogel® 
on one hand and gibbsite and boehmite on the other hand were also identified: (i) 
IL-2 (a cytokine involved in Natural Killer cell steering and required for T cell survival) 
was still specifically induced by Alhydrogel® and downregulated by both gibbsite and 
boehmite (Figure 2B), (ii) CD14 (a monocyte differentiation marker) was specifically 
downregulated by Alhydrogel® after 24 hours of stimulation, while (iii) CD8A was still 
uniquely upregulated upon Alhydrogel® stimulation, (iv) IL-4 (a cytokine involved in 
Th2 polarization) was specifically induced by Alhydrogel®. In contrast, the nanopar-
ticles specifically induced various genes, e.g. NFκB1, NFκB1a (transcription factors) 
and STAT4 (involved in regulating the differentiation of T cells). Additionally, TNFα (a 
pro-inflammatory cytokine mainly secreted by macrophages) and ICAM1 (involved in 
leukocyte adhesion) were increased (Figure 2B).

Besides these particle size-related differences, there were also genes that were af-
fected by one of the nanoparticles only. Gibbsite increased the expression of CCR5 and 
its ligand CCL5 (responsible for attracting monocytes and memory T cells) and the toll 
like receptor adaptor molecule TICAM1. Boehmite specifically induced the expression 
for CXCL10, an IFNγ-induced transcript and a chemoattractant for monocytes, DCs 
and T cells. 

These data indicate that gibbsite induced similar genes compared to Alhydrogel®, 
but less strong. In addition, there is a particle size effect observed, since both gibbsite 
and boehmite are less strong in inducing the expression of immune system-related 
genes compared to Alhydrogel®. Moreover, the nanoparticles induced the expression 
of genes related to the differentiation towards macrophages at 6 and 24 hours, while 
this is not the case for Alhydrogel®. Finally, Alhydrogel® appears to be the stronger Th2 
inducer, since IL-4 gene expression is induced after both 6 and 24 hours of stimulation 
while gibbsite and boehmite only induce IL-4 after 24 hours of stimulation. All adju-
vants induced mRNA coding for pro-inflammatory cytokines. Based on these gene ex-
pression profiles it might be so that Alhydrogel® is a more potent adjuvant compared to 
gibbsite and boehmite thus that the particle size indeed influences the innate immune 
response at the level of gene expression.

Effects on protein expression
Monocytes were stimulated with the different aluminum-based adjuvants for 24 and 
48 hours, after which a quantitative proteome analysis was performed. The proteome 
analysis revealed about 1200 quantified proteins between all the conditions (Supple-
mentary S3). Alhydrogel® induced the regulation of the most proteins (72), while gibb-
site and boehmite resulted in 40 differentially expressed proteins (Supplementary S3). 
All 40 regulation induced by gibbsite were also regulated in the same direction by Alhy-
drogel®. After 24 and 48 hours, the protein expression profile of boehmite differed from 
both Alhydrogel® and gibbsite.
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Figure 3. Heatmap view of regulated processes. 
For each stimulation condition, a summary of the enriched pathways is depicted. The pathways are 
grouped based on immunogenic and homeostatic features. The intensity of the colour and the numbers 
in the cells correspond to the significance of the pathway: 1 corresponds to a p-value <0.05, 2 corre-
sponds to a p-value < 0.01 and 3 corresponds to a p-value <0.005.
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After 24 hours of Alhydrogel® stimulation, two immune system-related pathways, 
i.e. regulation of the inflammatory response and regulation of complement activation were 
induced (Supplementary S4). Gibbsite stimulation also resulted in the upregulation 
of two immune system-related pathways (regulation of humoral immune response and 
complement and coagulation cascade), while boehmite stimulation did not result in the 
induction of immunological pathways (Figure 3 and Supplementary S4). 

After 48 hours of stimulation with Alhydrogel®, homeostatic and immunological 
pathways were enriched in the upregulated protein set, e.g. defense response, antigen 
processing and presentation, negative regulation of metabolic process, response to stress and 
secretion. Noteworthy, Alhydrogel® stimulation resulted in positive regulation of type II a 
hypersensitivity pathway, which is related to an allergic reaction, while none of the other 
stimulations conditions did (Figure 3 and Supplementary S4). After 48 hours of gibbsite 
stimulation, no immunological pathway were induced. However, even though immu-
nological pathways were not induced by gibbsite, individual proteins that are related 
to an immune response were upregulated, e.g. C4 (involved in complement pathways), 
CD71 (a monocyte activation marker), Cathepsin D (involved in antigen processing 
and presentation) and LGALS3 which binds IgE and is involved in the innate immune 
response. After 48 hours of boehmite stimulation, relevant immunogenic pathways 
were induced, e.g. immune system process, innate immune response and antigen presen-
tation of exogenous peptide via HLA class I (Figure 3). The significance of this pathway 
enrichment was lower compared to Alhydrogel®. However, unlike Alhydrogel®, boeh-
mite stimulation only resulted in the induction of a limited number of stress-related 
pathways with a much lower inducing power compared to Alhydrogel® (Figure 3). 

After 24-hours of stimulation, none of the adjuvants induced a downregulation of 
pathways. (Figure 3). After 48 hours of stimulation, Alhydrogel® induced the downreg-
ulation of the process of, e.g. mRNA processing, while gibbsite stimulation resulted in 
the downregulation of amongst others cell activation and boehmite stimulation induced 
the downregulation of several pathways, e.g. complement activation, lectin pathway. 

In summary, our data strongly suggest that large alum particles are more potent 
immune activators as compared to nanoparticles after 24 hours of stimulation of mono-
cytes. Alhydrogel® stimulation resulted in the induction of an immune response after 
24 hours of stimulation and this immune response is stronger after 48 hours of stimu-
lation, since additional immunological pathways were enriched (Figure 3). In contrast, 
the response of monocytes to the needle-shaped nanoparticles (i.e. boehmite), only 
resulted in the induction of immune system-relate pathways after 48 hours of stimu-
lation (Figure 3). Gibbsite stimulation only resulted in the induction of immunological 
pathways after 24 hours of stimulation. 

Effects on cytokine secretion
The effects of Alhydrogel®, gibbsite and boehmite on cytokine secretion of human pri-
mary monocytes seemed minimal. No cytokines could be detected in the culture su-
pernatants. This does not mean that no cytokines were produced. Low extracellular 
levels may be due to consumption of the cytokines by the cells, or to the absence of 
co-stimulatory agents. Therefore, a human monocytic cell line (THP-1 cells) was used 
instead of human of primary monocytes. This cell line is a suitable model to study 
monocyte responsiveness15. For this cell line it is known that for cytokine expression 
an additional stimulus besides the adjuvants is required16. THP1 cells were stimulated 
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with the different aluminum-based adjuvants for 24 hours, after which the IL-1β and 
IL-6 concentrations in the supernatants were determined. Only Alhydrogel® induced 
significant highest IL-1β secretion than unstimulated cells (Figure 4A). IL-6 was not 
significantly induced by any of the stimuli (Figure 4B). 

Effects on differentiation
In addition to cytokine secretion, cell differentiation was analysed using THP-1 cells 
by assessing the expression of CD11c, CD14, CD40, CD80, CD83, CD86 and HLA-
DR. Cells stimulated with Alhydrogel® showed a significantly higher percentage of 
CD80-positive cells compared to unstimulated cells and cells stimulated with gibbsite 
or boehmite (Figure 5). The percentage of positive cells for the other markers was not 
affected by the stimuli. 

Figure 4. Secretion of IL-1β (A) and IL-6 (B) after stimulation of PMA-primed THP-1 
cells that were stimulated with Alhydrogel®, gibbsite or boehmite. 
Data is presented as mean ± SD (n = 3). p-values were determined by one-way ANOVA with multiple 
comparison (* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001).

U
ns ti mu la

te
d

A
lh

yd
ro

ge l®

g
ib

bs it
e 

b
oe hm

it
e

0

2 5

5 0
6 0

1 20

1 80

IL
-

1
�

 c
o

nc
en

tr
at

io
n

(p
g
/m

L) *** ***
**A

U
ns ti mu la

te
d 

A
lh

yd
ro

ge l®
 

G
ib

bs it
e

B
oe hm

it
e

- 50

0

5 0

1 00

1 50

IL
-

6 
co

nc
en

tr
at

io
n

(p
g
/m

L)

B



128

Chapter 5

Figure 5. Surface marker expression on PMA-primed THP-1 cells after stimulation 
with Alhydrogel®, gibbsite or boehmite. 
Data is presented as mean ± SD (n=3). p-values were determined by one-way ANOVA with multiple 
comparison (* = p<0.05, ** = p<0.01, *** = p<0.001.
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Discussion
In this study, the effects of the particle size and shape on the immunological effects of 
aluminum-containing particles have been investigated in vitro. For this purpose, three 
different particles were used: Alhydrogel® (aluminum oxyhydroxide microparticles), 
gibbsite (hexagonal-shaped aluminum hydroxide nanoparticles) and boehmite (nee-
dle-shaped aluminum oxyhydroxide nanoparticles). Mapping the transcriptome and 
proteome of PBMCs after stimulation with Alhydrogel®, gibbsite and boehmite clearly 
showed distinct differences and skewing of the immune response. The innate immune 
response towards gibbsite and boehmite was substantially less strong when compared 
to the innate response towards Alhydrogel®. Gibbsite hardly induced immunological 
pathways, while boehmite did induce an immune response but less pronounced com-
pared to Alhydrogel®.

Although only small effects of Alhydrogel®, gibbsite and boehmite were detected on 
cytokine secretion and marker expression, effects on gene and protein level were more 
pronounced. For example, IL-2, which is an essential cytokine for T cell survival and 
NK polarization, was upregulated by Alhydrogel®, while gibbsite and boehmite down-
regulated this pro-inflammatory cytokine. Thus, gibbsite and boehmite might induce 
a less inflammatory response compared to Alhydrogel® as described previously5. This 
was also observed in the cytokine secretion analysis were Alhydrogel® strongly induced 
the expression of IL-1β in THP-1 cells, also significantly more compared to gibbsite 
and boehmite. ELISA data and transcriptome analysis together imply that Alhydrogel® 
induces a more inflammatory response than gibbsite and boehmite. However, it needs 
to be taken into account that the dosage that was administered to the cells was based 
on aluminum concentration and not on total salt content or concentrations of the par-
ticles, which might have impacted the outcomes. 

Gibbsite induced gene expression of CD4, which is related to monocyte differenti-
ation towards functional mature macrophages13. Boehmite induced CSF2, which is re-
lated to the differentiation of monocytes towards pro-inflammatory macrophages. Both 
gibbsite and boehmite induced gene expression of TNFα, which is a cytokine mainly 
secreted by macrophages, while Alhydrogel® induced the differentiation towards DCs17. 
This is supported by the increased HLA-A gene expression observed in this study. Thus, 
boehmite and Alhydrogel® induce monocyte differentiation towards pro-inflammato-
ry macrophages and DCs, which are mainly involved in initiating the tissue immune 
response, while gibbsite induces monocyte differentiation towards functional macro-
phages, which are mainly involved in tissue integrity and suppress inflammation18. For 
the use in vaccines, a pro-inflammatory response is desired. Gibbsite thus seems a less 
suitable vaccine adjuvant than boehmite and Alhydrogel®. This may also be related to 
the shape: needle-shaped particles trigger monocyte differentiation towards inflam-
matory APCs. 

Furthermore, Alhydrogel® induced pathways related to allergy, which was not the 
case for gibbsite and boehmite. The local side effects that are induced by the nanopar-
ticles may be milder, which has also been described by Li et al5. 

Although gibbsite stimulation of the cells resulted in the upregulation of individu-
al immune system-related proteins, no pathways could be assigned as being signifi-
cantly regulated. Boehmite had no effect on protein level after 24 hours, but after 48 
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hours several pro-inflammatory pathways were induced. Compared to Alhydrogel®, 
less stress response-related pathways were induced, which may be related to milder 
side effects as described above. 

Because the Z-potentials of gibbsite and boehmite were comparable, the differences 
in response between gibbsite and boehmite are likely due to the shape of the parti-
cles. The cellular uptake of nanoparticles is influenced by amongst others its shape, 
with rod-shaped particles being internalised at a higher rate and quantity than spheres 
and cubes19-21. Particle uptake is required for activation of the inflammasome, which in 
turn induces IL-1β secretion. Thus, it is possible that the increased biological activity 
of boehmite compared to gibbsite is due to an increased uptake of boehmite. In addi-
tion, needle-shaped particles induce more cell damage by puncturing the cell mem-
brane than particles that are less sharp22,23, which also influences the immune response 
through the release of uric acid and DNA24. In this regard, the needle-shaped boehmite 
may induce more cell damage and thus activate more pro-inflammatory immune path-
ways than the hexagonal-shaped gibbsite.

Sun et al. investigated the effects of shape and size of aluminum hydroxide nanopar-
ticles in vitro and in vivo. They found that the size of aluminum oxyhydroxide nanorods 
was directly correlated to the activation of the NLRP3 inflammasome in THP-1 cells 
and in bone marrow-derived dendritic cells (BMDCs), resulting in increased IL-1β se-
cretion and to the expression of the surface markers MHCII, CD80, CD86 and CD40 by 
BMDCs6. In contrast to Sun et al.6, no effect of the particle size was found on cytokine 
secretion nor surface marker expression in this study. This may be due to the different 
cell types and culture conditions used, such as different pre-treatment of the cells with 
PMA (300 ng/mL in our study vs 1 µg/mL by Sun et al.) and the addition of LPS for 
increased cytokine secretion (2.5 ng/mL in our study vs 10 ng/mL by Sun et al.) . In ad-
dition, Sun et al. used Imject alum as a control. This is a mixture of aluminum hydroxide 
and magnesium hydroxide25. It is thus likely that Imject alum differently induces cyto-
kine secretion than Alhydrogel®. Also, the doses of aluminum (oxy)hydroxide differed: 
Sun et al. used 500 µg/mL particles, while in this study 10 and 100 µg Al3+/mL were 
used for primary monocytes and THP-1 cells, respectively. Because the maximum dose 
of adjuvant that is allowed in vaccines is based on the aluminum content, the alumi-
num-based dose may be more comparable. However, it is possible that a higher dose 
induces a more pronounced effect. 

Seubert et al. found that the expression of MHC II and CD86 on monocytes was 
increased after stimulation with aluminum hydroxide17, which was not observed in this 
study. However, not only monocytes were isolated as in our study, but all PBMCs were 
used in the cell culture. Since PBMCs include lymphocytes (T cells, B cells, and NK 
cells), monocytes and dendritic cells, it is possible that the interaction between these 
different cell types influences the expression of surface markers. For example, T cells 
are needed to increase MHC II on monocytes, and no increase in MHC II was detected 
with purified monocytes26. 

In the current study, the innate immune response of aluminum-based vaccine adju-
vants was studied, without the presence of an antigen. It needs to be taken into account 
that comparing this response with the innate immune response of complete vaccine 
formulations with the same adjuvants, differences can occur. Since, antigens can alter 
the innate immune response towards an adjuvant and the complete formulation will 
determine the final response, as described by Kooijman et al.27.
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We have shown that the particle size and shape clearly affects the innate immune re-
sponse towards a vaccine adjuvant. The nanosized hexagonal-shaped gibbsite did not 
induce a functional response, while the nanosized needle-shaped boehmite induced 
several immunological pathways. Hence, needle-shaped nanoparticles are more fa-
vourable than hexagonal-shaped nanoparticles. The immune response towards Alhy-
drogel® was stronger compared to the immune response towards the nanosized nee-
dle-shaped particles. However, the stress response-related pathways were also much 
stronger induced by Alhydrogel®, possibly resulting in more side effects compared 
to the side effects induced by the needle-shaped nanoparticles. Alhydrogel®, which 
consisted of aggregated needle-shaped nanoparticles, induced many pathways, both 
pro-inflammatory and homeostatic. The latter may be related to local side effects that 
appear after immunisation with an aluminum-containing adjuvant. Because boehmite 
induced a much milder stress response-related response, but still activated the immune 
system, these needle-shaped nanoparticles may be a suitable alternative for the cur-
rently licenced aluminum hydroxide adjuvant.
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Supplementary figures

Supplementary S1. Representative gating strategy used for the THP-1 cells.
S1A: gating set around the cell population to exclude debris. S1B: gating set around single cells within 
the cell population to exclude doublet cells. S1C: The histogram for CD80 after 24 hours of stimulation 
with Alhydrogel®. The gate was set using an unstained cell population. S1D: The histogram for CD80 
after 24 hours of stimulation. An unstained control (red) and stained sample (blue) are shown. 
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Supplementary S2. qPCR data
‘raw data’ contains the Ct values, of the individual donors, upon stimulation with the adjuvants, after 
6 hours ‘raw data 6hrs and 24 hours ‘raw data 24 hrs’. these data are normalised towards a housekeep-
ing gene and towards control. These ∆∆Ct values are depicted in tab ‘after normalization 6 hrs’ for the 6 
hour time point and ‘after normalization 24 hrs’ for the 24 hours time point. The median ∆∆Ct per con-
dition is depicted in ‘median 6 hours’for the 6 hours time point and ‘median 24 hours for the 24 hours 
time point, respectively. 

Supplementary S3. proteomics data set
All mass spectrometry data is depicted, the output from proteome discoverer 2.1 is depicted in the ‘plex 
1’ to ‘plex 4’tabs. All raw data combined is depicted in the tab ‘ raw data combined’and the median 
normalised data can be found in the tab ‘normalized data’.

Supplementary S4. Regulated pathways
The pathways over represented in the upregulated protein set upon stimulation with one of the adju-
vants for 24 hours are depicted in the ‘.. 24 hrs up’ the pathways overrepresented in the downregulated 
protein set after24 hours of stimulation are in the tabs ‘ 24 hrs down’. The pathways over represented 
after 48 hours can be found in ‘..48 hours up’ and ‘48 hours down’ respectively. The GO ID, pathway 
description and, the number of proteins regulated and the false discovery rate are depicted. 
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Abstract
In this paper a catalyst-free resin-based enrichment process coupled to mass spectrom-
etry was developed. To facilitate the enrichment technique, agarose resin was function-
alized with cyclooctyne that permits rapid and bioorthogonal capture of azido-modi-
fied moieties via strain-promoted azide-alkyne cycloaddition (SPAAC) chemistry. The 
loading and efficiency of the cyclooctyne-functionalized agarose resin was assessed 
through capturing of l-azidohomoalanine and an l-azidohomoalanine-functionalized 
model peptide. The versatility the capturing process was demonstrated through the 
capturing of azido–modified lysozyme and lactoperoxidase, which represents a small 
and large protein, respectively. Application of the cyclooctyne functionalized resin to 
analyzing the secretome of THP-1 monocytes in response to stimulation with Esch-
erichia coli-derived lipopolysaccharide (LPS), demonstrating that high-throughput 
identification and quantification of secreted cytokines and chemokines offering nu-
merous advantages over techniques that typically require expensive reagents or mono-
clonal antibodies. The catalyst-free enrichment method is envisioned to be a highly 
valuable tool that facilitates examination of cellular responses to vaccines or cellular 
responses in disease progression. 
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Introduction
Secreted proteins, such as cytokines, chemokines, hormones, growth factors and en-
zymes make up the majority of actors in the communication processes between cells. 
The analysis of the cell secretome has provided valuable insights in the fundamental 
understanding of cell communications in particular in the onset of diseases such as 
cancer, virus infections1 and bacterial infections.2,3 The effects of immunogens, toxoids 
and adjuvants on cell-secreted proteins have also yielded a better understanding of cell 
immunology and have led to important developments in vaccine design.4-7 Further-
more, the adoption of sensitive techniques to analyze cell secretomes could be of great 
benefit in diagnostic applications,8,9 especially at early development stages of disease 
progression.

There are a number of analytical methodologies that could be utilized to study se-
cretomes including those of bacterial cells,10-12 mammalian cells,13 stem cells14 and can-
cer cells.15 Of these methods, antibody-based assays (e.g. Luminex multiplex assays) 
are popular since they enable high-throughput detection and quantitation of multiple 
secreted proteins.16 Alternatively, liquid chromatography tandem mass spectrometric 
(LC-MS/MS) methods are increasingly applied due to the potential to provide a higher 
degree of analytical capability in secretome studies. Most importantly, mass spectrom-
etry-based approaches are unbiased compared to antibody-based assays in terms of 
comprehensively mapping the secretome; i.e. no preselection of antibodies targeting 
a specific subset of the secreted proteins is required. For instance, in-gel LC-MS/MS 
methods like two-dimensional gel electrophoresis or difference gel electrophoresis 
have led to the isolation and identification of unknown secretory proteins. However, 
this technique remains a low-throughput method as spots have to be individually ex-
cised from the gel.10,11 Alternatively, gel-independent LC-MS/MS methods like tandem 
mass tag (TMT)17 or isobaric tag for relative and absolute quantitation (iTRAQ)18 analy-
sis have permitted elucidation of the relative protein abundance from different sources 
in a single experiment. Stable isotope labeling by amino acids in cell culture (SILAC)19 
has also allowed for a comprehensive analysis of cell proteomes. However, in part due 
to the low abundance of secreted proteins (in the low ng/mL range) relative to the to-
tal concentration of serum proteins in culture media (~6 mg/mL) as well as the use of 
media conditioned with dual-labelled 15N and 13C amino acid isotopes of l-lysine and 
l-arginine, SILAC alone is a costly technique for secretome analysis. Although the low 
signal-to-noise ratio of secreted proteins can be overcome through the use of serum 
free media, the non-natural environment for cells could lead to the unnatural secretion 
of proteins that are typically expressed in response to stress.

To this end, enrichment processes have enabled more reliable identification of the 
cell proteome without the use of serum-free conditioned media. Such an enrichment 
process was achieved by a “pulsed” introduction of the non-canonical amino acid l-az-
idohomoalanine (Aha) in cell culture medium.20,21 Aha serves as a surrogate for methi-
onine and is incorporated in newly synthesized proteins by cells in methionine-defi-
cient media. Using an alkyne-functionalized resin, these newly synthesized proteins are 
captured via copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction,22,23 which 
permits these proteins to be distinguished from pre-existing and serum proteins. Ap-
plying this CuAAc-based enrichment technique to secretome studies has allowed the 
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detection and quantitation of secreted proteins in nanogram-per-milliliter amounts.24 
One major drawback, however, is the copper catalyst employed for attachment of the 
newly formed azido-containing proteins to the alkyne functionalized resin. Copper(I) 
is known to induce unwanted oxidative side-reactions on proteins,25 which complicates 
the quantitation and identification of secreted proteins. In addition, the copper(II) pre-
cursor often used in CuAAC reactions can chelate to amine groups of amino acids26 as 
well as amide bonds of peptides and proteins27,28 hampering the capturing efficiency of 
the alkyne-based affinity resin.

In contrast to CuAAC, strain-promoted azide-alkyne cycloaddition (SPAAC)29 al-
lows for a catalyst-free, azide-alkyne conjugation route which has proven to be an effi-
cient and versatile bioorthogonal chemistry tool in biological and non-biological “click” 
conjugations that can be carried out in various solvents and temperatures.30-32 As such, 
SPAAC would eliminate the occurrence of side-reactions and maintain the integrity of 
the protein primary structure of cell-secreted proteins. In addition, any risks associat-
ed with inefficient protein capturing by CuAAC and incomplete enzymatic processing 
would be alleviated using SPAAC, leading to improved reliability of protein analysis as 
well as possible identification of novel secreted proteins.

In this paper, we describe the development of a cyclooctyne-functionalized agarose 
resin that permits a catalyst-free capture of azide-functionalized proteins via SPAAC. 
The efficiency of SPAAC applied to the affinity-based capture is demonstrated with an 
Aha-functionalized peptide (1.4 kDa) as well as model proteins lysozyme (14.3 kDa) 
and lactoperoxidase (78 kDa) functionalized with an azide. Furthermore, the enrich-
ment, the capture, enrichment and analysis of secreted proteins from lipopolysaccha-
ride (LPS)-stimulated human monocytic THP-1 cells is also demonstrated, thereby 
paving the way to a catalyst-free, straightforward approach to stimulated cell secretome 
analytics.
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Experimental section

Materials
Ammonium bicarbonate (NH4HCO3, >99%), N-[(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-
9-ylmethyloxy carbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-amine), chloroform-d 
(CDCl3, 99.8 atom % D), complete EDTA-free protease inhibitors, dimethylformamide 
(DMF, 99%), deuterium oxide (D2O, 99.9 atom % D), ethanolamine (>99%), lactop-
eroxidase from bovine milk (essentially salt free), l-leucine-13C6 (98 atom % 13C, 95 
% (CP)), lysozyme from chicken egg white (90%), phorbol 12-myristate 13-acetate 
(PMA), phosphate-buffered saline (foil pouches, BioPerformance Certified, pH 7.4), 
3-(trimethylsilyl)propionic-2,2,3,3-d4  acid sodium salt (TMSP-d4, 98 atom % D), tri-
ethylamine (Et3N, BioUltra > 99.5 %), triethylammonium bicarbonate buffer (TEAB, 
1.0 M pH 8.5), urea (for analysis) were purchased from Sigma-Aldrich (Schnelldorf, 
Germany). l-Azidohomoalanine (Aha, also known as H-γ-azido-Abu-OH, >99 %) was 
purchased from Bachem (Budendorf, Switzerland). Bond breaker tris(2-carboxyethyl) 
phosphine (TCEP) solution (0.5 M solution), dry NHS-activated agarose, RPMI me-
dium, methionine and leucine-free RPMI medium, and TMTduplex™ isobaric label 
reagent set (5 x 0.8 mg) were purchased from Thermo-Fisher (Venlo, The Netherlands). 
Lipopolysaccharide (LPS) from E.coli K12 was obtained from Invivogen (San Diego, 
California USA). The endoprotease LysC was purchased from Promega (The Nether-
lands). Micro Bio-spin™ filter columns were purchased from Bio-Rad (United States). 
The azido-PEG3-maleimide preparation kit (CLK-AZ107-100), which contains ma-
leimido NHS-ester (in vial 1) and azido-PEG3-amine (in vial 2) was purchased from 
Jena Bioscience (Germany). Peptide 4, Ac-[Aha]SAKEATRVAYVK-OH (free C-termi-
nus) utilized in this study was custom synthesized and purchased from Pepscan b.v. 
(Lelystad, The Netherlands).

Deuterated PBS (10 mM phosphates, 138 mM NaCl, 2.7 mM KCl, pD 7.8) was pre-
pared by dissolving 973.5 mg of PBS powder in D2O (9.1 mL) followed by the addition 
of 900 µL of TMSP-d4 stock (0.75 % in D2O). For other purposes, PBS (10 mM phos-
phates, pH 7.2) from Gibco was utilized.

Synthesis of cyclooctyne (BCN)-functionalized agarose resin
Dry NHS-activated agarose (154 mg) was added to DMF (1 mL). After a pre-incubation 
of 30 min, 0.5 mL of DMF supernatant is removed. In a separate vessel, BCN-amine (1, 
15 mg, 46.2 µmol) is dissolved in CDCl3 (1 mL) containing TMS 0.03%. Et3N (19.3 µL, 
139 µmol, 3 equiv) is then added to the solution after which it is added to the vessel 
containing the agarose beads. The reaction is allowed to proceed at room temperature 
under rotation for 16 hours after which the agarose is centrifuged (16200 × g) for 5 min-
utes using a Biofuge benchtop centrifuge (Heraeus) and the supernatant is analyzed 
for residual BCN-amine by 1H-NMR. Any NHS groups remaining on the agarose resin 
was quenched by the addition of ethanolamine (50 µL, 832 µmol, 18 equiv). Removal of 
residual NHS moieties was performed at room temperature for 3 hours. The resin was 
centrifuged (16200 × g) for 5 minutes. The resin was resuspended in H2O and trans-
ferred to a biospin filter. The agarose resin was washed 5-fold with water by successive 
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centrifuge runs at 400 × g. The washed beads (2) were recovered from the Bio-spin™ 
columns and stored at 4 °C until further usage.

Capture and analysis of l-azidohomoalanine and azido-modified 
peptide by BCN-functionalized agarose resin
Solutions (1 mL) containing 1, 2 and 4 µmol Aha and 1, 2 and 3.6 µmol azido-func-
tionalized peptide 4 were prepared in deuterated PBS (10 mM phosphates, pD 7.8) or 
in 4 M urea (in D2O). These solutions were analyzed by 1H-NMR, subsequently added 
to 1.5-mL Eppendorf tubes containing 20 mg BCN-functionalized resin 2 and shak-
en for 16 hours at room temperature. After incubation the samples were centrifuged 
(16200  × g) and the supernatant was transferred to an NMR tube and analyzed by 
1H-NMR.

The efficiency of Aha and peptide (4) captured by 20 mg BCN-functionalized resin 2 
was calculated by determining the difference in 1H-NMR integrals of the Aha or peptide 
4 in the solution before and after incubation. More specifically, an 1H-NMR spectrum 
of the solution containing Aha or peptide 4 before incubation with resin 2 was acquired 
and the integrals of the species were determined relative to the internal standard TM-
SP-d4 (-0.10 ppm). Following the incubation with resin 2, the sample was centrifuged 
(16200 × g) and the supernatant was transferred to an NMR tube and subsequently 
analyzed by 1H-NMR. The amount of Aha coupled to the resin 2 was determined using 
the integral of the multiplet at 2.00 ppm relative to the internal standard TMSP-d4. The 
amount of peptide 4 coupled to resin 2 was determined using the tyrosine integrals of 
the doublets at 6.70 and 7.05 ppm relative to the internal standard TMSP-d4.

Capture of azido-PEG3-thiosuccinimide-modified lysozyme and 
lactoperoxidase by BCN-functionalized agarose resin
Azido-PEG3-thiosuccinimide-modified lysozyme (5, 1 mg) and azido-PEG3-thiosuc-
cinimide-modified lactoperoxidase (6, 1 mg) were each dissolved in 500 µL PBS (10 
mM phosphates, pH 7.2). From these stock solutions, the following solutions were 
prepared in 1.5-mL Eppendorf tubes: (i) 0.5 µL of 5 or 6 dissolved in 599 µL PBS (10 
mM, pH 7.2), (ii) 0.5 µL of 5 or 6 dissolved in 249 µL PBS and 250 µL 8 M urea and (iii) 
0.5 µL of 5 or 6 dissolved in 249 µL serum containing medium and 250 µL 8 M urea. 
These solutions were each added to the BCN-functionalized agarose resin (10 mg) and 
shaken for 16 hours at room temperature.

Mass spectrometry analysis of captured azido-modified peptide 
and proteins
Following successful capturing of the azido-modified peptide, the resin was trans-
ferred into a Bio-Spin™ filter and washed using aliquots of water (4 × 0.7 mL), 10 mM 
CHAPS (1 × 0.7 mL) and water (5 × 0.7 mL). The Bio-Spin™ filters were centrifuged at 
400 × g for 1 to 2 minutes between each wash. Then, based on the amount of peptide 
4 that was coupled to the resin 2 (determined by 1H-NMR), LysC was added in an en-
zyme-to-substrate mass ratio of 1:10. This reaction was left to stir overnight at 37 °C. In 
addition, two control samples were analyzed. One sample contained peptide 4 in the 
same concentration without the presence of the agarose resin. Another control sample 
consisted of the same amount of peptide in the presence of 20 mg agarose resin that 
was inactivated by treatment with ethanolamine (agarose resin 3). These samples were 
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analyzed with a mass spectrometry method: peptides were trapped for 10 minutes in 
solvent A (0.1% formic acid (FA) in MilliQ) on an in-house manufactured trapping 
column (Reprosil-Pur C18-AQ, df=5 µm, pore size=120Å) (Dr. Maisch, Ammerbuch, 
Germany) 2 cm in length x 100 µm I.D., after which they were separated on an analyt-
ical column Reprosil-Pur C18-AQ, df=3 µm, pore size=120Å (Dr. Maisch, Ammerbuch, 
Germany) 30 cm length x 50 µm I.D. (manufactured in-house), using a non-linear gra-
dient: first, a step to 7.5% solvent B (0.1% FA in acetonitrile (Biosolve)) followed by a 
gradient of 25 minutes with 2%/min to 57.5% solvent B. 

Mass spectrometry data were acquired using a Tribrid-Orbitrap Fusion Lumos (Ther-
mo Fisher Scientific, San Jose, CA, USA). The full scan MS spectra were acquired with an 
Orbitrap read out and a resolution of 120K Full Width Half Maximum (FHMW) using 
a scan range of m/z 350-1500, a maximum injection time of 100 ms and the automatic 
gain control (AGC) set at 200000. MS2 fragmentation was performed by selecting the 
precursor ions with charge states 2-7 and a corresponding intensity threshold of 50,000. 
For the reporter peptide derived from peptide 4, a targeted m/z value of 518.79 was set 
for the proteolyzed peptide. When this mass was not identified, MS/MS was performed 
on the highest abundant peak in the chromatogram. For the MS/MS experiments, an 
injection time of 150 ms was used with the AGC was set at 30,000. Peptides were frag-
mented with Collision-Induced Dissociation (CID) using a normalized collision ener-
gy of 35% and with Higher energy Collision Dissociation (HCD) using a normalized 
collision energy of 35%. Proteomics data were analyzed with Proteome Discoverer 2.1 
(Thermo Fisher Scientific) using default settings unless stated otherwise. Precursor 
mass tolerance was set to 5 ppm and MS/MS scans were searched against the lysozyme 
sequence (P00698) or the lactoperoxidase sequence (P80025) with a full enzyme spec-
ificity for LysC and b and y ions enabled for CID and HCD data, with a fragment mass 
tolerance of 0.5 Da. Asparagine deamidation and methionine oxidation were set as dy-
namic modification as was the addition of the hydrolyzed azide-PEG3-thiosuccinimide 
linker (387.1754 Da). The percolator node was used to filter the Peptide-to-Spectrum 
Matches (PSMs) with an False Discovery Rate (FDR) of < 5%.

Cell culture and stimulation
For cell stimulation experiments, the human monocytic cell line THP-1 (ATCC; Ted-
dington; Middlesex, U.K.) was cultured according to the supplier’s protocol. Cells were 
cultured in RPMI medium with the addition of 10% FCS, 100 units/mL penicillin, 100 
µg/mL streptomycin and 300 µg/mL l-glutamine (THP-1 culture medium) to a den-
sity of 0.8 × 106 cells per mL. Four T25 flasks were each prepared with 10 mL of the 
above-mentioned THP-1 stock. To adhere the cells to the culture flasks, cells were 
primed for 24 hours with 100 ng/mL PMA in THP-1 culture medium. After 24 hours, 
the PMA-containing culture medium was removed. The THP-1 cells were washed with 
PBS and then placed in THP-1 culture medium that was devoid of PMA for 24 hours. 
The THP-1 culture medium was then replaced with THP-1 medium containing dia-
lyzed 10% (v/v) FCS but devoid of l-methionine and l-leucine for one hour. After one 
hour, RPMI medium containing dialyzed 10% FCS (v/v) was prepared containing l-az-
idohomoalanine (0.10 mM) and l-leucine-13C6 (0.38 mM) in lieu of l-methionine and 
l-leucine, respectively. This modified RPMI medium was filtered using a vacuum drive 
sterile filter, 0.22 µm pore size (Stericup, Merck Millipore) and added to the THP-1 
cells each T25 flask. LPS E. coli (100 ng/mL) was added to two T25 flasks. No further 
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additions were made to the two remaining control T25 flasks. After a 24-hour incuba-
tion, the supernatants were removed and centrifuged at 400 × g to remove cell debris. 
Complete EDTA protease inhibitors were added and supernatants were frozen at -80 
°C until further use.

Cell-secreted protein enrichment
The supernatant from each culture flask was centrifuged through an Amicon centrifuge 
filter (15 mL, 3.5 kDa MWCO) to yield a 500-µL concentrate from which the residual 
leucine-13C6 and Aha was removed. The obtained supernatant concentrate was then 
diluted to 10 mL with an aqueous solution consisting of 4 M urea and ammonium 
bicarbonate (50 mM). This solution was then transferred to a 15 mL Falcon tube that 
contained 35 mg BCN-functionalized agarose resin 2. The supernatants were placed 
on a rotating stand and incubated for 16 hours. Subsequently, the resin suspensions 
were transferred into Bio-Spin™ filters and washed with aliquots of water (4 × 0.8 mL), 
10 mM CHAPS (2 × 0.8 mL) and water (8 × 0.8 mL). The Bio-Spin™ filters contain-
ing the resin were centrifuged at 400 × g for 1 to 2 minutes between each wash. The 
resins were then transferred to a 1.5-mL Eppendorf tube, suspended in 500 µL TEAB 
buffer (diluted to 50 mM with MilliQ) in which proteolysis was performed with LysC 
(1:10 enzyme:substrate mass ratio). Formic acid (15 µL of 10 % v/v solution) was added 
to each of the proteolyzed samples to pH 7.4. Subsequently, the proteolyzed samples 
were labeled with a tandem mass tag using the TMTduplex™ isobaric reagent label set 
(0.4 mg of the reagent per proteolyzed sample) for relative quantitation of the proteins.

Secreted protein data analysis
The TMTduplexTM labeled samples were analyzed with mass spectrometry using the 
LC gradient and MS settings as described by Kooijman et al33, with the addition of an 
exclusion list, containing the highest abundant bovine peptide masses (Table S1). Data 
analysis was performed with Proteome Discoverer 2.1 as described previously33, with 
the incorporation of dynamic modifications of Aha for l-methionine and l-leucine-13C6 
for l-leucine . In addition, the data was also searched against a database containing 
bovine contaminants previously identified in agarose resin experiments. Proteins were 
considered to be novel and secreted when l-leucine-13C6 and/or Aha was incorporated 
in one of the peptides, and the Gene Ontology Description contained the keywords 
“secreted” or “extracellular”, or the Uniprot key term included “secreted”. A protein was 
considered regulated when, after median normalization, the fold change was ≥ 1.5 in 
either direction, as described previously33.
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Results and discussion

Design and Synthesis of Protein Capturing Platform
The platform was envisioned to capture newly synthesized peptides and proteins that 
could be distinguished from pre-existing proteins, including serum proteins present 
in the medium. The newly synthesized proteins therefore require an orthogonal moi-
ety that can be specifically introduced and allowed to react with the platform without 
significantly disrupting its structure and function. Amongst the plethora of available 
bioorthogonal functional groups available, the “clickable”, non-canonical amino acid 
l-azidohomoalanine (Aha) has been shown to function as an excellent surrogate for 
l-methionine in protein synthesis.34,35 Compared to other azide-bearing amino acids, 
Aha has been shown to possess the highest rate of activation by methionyl-tRNA-syn-
thetase.34 Furthermore, the applicability of Aha as a noteworthy bioorthogonal tool 
has also been evidenced in proteome and secretome studies.20,21,24 While most plat-
forms used in these studies employed copper-catalyzed azide-alkyne cycloaddition, a 
catalyst-free approach through strain-promoted azide-alkyne cycloaddition (SPAAC) 
would not only lead to a “green chemistry” approach but would also lead to less protein 
modifications permitting facile and confident mass spectrometric identification.

To facilitate the catalyst-free capturing of azide-functionalized proteins, agarose 
resin was functionalized with a ring-strained alkyne such as dibenzocyclooctynes or 
cyclooctynes. Cyclooctynes and dibenzocyclooctynes possess favorable characteris-
tics such as high azide-alkyne cycloaddition reaction kinetics.36,37 Performing kinetics 
experiments of the cyclooctyne BCN-amine 1 with Aha in deuterated PBS (10 mM, 
pD 7.8) or in solution containing 8 M urea proceeded rapidly and reached complete 
conversion within 30–45 minutes (Figure S1). However, dibenzocyclooctynes have a 
higher lipophilicity than cyclooctynes that could promote the coupling towards lipo-
philic azide-containing moieties and may also lead to issues including non-specific 
interactions with lipophilic components in the cell media, e.g. denatured peptides, pro-
teins and lipids. Dibenzocyclooctyne-functionalized agarose was therefore anticipated 
to lead to an inaccurate profile and quantitation of secreted proteins. To this end, the 
development of an agarose resin functionalized with cyclooctyne for the protein cap-
turing process was pursued.

As shown in Scheme 1, the agarose resin is functionalized through a single step in a 
CDCl3/DMF mixture (2/1 v/v) by addition of cyclooctyne-amine 1 to the N-hydroxysuc-
cinimidyl (NHS) ester-functionalized agarose resin in the presence of Et3N. Residual 
NHS esters were removed by the subsequent addition of an excess of ethanolamine 
rendering a hydrophilic, cyclooctyne-functionalized agarose resin (2). The degree of 
modification of the NHS-agarose was determined through the difference of 1H-NMR 
integrals of the multiplets at 1.35 and 1.60 ppm of 1 relative to the DMF signal at 8.03 
ppm before and after the addition to the NHS-agarose resin. This led to a BCN-on-
resin conversion of 88% and a cyclooctyne-on-agarose resin loading of 0.265 mmol/g 
resin. It must be noted that modification of the NHS-agarose resin with 1 yielded low-
er conversions (~50%) and, correspondingly, lower cyclooctyne-on-agarose loading 
(0.148 mmol/g resin) when performed in CDCl3. These lower yields were attributed to 
poor swelling of the NHS-agarose resin in CDCl3.
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In addition to agarose resin 2, an inactivated agarose resin (3) was generated through 
the reaction of ethanolamine with the NHS-agarose resin (Scheme 1). Resin 3 serves 
as an independent control to verify the specificity of the azide-functionalized peptide 
and proteins towards the BCN-functionalized resin 2 (vide infra).

The coupling efficiency of the BCN-functionalized agarose resin (2) was determined 
through an incubation with the amino acid Aha, a peptide (4) containing Aha and pro-
teins modified with an azido-containing linker (vide infra). As depicted in Figure 1a, the 
reaction of an azide-functionalized compound with the BCN-functionalized agarose 
resin results in a resin bound triazole species. 1H-NMR was employed to determine the 
amount of the Aha and peptide 4 present in the supernatant before and after the in-
cubation with resin 2 relative to the 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium 
salt (TMSP-d4) internal standard. The difference in 1H-NMR signal intensity was deter-
mined to be the amount coupled to the resin 2. Figure 1b and c represents the efficiency 
of the incubation reactions consisting of Aha or peptide 4 in aqueous solutions consist-
ing of deuterated PBS buffer or 4 M urea. An incubation of 4 µmol Aha resulted in 2.7 
µmol coupled to the resin 2. Conversely, an incubation with 3.6 µmol peptide 4 resulted 
in 1.3 mmol coupled to resin 2. These results indicated that steric hindrance may play a 
role in reactivity with BCN-functionalized resin. Control experiments, where Aha was 
incubated with inactivated agarose resin 3 revealed no residual Aha or peptide 4 and 
therefore demonstrated that the cyclooctyne moiety was the sole functionality that en-
abled the capture of azide containing compounds.

In order to detect and verify the identity of the peptide and proteins by mass spec-
trometry, the captured proteins need to be digested to peptide fragments from which 
MS/MS spectra can be derived. Due to the general high abundance of lysine residues in 

Scheme 1. Synthesis of cyclooctyne (BCN)-functionalized and Inactivated Agarose 
Resin.
Capturing Azide-Functionalized Moieties
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proteins,38 LysC was selected to enzymatically digest the proteins that were captured by 
the resin. As shown in Figure 2a, LysC cleaves peptide 4 at the C-terminus of the Lys-4 
residue of the peptide. This results in a peptide fragment attached to the agarose resin 
and peptide fragment that served as a reporter peptide (Figure 2b). Using LC-MS/MS, 
the presence of the reporter peptide was verified. As a control, peptide 4 was incubated 
with LysC (10% mass of peptide 4) as determined from the peptide 4 bound to the 
agarose resin. The ratio of the chromatography signal obtained between the reporter 
peptide derived from the agarose captured experiment and from peptide 4 proteolyzed 
in solution yielded a near-quantitative (100%) recovery (Figure 2c and d). Further proof 
for the high recovery was demonstrated by the presence of mass spectral peak at m/z = 
518.79, attributed to the reporter peptide (Figure 2c and d).

Further verification of protein recovery after SPAAC-enabled agarose capturing was 
demonstrated with a small protein (lysozyme, 14.3 kDa) and a large protein (lactoper-
oxidase, 77.5 kDa). Since these proteins do not naturally consist of an azide-contain-
ing amino acid, a modification with an azido-PEG3-maleimide linker was carried at 
the cysteine residues. As shown in Scheme 2, the azido-PEG3-maleimide linker was 
generated in situ from maleimido NHS-ester and an azido-PEG3-amine according the 
specifications laid out by the manufacturer, whilst the disulfide bridges of lysozyme 
and lactoperoxidase were reduced using tris(carboxyethyl) phosphine (TCEP). TCEP 
was removed via ultrafiltration prior to the addition of the azido-PEG3-maleimide 
so as to prevent any reduction of the maleimide39 or azide40 moieties. Coupling the 
azido-PEG3-maleimide linker to the cysteines on the proteins resulted in a thioether 
succinimide azide-PEG3 linker. To verify the presence and sequence position of this 
PEG3 linker, the modified proteins were subjected to LysC proteolysis and subsequently 
verified with LC-MS/MS. Both protein samples 5 and 6 contained azido-PEG3 linkers 
attached to the protein. The molar mass of the peptide fragment of the linker revealed 
that hydrolysis had occurred, which was attributed to the ring opening of the thioether 
succinimide moiety yielding a free carboxylic acid. The hydrolysis of thioether succin-
imide moieties has been observed before and has been associated with improved sta-
bility of the conjugated species.41,42 As shown in Table S2, there was excellent agreement 
between the theoretical and found mass spectral values, which verifies the presence 
of the azide-PEG3 linker attached to the peptide fragments. For lysozyme, complete 
conversion of the azide-PEG3 linkers to Cys-6 and Cys-127 was observed. Despite add-
ing an excess of azido-PEG3 maleimide relative to cysteine residues, only 3 peptides 
containing the linker for lysozyme and 2 peptides containing the linker for lactoper-
oxidase were identified by MS. This was attributed to incomplete reduction leading to 
inefficient conjugation to the azido-PEG3-maleimide linker or steric hindrance of the 
cysteine thiols. In addition, lactoperoxidase is glycosylated with mono-, di- and trisac-
charides on a number of asparagine residues,43 which complicates complete elucidation 
by mass analysis. Nevertheless, both azide-modified proteins 5 and 6 serve as excellent 
candidates for assessing the feasibility of the BCN-functionalized agarose resin to cap-
ture a small and large protein, respectively.
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Figure 1. Capturing of azido containing compounds with BCN-functionalized aga-
rose resin.
(a) General reaction scheme between an azide-containing compound and the BCN-functionalized aga-
rose resin. The amounts of (b) Aha and (c) peptide 4 captured by BCN-functionalized agarose resin (2, 
20 mg) performed in deuterated PBS solution (10 mM, pD 7.8) and 4 M urea in D2O.
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Scheme 2. Synthesis of Model Azido-Functionalized Proteins.

The azide-modified lysozyme (5) and the azide-modified lactoperoxidase (6) were then 
incubated with agarose resin 2 in three independent conditions including in PBS (pH 
7.2), a 4 M urea solution and a 4 M-urea solution in a 10 % FCS containing culture 
medium. These experiments simulate binding under non-denaturing, denaturing as 
well as denaturing conditions in the presence of relevant culture media, respectively. 
Following incubation and subsequent washing, these resins were subjected to a LysC 
digestion from which the resulting peptide fragments were analyzed by LC-MS/MS. 
Overall, the MS results obtained from resins incubated with azide-modified lysozyme 
5 revealed larger peptides than the results obtained with azide-modified lactoperoxi-
dase 6. It was evident that consistent miscleavage of the Lys116 residue in lysozyme 
occurred in the samples extracted from the resins incubated in PBS, 4 M urea or in 4 
M urea containing FCS (Table S3 – Table S8). While larger peptides are typically less 
reliable when analyzed in MS/MS set up, the results obtained here indicated that even 
large peptide fragments, e.g. ranging from residues 34 – 97, could be analyzed and 
identified consistently. Another common modification in capturing experiments per-
formed in aqueous solutions containing urea was carbamylation of the azide-modified 
lysozyme and azide-modified lactoperoxidase samples. Urea forms isocyanic acid in 
aqueous solutions, which acts as a nucleophile and can lead to the modification of 
primary amines and thiols. Despite efforts to reduce the modification of proteins by 
urea using ammonium bicarbonate,44 carbamylation was still observed. Furthermore, 
capturing and proteolysis experiments with azide-modified lactoperoxidase 6 resulted 
in smaller peptides, which could also be analyzed efficiently (Table S9 – Table S14).

The specificity of the agarose resin capturing reaction was also assessed by per-
forming control incubations involving lysozyme and lactoperoxidase with blocked resin 
3, lysozyme and lactoperoxidase with BCN-functionalized resin 2 and azide-modified 
lysozyme with blocked resin 3. Following washing steps that were applied to remove 
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Figure 2. Proof of concept of Aha-functionalized peptide 4 capture by BCN-function-
alized agarose resin.
(a) Peptide 4 structure and location of the LysC enzymatic cleavage site. (b) Reaction of the peptide 
with the BCN-functionalized agarose resin and LysC incubation resulting in a cleaved peptide EATR-
VAYVK-OH. (c) ion trace of the non-coupled peptide incubated with LysC resulting in a cleaved pep-
tide (insert). (d) ion trace of the BCN-functionalized resin-coupled peptide obtained after incubation 
with LysC (10 ng injection). The inserts in (c) and (d) show the mass spectrum of the cleaved peptide 
EATRVAYVK-OH derived from the BCN-functionalized agarose resin incubated with LysC.

the unconjugated protein, the agarose resins were subjected to LysC proteolysis. The 
resulting proteolyzed supernatant was then analyzed by MS. The samples that con-
tained lactoperoxidase with blocked agarose resin 3 or with BCN-functionalized resin 
2 did not reveal any peptides from lactoperoxidase, which indicated that non-specific 
adsorption of lactoperoxidase did not occur on functionalized or non-functionalized 
agarose resin. The experiments that involved incubation of lysozyme, however, did re-
veal lysozyme-derived peptide sequences, indicating non-specific adsorption on the 



151

DESIGN OF A CATALYST-FREE ENRICHMENT METHOD FOR THE CAPTURE AND ANALYSIS OF CELL-SECRETED PROTEINS

6

agarose resin (Table S15 – Table S18). The non-specific adsorption of the lysozyme-de-
rived peptides were attributed to high affinity of lysozyme to agarose.45

Enrichment and analysis of cell-secreted proteins
To ascertain the application of the BCN-functionalized agarose resin for the determi-
nation of secreted proteins, a capturing, enrichment and analysis methodology was 
adopted as depicted in Figure 3. Human monocytic THP-1 cells were seeded and pas-
saged in culture media deprived of l-methionine and l-leucine for 1 hour. A “pulse” 
then took place whereby the THP-1 cells were incubated with culture media containing 
Aha and the isotopically labelled l-leucine-13C6. This “pulse” permits the incorporation 
of these non-canonical amino acids into proteins instead of l-methionine and l-leu-
cine. The incorporation of these amino acids serves two purposes. The Aha enables the 
capture of newly synthesized proteins through the reactivity of the azide moiety to-
wards the BCN-functionalized resin 2. The l-leucine-13C6 enables the mass spectrom-
etry methodology to distinguish newly synthesized proteins from pre-existing proteins 
and bovine proteins in the serum being non-selectively bound to the BCN-functional-
ized resin 2 and not present in the exclusion list.

To demonstrate the capability and sensitivity of the catalyst–free capturing method-
ology, THP-1 cells were either stimulated with LPS for 24 hours, or allowed to remain 
in culture media in the absence of LPS. As such, the LPS-induced secreted protein 
profile relative to unstimulated THP-1 cells could be determined upon cell stimulation 
for 24 hours. Stimulation of the THP-1 cells with LPS is a well-described model that 
is commonly used in the analysis of innate immune responses.46 In addition, the level 
of gene expression and cell surface marker expression in response to LPS stimulation 
in THP-1 cells is well-described47 permitting comparison of secreted protein profiles. 

The secreted proteins of the THP-1 cells contained in the culture supernatants were 
harvested 24 hours post LPS stimulation (Figure 3). Proteinase inhibitors were added to 
the supernatant to prevent proteolytic activity in the samples. Following filtration of the 
supernatant to remove residual Aha and l-leucine-13C6, an aqueous solution containing 
4 M urea with ammonium bicarbonate was added to the samples. To capture the newly 
secreted proteins present in the samples, BCN-functionalized agarose resin was added 
to the filtered supernatant samples and incubated for 16 hours. The agarose resins were 
then washed and subjected to proteolytic digestion using the endoproteinase LysC. 
After enzymatic proteolysis, samples were labeled with TMTduplex™ to allow direct 
comparison of protein expression between stimulated and non-stimulated THP-1 cells 
by mass spectrometry. Samples were analyzed using quantitative MS3 methods as de-
scribed previously,33 with the addition of a bovine protein exclusion list to filter out the 
most abundant peptides derived from the FCS containing medium.

Data analysis using Proteome Discoverer v2.1 revealed that after 24 hours, 113 proteins 
contained l-leucine-13C6 in lieu of l-leucine. The identified protein sequences also pos-
sessed additional methionine residues beyond the N-terminal signal peptide region. 
Through incorporation of Aha in lieu of Met at these amino acid positions thereby 
provides evidence that the proteins identified were specifically captured and enriched 
by the BCN-functionalized resin. Further evidence that supports capture of secreted 
proteins is that these proteins also contained the descriptors “extracellular” or “secreted” 
in the Gene Ontology Description. As shown in Figure 4, fold change analysis of the 
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Figure 3. Process for stimulating and assessing secreted proteins from THP-1 cells 
using media modified with amino acid surrogates l-azidohomoalanine and l-leu-
cine-13C6 in lieu of l-methionine and l-leucine, respectively. 
The supernatant of the cell culture flasks is concentrated from which newly synthesized cytokines are 
captured by BCN-functionalized agarose resin via copper-free click chemistry.
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Figure 4. Heat map of secreted protein ratios obtained from two independent experi-
ments comparing LPS-stimulated to non-stimulated THP-1 cells. 
The results are laid out in (a) order of factor of up- or downregulation and alternatively as (b) specific 
protein groups. The color scale indicates the upregulation (red) or downregulation (green) of the secret-
ed proteins. Gray color indicated that there was no difference in the expression levels detected.
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LPS-stimulated THP-1 cell secretome revealed 32 upregulated proteins and 12 down-
regulated proteins when compared to the non-stimulated cells. For a complete over-
view of all 113 proteins, see Table S19. The most notable difference in upregulation 
upon LPS stimulation was evident with CCL8,48 a chemoattractant, as well as cathepsin 
B, cathepsin L and cathepsin S (collectively referred to as cysteine cathepsins).49 The 
cathepsins are known to be essential in the LPS-induced NF-κB-dependent inflam-
matory response in macrophages.49 In addition, upregulation of these cathepsins in 
response to LPS have been described to be TNF-α and IL-1β dependent.50 In addition, 
CCL23, CCL27 and CXCL11 were identified in the supernatant, even though there was 
no TMT ratio available, it could still be stated that these proteins were newly secret-
ed due to the incorporation of the non-canonical amino acids l-leucine-13C6 or Aha 
in these proteins. Other chemokines, such as CCL27 and CXCL11, have previously 
been associated with LPS responses.51,52 IL-1β was not detected in the analysis, which 
implies that the concentration of IL-1β may be very low and could therefore not be 
detected.53 The low levels of secreted IL-1β may also be attributed to the low level of 
expression in response to LPS.33,54,55 Furthermore, the induction of cathepsins upon LPS 
stimulation may be caused by IL-1β and TNF-α.50,56 Although TNF-α is associated with 
the immune response to LPS, it was not detected in the capture platform presented 
here. Closer inspection of the primary sequence of TNF-α, revealed the absence of me-
thionine residues in the extracellular peptide region.57 This implies that secreted TNF-α 
does not contain any Aha residues and can therefore not be captured and enriched by 
the BCN-functionalized resin. While IL-6 is also a cytokine expected to be found upon 
LPS stimulus it was not identified in this data set. This was attributed to variable ex-
pression kinetics. For example, Eichelbaum et.al., identified IL-6 between 6 and 8 hours 
but not at later time points following LPS stimulation.24 As such, the results obtained 
after 24 hours incubation described here therefore agree with the results obtained by 
Eichelbaum et al.24

Other upregulated secreted proteins associated with LPS responses include IL-1 
receptor antagonist,58 CCL5 (RANTES), a chemoattractant for memory T cells,59 IL4I1, 
a protein induced by LPS in M0 macrophages and involved in macrophage M2 differ-
entiation60 and β2M,61 which is involved in HLA class I antigen presentation. In addi-
tion, integrin β2, involved in cell migration and extravasation, was downregulated in 
LPS-stimulated cells, which is a previously described effect resulting from exposure to 
LPS.62 As such, the results obtained here demonstrate a secreted protein profile consis-
tent with LPS-stimulated macrophages. These data imply that by using this approach 
in an optimized model, the stimuli-induced secretome can be analyzed in an unbiased 
way, resulting in new insights about the mechanisms involved in the immune response.
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Conclusions
In this paper, a new catalyst–free capture and enrichment platform was devised and ap-
plied to analysis of the THP-1 cell secretome. The devised BCN-functionalized agarose 
resins have demonstrated excellent applicability to capture large and small biomole-
cules that could easily be identified by mass spectrometry. The robustness of the cata-
lyst-free enrichment technique as well as the stability of the agarose resin in aqueous 
solutions containing chaotropes such as urea, demonstrate the versatility and appli-
cability of the approach. Furthermore, the BCN-functionalized agarose resin provides 
an excellent solid-state support that can be easily prepared and facilitates removal of 
proteins contained in the cell culture media. The method presented here showed se-
lective enrichment of newly secreted proteins from which approximately 100 proteins 
have been identified in a single assay of LPS-stimulated THP-1 cells and suggests to be 
a viable alternative to conventional antibody-based multiplex assays.
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Associated content 

Supporting Information
The Supporting Information (PDF) contains the synthesis method to obtain the 
azide-modified lysozyme 5 and lactoperoxidase 6 and the NMR data that was em-
ployed to characterize the capturing capacity of the BCN-functionalized resin. Addi-
tional tables containing peptides identified from the model Aha-peptide, lysozyme and 
lactoperoxidase capture and enrichment procedure are also presented. A comprehen-
sive overview of all 113 upregulated, downregulated and unchanged proteins as a re-
sult of LPS-stimulated THP-1 cells are compiled in an additional table. The Supporting 
Information is available free of charge on the ACS Publications website.
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Synthesis of azido-modified lysozyme and lactoperoxidase
Lysozyme (4 mg, 2.23 mmol cysteine residues) was added to PBS (3 mL, pH 7.2) in 
a 15-mL polypropylene tube. TCEP (89.4 µL of 0.5 M stock) was added to the solu-
tion containing lysozyme. The solution was gently shaken at room temperature for 
1.5 hours, which results in a slightly cloudy suspension. The TCEP and oxidized TCEP 
is removed from the protein solution by Amicon centrifuge filters (15  mL, 3.5  kDa 
MWCO). Meanwhile, the azido-PEG3-maleimide was prepared. DMSO (1 mL) was 
added to the azido-PEG3-maleimide (vial 2 of kit), which was then added dropwise to 
the maleimide NHS-ester (vial 1 of kit). This mixture was allowed to stir at room tem-
perature for 1 hour after which the solution containing the azido-PEG3-maleimide (3, 
274.9 µL, 74.5 µmol, 100 equiv) was added to 1 mL of the prepared lysozyme solution 
(0.744 mmol Cys) described above. The solution was gently stirred for 4 hours at room 
temperature followed by 12 hours at 4°C. The final lysozyme-azido conjugate (4) was 
purified using an Amicon centrifuge filter (15 ml, 3.5 kDa MWCO) and used directly 
in experiments with BCN-functionalized agarose resin or freeze-dried and stored at 
-20°C until future use.

Similarly, lactoperoxidase (15 mg, 2.23 µmol cysteine residues) was added to PBS 
(3 mL, pH 7.2) in a 15-mL polypropylene tube. TCEP (89.4 µL of 0.5 M stock) was 
added to the solution containing lactoperoxidase. After reduction, the residual TCEP 
and oxidized TCEP is removed using an Amicon centrifuge filter (3.5 kDa MWCO). 
The protein solution is concentrated and the volume is topped up to result in a total 
3-mL volume. Azido-PEG3-maleimide (274.9 µL, 74.5 µmol, 100 equiv) prepared as 
described above was added to 1 mL of the lactoperoxidase solution (0.744 mmol Cys). 
The solution was gently stirred for 4 hours at room temperature followed by 12 hours at 
4 °C. The lactoperoxidase-azide conjugate (5) was purified using an Amicon centrifuge 
filter (15 mL, 3.5 kDa MWCO) and used directly in experiments with BCN-functional-
ized agarose resin or freeze-dried and stored at -20°C until future use.
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m/z za accession nob

457.60 3 P02769
475.59 3 P02769
481.91 5 P02769
513.32 3 P01966
531.68 3 P02769
532.66 3 P02769
538.65 3 P02769
549.09 4 P02769
562.37 2 P01966
564.31 5 P01966
586.01 3 P02769
587.60 4 P02769
602.14 4 P02769
614.37 2 P02769
617.34 3 P02769
620.36 4 P02769
620.39 2 P02769
620.40 2 P02769
620.61 4 P02769
668.87 2 P02769
684.79 5 P01966
686.90 2 P02769
694.90 2 P02769
700.91 2 P02070
702.61 4 P01966

m/z za accession nob

705.13 4 P01966
708.08 3 P02769
712.89 2 P02769
721.46 3 P02070
732.97 2 P02769
751.76 3 P02769
758.90 4 P01966
765.94 2 P02769
783.13 3 P02769
790.14 3 P02769
797.02 2 P02769
798.48 2 P02769
807.47 2 P02769
807.97 2 P02769
826.81 3 P02769
827.14 3 P02769
865.52 2 P01966
878.52 2 P02769
879.01 2 P02769
918.97 2 P02769
925.51 2 P02769
926.00 2 P02769
937.02 2 P02070
939.84 3 P01966
1011.53 3 P01966
1174.20 2 P02769

Table S1. Mass exclusion list used during the LC-MS runs with the THP-1 cell superna-
tant captured proteins.

a z = charge. b P02769 – bovine serum albumin; P01966 – bovine hemoglobin subunit α; 
P02070 – bovine hemoglobin subunit β.
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Table S2. Identification of lysC-proteolyzed sequences modified with azide-PEG3-ma-
leimide linker.
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5 Lysozyme
(2-13)

[K].VFGRCELAAAMK.[R] 99 841.9213 (z=2)
561.6166 (z=3)

841.9217 (z=2)
561.6166 (z=3)

Lysozyme
(14-33)

[K].RHGLDNYRGYSLGN-
WVCAAK.[F]

78 889.7664 (z=3)
667.5766 (z=4)

889.7671 (z=3)
667.5771 (z=4)

Lysozyme
(117-129)

[K].GTDVQAWIRGCRL.[-] 100 931.4710 (z=2)
621.3164 (z=3)

931.4716 (z=2)
621.3163 (z=3)

6 Lactoperoxidase
(642-656)

[K].VSFSRLICDNTHITK.[V] 18 707.6968 (z=3)
531.0244 (z=4)

707.6964 (z=3)
531.0237 (z=4)

Lactoperoxidase
(657-679)

[K].VPLHAFQANNYPHDF-
VDCSTVDK.[L]

50 1002.1350 (z=3)
751.8528 (z=4)

1002.1345 (z=3)
751.8525 (z=4)

a Peptide sequence derived from uniprot.org where lysozyme (P00698) or lactoperoxi-
dase (P80025) was modified at the cysteine residues (bold, underlined) with a hydrolyzed 
azide-PEG3-maleimide linker (m/z = 389.19105). bConversion was calculated from the chro-
matographic base peak trace area of the azide-PEG3-thiosuccinimide linker containing pep-
tides divided by the sum of the base peak areas for the native and azide-PEG3-thiosuccinimide 
linker containing peptides. cTheoretical and found m/z of the peptide–azide-PEG3-thioether 
succinimide linker fragments, where z=2, z=3 and/or z=4.

Table S3. Proteolysis summary of azido-modified Lysozymea 5 after incubation with 
10 mg cyclooctyne modified agarose resin 2 performed in 10 mM PBS.
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Table S4. Peptides identified from incubation of azido-modified Lysozymea 5 with 
10 mg cyclooctyne modified agarose resin 2 performed in 10 mM PBS.
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High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]; 1x 
Deamidated 
[N16]

5 98-129 1 3649.769 15502406 3.81

High [K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N]

6 97-129 2 3761.869 72848139 3.77

High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

2xDeamidat-
ed [N9; N]

3 98-129 1 3634.758 3.4

High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N]

4 98-129 1 3633.774 2.42E+08 3.35

High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]; 2x 
Deamidated 
[N9; N16]

3 98-129 1 3650.753 2953906 3.05

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]

1 98-129 1 3648.785 5352650 1.43

a Lysozyme accession number utilized: P00698. 
Only well-annotated peptide-to-spectrum matches are tabulated.

Table S5. Proteolysis summary of azido-modified Lysozymea 5 after incubation with 
10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea and 5 mM PBS.
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Table S6. Peptides identified from incubation of azido-modified Lysozymea 5 with 
10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea and 5 mM PBS.

C
on

fid
en

ce

A
nn

ot
at

ed
 S

e-
qu

en
ce

M
od

ifi
ca

tio
ns

# 
PS

M
s

Po
si

tio
ns

 in
 P

ro
-

te
in

s

# 
M

is
se

d 
C

le
av

-
ag

es

Th
eo

. [
M

+
H

]+
 

[D
a]

A
re

a:
 F

3:
 S

am
pl

e

X
C

or
r 

Se
qu

es
t H

T

High [-].KVFGRCELAAAM-
KRHGLDNYRGYSL-
GNWVCAAK.[F]

1xOxidation 
[M12]; Car-
bamyl [K]

4 1-33 2 3786.853 19161173 5.28

High [K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRT
PGSRN-
LCNIPCSALLSSDIT-
ASVNCAKK.[I]

2xDeamidat-
ed [N6; N26]

3 34-97 1 7027.253 684945.8 4.53

High [K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRT
PGSRN-
LCNIPCSALLSSDIT-
ASVNCAKK.[I]

4 34-97 1 7025.285 4446127 3.75

Medi-
um

[K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

2xDeamidat-
ed [N10; N]; 
1xOxidation 
[M9]

5 97-129 2 3778.848 1904940 2.36

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeami-
dated [N6]; 
1xOxida-
tion [M8]; 
1xCarbamyl 
[N-Term]

1 98-129 1 3692.774 348405.1 2.35

Medi-
um

[K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRT
PGSRN-
LCNIPCSALLSSDIT-
ASVNCAK.[K]

2xDeamidat-
ed [N6; N11]

1 34-96 0 6899.158 436978.2 2.26

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]

2 98-129 1 3648.785 24460850 1.81
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Medi-
um

[K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRT
PGSRN-
LCNIPCSALLSSDIT-
ASVNCAKK.[I]

1xDeamidat-
ed [N4]

1 34-97 1 7026.269   1.65

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

3xDeamidat-
ed [N6; N9; 
N16]; 1xCar-
bamyl [K19]

1 98-129 1 3678.747 16218898 1.61

a Lysozyme accession number utilized: P00698. Only well-annotated peptide-to-spectrum 
matches are tabulated.

Table S7. Proteolysis summary of azido-modified Lysozymea 5 after incubation with 
10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea in 10 % FCS medium.
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Table S8. Peptides identified from incubation of azido-modified Lysozymea 5 with 
10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea in 10 % FCS medium.
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High [K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRTP
GSRNLCNIPCSALLSS-
DITASVNCAKK.[I]

2xDeamidat-
ed [N]

8 97-
129

2 7027.253 13377686 4.01

High [K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRTP
GSRNLCNIPCSALLSS-
DITASVNCAKK.[I]

3xDeami-
dated [N26; 
N32; N41]

2 34-97 1 7028.237 9139819 3.18

High [K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeami-
dated [N17]; 
1xCarbamyl 
[K]

2 34-97 1 3804.874 2079227 3.14

High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N16]

11 97-129 2 3633.774 4.38E+08 3.03

Medi-
um

[K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N6]

5 98-129 1 3761.869 1.69E+08 4.24

Medi-
um

[K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRTP
GSRNLCNIPCSALLSS-
DITASVNCAKK.[I]

1xDeamidat-
ed [N11]

2 34-97 1 7026.269 15759958 2.68

Medi-
um

[K].FESNFNTQATN-
RNTDGSTDYGILQIN-
SRWWCNDGRTP
GSRNLCNIPCSALLSS-
DITASVNCAKK.[I]

4 34-97 1 7025.285 71710568 2.63

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]; 1xDe-
amidated 
[N16]

1 98-129 1 3649.769 2.09

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M8]

1 2-33 1 3648.785 12294555 1.73
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Medi-
um

[K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xOxidation 
[M9]; 1xDe-
amidated [N]

2 98-129 2 3777.864 3853009 1.68

Medi-
um

[K].GTDVQAWIRG-
CRL.[-]

  3 98-129 0 1474.758 4545890 1.46

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCK.[G]

1xOxidation 
[M8]

1 97-129 0 2193.044 1.28

a Lysozyme accession number utilized: P00698. Only well-annotated peptide-to-spectrum 
matches are tabulated.

Table S9. Proteolysis summary of azido-modified lactoperoxidasea 6 after incubation 
with 10 mg cyclooctyne modified agarose resin 2 performed in 10 mM PBS.
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Table S10. Peptides identified from incubation of azido-modified lactoperoxidasea 6 
with 10 mg cyclooctyne modified agarose resin 2 performed in 10 mM PBS.
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High [K].LMNQDKMVTSEL-
RNK.[L]

5 423-437 1 1806.92006 1714767.461 3.45

High [K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCST
VDKLDLSPWASREN.[-]

1xDeamidat-
ed [N25]

3 564-612 2 5601.69544 1993126.688 3.31

High [K].LDLSPWASREN.[-] 2 602-612 0 1287.63279 163175882.9 3.19

High [K].LMNQDKMVTSEL-
RNK.[L]

1xOxidation 
[M7]

7 423-437 1 1822.91498 3584099.884 3.11

High [K].LMNQDKMVTSEL-
RNK.[L]

2xOxidation 
[M2; M7]

4 423-437 1 1838.90989 2244539.273 2.61

High [K].GLQTVLKNK.[I] 2 483-491 1 1000.61496 2940056.313 2.49

High [K].DGGIDPLVRGL-
LAK.[K]

2 406-419 0 1423.82674 3073880.672 2.31

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCST
VDKLDLSPWASREN.[-]

1 564-612 2 5600.71142 11106299.5 2.84

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCST
VDKLDLSPWASREN.[-]

2xDeamidat-
ed [N24; N]

2 564-612 2 5602.67945 4107386.625 2.83

Medi-
um

[K].TRNG-
FRVPLAREVSNK.[I]

1xDeamidat-
ed [N3]

6 83-98 0 1845.00895 69890078.94 2.56

Medi-
um

[K].KLNPHWNGEK.[L] 1xDeamidat-
ed [N7]

2 299-308 1 1223.61675 682287.7813 2.23

Medi-
um

[K].GLQTVLK.[N] 2 483-489 0 758.47707 17442360.38 1.96

Medi-
um

[K].LNPHWNGEK.[L] 1xDeamidat-
ed [N6]

3 300-308 0 1095.52178 2138961.668 1.94

Medi-
um

[K].MVTSELRNK.[L] 1xOxidation 
[M1]

2 429-437 0 1093.56702 10817739.8 1.93

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

2xDeami-
dated [N10; 
N24]

1 564-601 1 4334.0645 1.88

Medi-
um

[K].LFQPTHK.[I] 2 438-444 0 870.48321 16931721.5 1.74
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Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

1xDeamidat-
ed [N25]

1 564-601 1 4333.08049 5808621.875 1.61

Medi-
um

[K].MVTSELRNK.[L] 3 429-437 0 1077.5721 35992882.62 1.49

Medi-
um

[K].TRNG-
FRVPLAREVSNK.[I]

2xDeamidat-
ed [N3; N15]

1 83-98 0 1845.99297 296239.3672 1.4

Medi-
um

[K].LNPHWNGEK.[L] 1 300-308 0 1094.53777 479858.4492 1.27

a Lactoperoxidase accession number utilized: P80025. 

Table S11. Proteolysis summary of azido-modified Lactoperoxidasea 6 after incubation 
with 10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea + 5 mM PBS.
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Table S12. Peptides identified from incubation of azido-modified Lactoperoxidasea 6 
with 10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea + 5 mM PBS.
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High [K].LDLSPWASREN.[-]   8 602-612 0 1287.633 1.04E+08 3.76

High [K].IHGFDLAAINLQR-
CRDHGMPGYNSWRG-
FCGLSQPKTLK.[G]

2xDeamidated 
[N10; N23]; 
1xCarbamyl [K]

3 445-482 1 4332.101 16376243 3.74

High [K].LMNQDKMVTSEL-
RNK.[L]

1xOxidation 
[M7]

8 423-437 1 1822.915 2210092 3.63

High [K].LMNQDKMVTSEL-
RNK.[L]

  2 423-437 1 1806.92 461135.5 3.48

High [K].IVGYLDEEGVLD-
QNRSLLFMQWGQI-
VDHDLDFAPET
ELGSNEHSK.[T]

1xDeamidated 
[N14]

1 99-143 0 5145.442 546950 3.28

High [K].GLQTVLKNK.[I]   4 483-491 1 1000.615 3075131 2.72

High [K].LMNQDKMVTSEL-
RNK.[L]

2xOxidation 
[M2; M7]

8 423-437 1 1838.91 1616268 2.72

High [K].MVTSELRNK.[L]   6 429-437 0 1077.572 44244057 2.42

High [K].MVTSELRNK.[L] 1xOxidation 
[M1]

5 429-437 0 1093.567 8608565 2.26

High [K].LNPHWNGEK.[L]   6 300-308 0 1094.538 933469.9 2.14

High [K].LNPHWNGEK.[L] 1xDeamidated 
[N6]

6 300-308 0 1095.522 3090474 2.11

High [K].GLQTVLK.[N]   2 483-489 0 758.4771 14545865 2.1

High [K].LFQPTHK.[I]   3 438-444 0 870.4832 16220168 2.05

High [K].QRDSLQK.[V] 1xGln->pyro-
Glu [N-Term]

1 557-563 0 857.4476 1183384 2.05

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

  1 564-601 1 4332.096 7919719 2.87

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDKL
DLSPWASREN.[-]

4 564-612 2 5600.711 344015.4 2.81

Medi-
um

[K].TRNG-
FRVPLAREVSNK.[I]

1xDeamidated 
[N]

15 83-98 0 1845.009 65701139 2.67

Medi-
um

[K].KLNPHWNGEK.[L] 1xDeamidated 
[N]

3 299-308 1 1223.617 1069951 2.45
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Medi-
um

[K].LYQEARK.[I] 4 309-315 0 907.4996 423355.6 1.85

Medi-
um

[K].MVTSELRN-
KLFQPTHKIHGFD-
LAAINLQRCRDHG-
MPGY
NSWRGFCGLSQPK.[T]

1xOxidation 
[M35]; 1xDe-
amidated [N]; 
1xCarbamyl 
[K]; 1xAzi-
do-linker-hydr 
[C]

2 429-479 2 6302.08 386940.4 1.83

Medi-
um

[K].TRNG-
FRVPLAREVSNK.[I]

4 83-98 0 1844.025 1192960 1.64

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

1xDeamidated 
[N24]

1 564-601 1 4333.08 1.63

Medi-
um

[K].SKLMNQDKMVT-
SELRNK.[L]

2xOxidation 
[M4; M9]; 2xDe-
amidated [N5; 
N16]

1 421-437 2 2056.005 1.42

Medi-
um

[K].VPLHAFQANNY-
PHDFVDCSTVDK.[L]

1 579-601 0 2617.214 1141583 1.01

a Lactoperoxidase accession number utilized: P80025.
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Table S13. Proteolysis summary of azido-modified lactoperoxidasea 6 after incubation 
with 10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea + 10 % FCS me-
dium.
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Table S14. Peptides identified from incubation of azido-modified lactoperoxidasea 6 
with 10 mg cyclooctyne modified agarose resin 2 performed in 4 M urea + 10 % FCS me-
dium.
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High [K].LDLSPWASREN.[-]   6 602-612 0 1287.633 50865057 3.67

High [K].LMNQDKMVTSEL-
RNK.[L]

1xOxidation 
[M7]

7 423-437 1 1822.915 576465.7 3.35

High [K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDKLD
LSPWASREN.[-]

1xDeamidated 
[N]

8 564-612 2 5601.695 1730627 3.33

High [K].TRNG-
FRVPLAREVSNK.[I]

1xDeamidated 
[N3]

17 83-98 0 1845.009 22722205 3.2

High [K].LMNQDKMVTSEL-
RNK.[L]

2xOxidation 
[M2; M7]

8 423-437 1 1838.91 899038.8 2.88

High [K].DGGIDPLVRGL-
LAK.[K]

  4 406-419 0 1423.827 1369670 2.79

High [K].MVTSELRNK.[L]   4 429-437 0 1077.572 2523096 2.58

High [K].GLQTVLKNK.[I]   2 483-491 1 1000.615 333398.2 2.38

High [K].GLQTVLK.[N]   2 483-489 0 758.4771 10103629 2.05

High [K].LFQPTHK.[I]   2 438-444 0 870.4832 3528631 2

Medi-
um

[K].IVGYLDEEGVLD-
QNRSLLFMQWGQI-
VDHDLDFAPETEL
GSNEHSK.[T]

  1 99-143 0 5144.458   2.79

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

1xDeamidated 
[N]

4 564-601 1 4333.08 35746551 2.77

Medi-
um

[K].MVTSELRN-
KLFQPTHKIHGFD-
LAAINLQRCRDHG-
MPGY
NSWRGFCGLSQPK.[T]

1xOxidation [M]; 
1xDeamidated 
[N]; 1xCarba-
myl [K]; 1xAzi-
do-linker-hydr 
[C]

3 429-479 2 6302.08 1365785 2.66

Medi-
um

[K].IHGFDLAAINLQR-
CRDHGMPGYNSWRG-
FCGLSQPK.[T]

  2 445-479 0 3944.901 629006.1 2.66
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Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDK.[L]

2xDeamidated 
[N24; N]

4 564-601 1 4334.065 1187628 2.54

Medi-
um

[K].VSFSRLICDNTHIT-
KVPLHAFQANNY-
PHDFVDCSTVDKLD
LSPWASREN.[-]

  2 564-612 2 5600.711 3243407 2.5

Medi-
um

[K].MVTSELRNK.[L] 1xOxidation 
[M1]

6 429-437 0 1093.567 1997126 1.98

Medi-
um

[K].LNPHWNGEK.[L] 1xDeamidated 
[N6]

1 300-308 0 1095.522 656582.3 1.88

Medi-
um

[K].KLNPHWNGEKLY-
QEARK.[I]

Carbamyl [K] 2 299-315 2 2197.126 767030.1 1.65

Medi-
um

[K].IHGFDLAAINLQR-
CRDHGMPGYNSWRG-
FCGLSQPK.[T]

1xOxidation 
[M19]; 1xAzi-
do-linker-hydr 
[C29]

1 445-479 0 4348.071   1.58

Medi-
um

[K].QRDSLQKVSFS-
RLICDNTHITK.[V]

1xCarbamyl 
[K22]; 1xGln-
>pyro-Glu 
[N-Term]

1 557-578 1 2615.336 688298.4 1.21

Medi-
um

[K].LDLSPWASREN.[-] 1xDeamidated 
[N11]

1 602-612 0 1288.617 1769223 0.93

a Lactoperoxidase accession number utilized: P80025.
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Table S15. Proteolysis summary of unmodified lysozyme after incubation with 10 mg 
cyclooctyne modified agarose resin 2 performed in 10 mM PBS.
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Table S16. Peptides identified from incubation of unmodified lysozyme with 10 mg cy-
clooctyne modified agªrose resin 2 performed in 10 mM PBS.
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High [K].IVSDGNGMNAWVAW-
RNRCKGTDVQAWIRG-
CRL.[-]

2xDeamidat-
ed [N9; N]

4 98-129 1 3634.758 15915490 4.09

High [K].KIVSDGNGM-
NAWVAWRNRCKGTD-
VQAWIRGCRL.[-]

1xDeamidat-
ed [N7]

1 97-129 2 3761.869 376369.5 3.97

High [-].KVFGRCELAAAMK.[R]   10 1-13 1 1423.755 3482565 3.77

High [-].KVFGRCELAAAMK.[R] 1xOxidation 
[M12]

16 1-13 1 1439.75 838747.8 2.91

High [K].IVSDGNGMNAWVAW-
RNRCKGTDVQAWIRG-
CRL.[-]

1xDeamidat-
ed [N16]

5 98-129 1 3633.774 4934889 2.66

High [K].GTDVQAWIRGCRL.[-]   4 117-
129

0 1474.758 2369696 2.05

Medi-
um

[K].VFGRCELAAAMK.[R]   1 2-13 0 1295.66 4151742 2.15

Medi-
um

[K].FESNFNTQATNRNT-
DGSTDYGILQINSRW-
WCNDGRT
PGSRNLCNIPCSALLSSDI-
TASVNCAK.[K]

  1 34-96 0 6897.19 1358157 1.77
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Table S17. Proteolysis summary of azido-modified lysozyme 5 after incubation with 
10 mg inactivated agarose resin 3 performed in 10 mM PBS.
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Table S18. Peptides identified from incubation of azido-modified lysozyme 5 with 10 
mg inactivated agarose resin 3 performed in 10 mM PBS.
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High [K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N7]

1 P00698 97-129 2 3761.869 2411230 4.48

High [K].KIVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

2xDeamidat-
ed [N7; N10]

1 P00698 97-129 2 3762.853   4.27

High [K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

1xDeamidat-
ed [N]

4 P00698 98-129 1 3633.774 3184366 3.82

Medi-
um

[K].IVSDGNGM-
NAWVAWRNRCKGT-
DVQAWIRGCRL.[-]

2xDeamidat-
ed [N9; N]

5 P00698 98-129 1 3634.758 3690928 2.99

Medi-
um

[-].KVFGRCELAAAMK.
[R]

1xAzido- 
linker-hydr 
[C6]

8 P00698 1-13 1 1810.93 6221765 1.74

Medi-
um

[K].VFGRCELAAAMK.
[R]

1xAzido- 
linker-hydr 
[C5]

1 P00698 2-13 0 1682.835 221240.4 1.42
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Table S19. Comprehensive list of all secreted proteins identified by the capture, enrich-
ment and MS analysis methodology.

Accession no. Description Symbol LPS/
med#1

LPS/

med#2

H0UIC7 C-C motif chemokine OS=Homo sapiens GN=C-
CL8 PE=3 SV=1

CCL8 58.765 86.133

A0A075B7C5 C-C motif chemokine 5 (Fragment) OS=Homo 
sapiens GN=CCL5 PE=1 SV=1

CCL5 99.800 12.969

P18510 Interleukin-1 receptor antagonist protein OS-
=Homo sapiens GN=IL1RN PE=1 SV=1

IL1RN 9.651 10.472

H3BTH8 Hyaluronan and proteoglycan link protein 3 OS-
=Homo sapiens GN=HAPLN3 PE=1 SV=1

HAPLN3 99.800  

P25774 Cathepsin S OS=Homo sapiens GN=CTSS PE=1 
SV=3

CTSS 5.924 6.359

A0A024R451 Serpin peptidase inhibitor, clade E (Nexin, plas-
minogen activator inhibitor type 1), member 2, 
isoform CRA_a OS=Homo sapiens GN=SER-
PINE2 PE=3 SV=1

SERPINE2 4.324 8.686

A2RRH1 Amine oxidase OS=Homo sapiens GN=IL4I1 
PE=2 SV=1

IL4I1 4.584 6.293

A5PLM9 Cathepsin L1 OS=Homo sapiens GN=CTSL1 
PE=2 SV=1

CTSL1 4.099 5.809

P22692 Insulin-like growth factor-binding protein 4 OS-
=Homo sapiens GN=IGFBP4 PE=1 SV=2

IGFBP4 4.429 5.183

Q59EN5 Prosaposin variant (Fragment) OS=Homo sapi-
ens PE=2 SV=1

PSAP 4.620 3.463

B4DIV8 cDNA FLJ56402, highly similar to Tripepti-
dyl-peptidase 1 (EC 3.4.14.9) OS=Homo sapiens 
PE=2 SV=1

TPP1 2.726 3.243

A0A024R374 Cathepsin B, isoform CRA_a OS=Homo sapiens 
GN=CTSB PE=3 SV=1

CTSB 2.643 3.097

P15291 Beta-1,4-galactosyltransferase 1 OS=Homo sapi-
ens GN=B4GALT1 PE=1 SV=5

B4GALT1 2.485 2.732

G9CGD6 CNK3/IPCEF1 fusion protein long isoform OS-
=Homo sapiens PE=1 SV=1

CNK3 2.497 2.584

A6XMH4 Beta-2-microglobulin OS=Homo sapiens PE=2 
SV=1

B2M 2.492 2.378

Q6UWP8 Suprabasin OS=Homo sapiens GN=SBSN PE=1 
SV=2

SBSN 5.902  

Q9NZT1 Calmodulin-like protein 5 OS=Homo sapiens 
GN=CALML5 PE=1 SV=2

CALML5 2.859 1.832

B4DHZ6 Transferrin, isoform CRA_c OS=Homo sapiens 
GN=TF PE=2 SV=1

TF 4.466 1.091

P50897 Palmitoyl-protein thioesterase 1 OS=Homo sapi-
ens GN=PPT1 PE=1 SV=1

PPT1 2.175 2.225
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Accession no. Description Symbol LPS/
med#1

LPS/

med#2

P07686 Beta-hexosaminidase subunit beta OS=Homo 
sapiens GN=HEXB PE=1 SV=3

HEXB 2.160 1.909

A0A1B0GU03 Uncharacterized protein OS=Homo sapiens 
PE=1 SV=1

_ 1.949 2.077

X6R8A1 Carboxypeptidase OS=Homo sapiens GN=CT-
SA PE=1 SV=1

CTSA 1.887 2.120

P03956 Interstitial collagenase OS=Homo sapiens 
GN=MMP1 PE=1 SV=3

MMP1 1.820 2.149

P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens 
GN=KRT9 PE=1 SV=3

KRT9 2.027 1.729

B4DJQ8 cDNA FLJ55694, highly similar to Dipepti-
dyl-peptidase 1 (EC 3.4.14.1) OS=Homo sapiens 
PE=2 SV=1

FLJ55694 1.468 2.113

B2R6P3 cDNA, FLJ93047, highly similar to Homo sapi-
ens matrix metallopeptidase 14 (membrane-in-
serted) (MMP14), mRNA OS=Homo sapiens 
PE=2 SV=1

MMP14 1.523 1.970

P09668 Pro-cathepsin H OS=Homo sapiens GN=CTSH 
PE=1 SV=4

CTSH 1.499 1.993

A0A0G2JPD3 HLA class I histocompatibility antigen, A-3 al-
pha chain OS=Homo sapiens GN=HLA-A PE=1 
SV=1

HLA-A 2.489  

Q9BRK5 45 kDa calcium-binding protein OS=Homo sapi-
ens GN=SDF4 PE=1 SV=1

SDF4   1.996

P09237 Matrilysin OS=Homo sapiens GN=MMP7 PE=1 
SV=1

MMP7 1.276 1.500

B4DVA7 Beta-hexosaminidase OS=Homo sapiens PE=2 
SV=1

HexB 1.682  

P36222 Chitinase-3-like protein 1 OS=Homo sapiens 
GN=CHI3L1 PE=1 SV=2

CHI3L1 1.267 1.279

P01023 Alpha-2-macroglobulin OS=Homo sapiens 
GN=A2M PE=1 SV=3

A2M 1.226 1.253

Q92608 Dedicator of cytokinesis protein 2 OS=Homo 
sapiens GN=DOCK2 PE=1 SV=2

DOCK2 1.495  

K7ER74 APOC4-APOC2 readthrough (NMD candidate) 
OS=Homo sapiens GN=APOC4-APOC2 PE=1 
SV=1

APOC4-
APOC2

1.260 1.183

P08253 72 kDa type IV collagenase OS=Homo sapiens 
GN=MMP2 PE=1 SV=2

MMP2 1.430  

D3DSQ1 N-acylsphingosine amidohydrolase (Acid cera-
midase) 1, isoform CRA_c OS=Homo sapiens 
GN=ASAH1 PE=4 SV=1

ASAH1   1.367
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Accession no. Description Symbol LPS/
med#1

LPS/

med#2

V9HWA9 Epididymis secretory sperm binding protein Li 
62p OS=Homo sapiens GN=HEL-S-62p PE=2 
SV=1

HEL-S-62p 1.120 1.188

A0A024QZI2 HCG1998059, isoform CRA_a OS=Homo sapi-
ens GN=hCG_1998059 PE=4 SV=1

hCG_1998059 1.393 0.941

Q6H3X3 Retinoic acid early transcript 1G protein OS-
=Homo sapiens GN=RAET1G PE=1 SV=1

RAET1G 1.134 1.151

V9HW12 Epididymis secretory sperm binding protein Li 
2a OS=Homo sapiens GN=HEL-S-2a PE=2 SV=1

HEL-S-2a 1.252  

P16035 Metalloproteinase inhibitor 2 OS=Homo sapiens 
GN=TIMP2 PE=1 SV=2

TIMP2 1.105 1.100

A0A024R3D4 Uncharacterized protein OS=Homo sapiens 
GN=DKFZp547C195 PE=4 SV=1

DKFZ-
p547C195

  1.209

P06396 Gelsolin OS=Homo sapiens GN=GSN PE=1 
SV=1

GSN 1.100 1.069

K7EPF9 Apolipoprotein C-I OS=Homo sapiens 
GN=APOC1 PE=1 SV=1

APOC1 1.061  

P15309 Prostatic acid phosphatase OS=Homo sapiens 
GN=ACPP PE=1 SV=3

ACPP   1.034

O94985 Calsyntenin-1 OS=Homo sapiens GN=CLSTN1 
PE=1 SV=1

CLSTN1 0.955 1.071

J3KPS3 Fructose-bisphosphate aldolase OS=Homo sapi-
ens GN=ALDOA PE=1 SV=1

ALDOA 0.763 1.319

A0A024R4H0 Procollagen-lysine 1, 2-oxoglutarate 5-dioxygen-
ase 1, isoform CRA_a OS=Homo sapiens GN=-
PLOD1 PE=4 SV=1

PLOD1    

A0A024R8G3 Prostaglandin D2 synthase 21kDa (Brain), iso-
form CRA_a OS=Homo sapiens GN=PTGDS 
PE=2 SV=1

PTGDS    

A0A024RDS1 Heat shock 105kDa/110kDa protein 1, isoform 
CRA_c OS=Homo sapiens GN=HSPH1 PE=3 
SV=1

HSPH1    

A0A0S2Z455 Serpin peptidase inhibitor clade I member 1 
isoform 1 (Fragment) OS=Homo sapiens GN=-
SERPINI1 PE=2 SV=1

SERPINI1    

A0A140VJP2 Testicular tissue protein Li 118 OS=Homo sapi-
ens PE=2 SV=1

MAT2B    

B3KUY2 Prostaglandin E synthase 3 (Cytosolic), isoform 
CRA_c OS=Homo sapiens GN=PTGES3 PE=2 
SV=1

PTGES3    

B4DTP0 cDNA FLJ51087, highly similar to Cadherin-5 
OS=Homo sapiens PE=2 SV=1

CDH5    



183

DESIGN OF A CATALYST-FREE ENRICHMENT METHOD FOR THE CAPTURE AND ANALYSIS OF CELL-SECRETED PROTEINS

6

B

SUPPORTING

INFORMATION

Accession no. Description Symbol LPS/
med#1

LPS/

med#2

B7Z765 cDNA FLJ56258, highly similar to Squamous cell 
carcinoma antigen recognized by T-cells 2 OS-
=Homo sapiens PE=2 SV=1

DSE    

D3DV26 S100 calcium binding protein A10 (Annexin 
II ligand, calpactin I, light polypeptide (P11)), 
isoform CRA_b (Fragment) OS=Homo sapiens 
GN=S100A10 PE=4 SV=1

S100A10    

G1AUC5 Protein phosphatase inhibitor 2-like protein OS-
=Homo sapiens GN=PPP1R2P3 PE=1 SV=1

PPP1R2P3    

O14625 C-X-C motif chemokine 11 OS=Homo sapiens 
GN=CXCL11 PE=1 SV=1

CXCL11    

P35625 Metalloproteinase inhibitor 3 OS=Homo sapiens 
GN=TIMP3 PE=1 SV=2

TIMP3    

P55773 C-C motif chemokine 23 OS=Homo sapiens 
GN=CCL23 PE=1 SV=3

CCL23    

P63104 14-3-3 protein zeta/delta OS=Homo sapiens 
GN=YWHAZ PE=1 SV=1

YWHAZ    

P63261 Actin, cytoplasmic 2 OS=Homo sapiens 
GN=ACTG1 PE=1 SV=1

ACTG1    

Q15075 Early endosome antigen 1 OS=Homo sapiens 
GN=EEA1 PE=1 SV=2

EEA1    

Q4W4Y1 Dopamine receptor interacting protein 4 OS-
=Homo sapiens GN=DRIP4 PE=2 SV=1

DRIP4    

Q59F66 DEAD box polypeptide 17 isoform p82 variant 
(Fragment) OS=Homo sapiens PE=2 SV=1

DDX17    

Q6MZW2 Follistatin-related protein 4 OS=Homo sapiens 
GN=FSTL4 PE=2 SV=3

FSTL4    

Q6ZQQ2 Spermatogenesis-associated protein 31D1 OS-
=Homo sapiens GN=SPATA31D1 PE=2 SV=1

SPATA31D1    

Q7Z5P9 Mucin-19 OS=Homo sapiens GN=MUC19 PE=1 
SV=3

MUC19    

Q9HB40 Retinoid-inducible serine carboxypeptidase OS-
=Homo sapiens GN=SCPEP1 PE=1 SV=1

SCPEP1    

Q9UHL4 Dipeptidyl peptidase 2 OS=Homo sapiens 
GN=DPP7 PE=1 SV=3

DPP7    

Q9UNF0 Protein kinase C and casein kinase substrate in 
neurons protein 2 OS=Homo sapiens GN=PAC-
SIN2 PE=1 SV=2

PACSIN2    

A0A1B1RVA9 Lipoprotein lipase OS=Homo sapiens GN=LPL 
PE=3 SV=1

LPL 1.000 0.966

A0A140VKF3 Testis tissue sperm-binding protein Li 70n OS-
=Homo sapiens PE=2 SV=1

Li 70n 0.965  

P00338 L-lactate dehydrogenase A chain OS=Homo sa-
piens GN=LDHA PE=1 SV=2

LDHA 0.913  
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Accession no. Description Symbol LPS/
med#1

LPS/

med#2

B8ZWD9 Diazepam binding inhibitor, splice form 1D(2) 
OS=Homo sapiens GN=DBI PE=2 SV=1

DBI 1.406 0.638

P06733 Alpha-enolase OS=Homo sapiens GN=ENO1 
PE=1 SV=2

ENO1 0.538 1.643

Q9BTY2 Plasma alpha-L-fucosidase OS=Homo sapiens 
GN=FUCA2 PE=1 SV=2

FUCA2 0.884 0.979

A8K7Q1 cDNA FLJ77770, highly similar to Homo sapiens 
nucleobindin 1 (NUCB1), mRNA OS=Homo sa-
piens PE=2 SV=1

FLJ77770   0.826

B2R5H0 Protein S100 OS=Homo sapiens PE=2 SV=1 S100 0.769 1.000
Q14CN4 Keratin, type II cytoskeletal 72 OS=Homo sapi-

ens GN=KRT72 PE=1 SV=2
KRT72 0.768  

P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 
PE=1 SV=1

HSP90B1 1.138 0.661

P09382 Galectin-1 OS=Homo sapiens GN=LGALS1 
PE=1 SV=2

LGALS1   0.749

A0A024RDT4 Lymphocyte cytosolic protein 1 (L-plastin), 
isoform CRA_a OS=Homo sapiens GN=LCP1 
PE=4 SV=1

LCP1   0.727

Q0P5N8 TMSB4X protein (Fragment) OS=Homo sapiens 
GN=TMSB4X PE=2 SV=1

TMSB4X 0.711 0.968

P54920 Alpha-soluble NSF attachment protein OS=Ho-
mo sapiens GN=NAPA PE=1 SV=3

NAPA 0.690 0.997

P52209 6-phosphogluconate dehydrogenase, decarbox-
ylating OS=Homo sapiens GN=PGD PE=1 SV=3

PGD 0.649 1.034

Q15582 Transforming growth factor-beta-induced pro-
tein ig-h3 OS=Homo sapiens GN=TGFBI PE=1 
SV=1

TGFBI 0.764 0.761

P00558 Phosphoglycerate kinase 1 OS=Homo sapiens 
GN=PGK1 PE=1 SV=3

PGK1 0.580  

A0A024R5Z7 Annexin OS=Homo sapiens GN=ANXA2 PE=3 
SV=1

ANXA2 0.680 0.853

P08238 Heat shock protein HSP 90-beta OS=Homo sapi-
ens GN=HSP90AB1 PE=1 SV=4

HSP90AB1 0.708 0.783

Q53GZ6 Heat shock 70kDa protein 8 isoform 1 variant 
(Fragment) OS=Homo sapiens PE=2 SV=1

HSC70 0.759 0.680

Q15084 Protein disulfide-isomerase A6 OS=Homo sapi-
ens GN=PDIA6 PE=1 SV=1

PDIA6 0.752 0.648

P62736 Actin, aortic smooth muscle OS=Homo sapiens 
GN=ACTA2 PE=1 SV=1

ACTA2 0.637 0.761

P37802 Transgelin-2 OS=Homo sapiens GN=TAGLN2 
PE=1 SV=3

TAGLN2 0.584 0.802

P07195 L-lactate dehydrogenase B chain OS=Homo sa-
piens GN=LDHB PE=1 SV=2

LDHB 0.465  
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Accession no. Description Symbol LPS/
med#1

LPS/

med#2

B2R9S4 cDNA, FLJ94534, highly similar to Homo 
sapiens capping protein (actin filament), gel-
solin-like(CAPG), mRNA OS=Homo sapiens 
PE=2 SV=1

FLJ94534 0.670 0.687

A0A024R5Z9 Pyruvate kinase OS=Homo sapiens GN=PKM2 
PE=3 SV=1

PKM2 0.458  

Q5EC54 Heterogeneous nuclear ribonucleoprotein K 
transcript variant OS=Homo sapiens GN=HN-
RPK PE=2 SV=1

HNRPK 0.712 0.643

O15143 Actin-related protein 2/3 complex subunit 1B 
OS=Homo sapiens GN=ARPC1B PE=1 SV=3

ARPC1B 0.442  

A0A024QZN9 Voltage-dependent anion channel 2, isoform 
CRA_a OS=Homo sapiens GN=VDAC2 PE=4 
SV=1

VDAC2 0.960 0.458

V9HWB4 Epididymis secretory sperm binding protein Li 
89n OS=Homo sapiens GN=HEL-S-89n PE=2 
SV=1

HEL-S-89n 0.662 0.600

P26641 Elongation factor 1-gamma OS=Homo sapiens 
GN=EEF1G PE=1 SV=3

EEF1G 0.546 0.702

P62979 Ubiquitin-40S ribosomal protein S27a OS=Ho-
mo sapiens GN=RPS27A PE=1 SV=2

RPS27A 0.908 0.419

A8K9C4 Elongation factor 1-alpha OS=Homo sapiens 
PE=2 SV=1

EEF1A 0.735 0.516

D6REE5 Receptor of-activated protein C kinase 1 (Frag-
ment) OS=Homo sapiens GN=RACK1 PE=1 
SV=1

RACK1 0.474 0.776

V9HW43 Epididymis secretory protein Li 102 OS=Homo 
sapiens GN=HEL-S-102 PE=2 SV=1

HEL-S-102 0.573 0.633

B5BU38 Annexin OS=Homo sapiens GN=ANXA1 PE=2 
SV=1

ANXA1 0.353  

A8K690 cDNA FLJ76863, highly similar to Homo sapi-
ens stress-induced-phosphoprotein 1 (Hsp70/
Hsp90-organizing protein) (STIP1), mRNA OS-
=Homo sapiens PE=2 SV=1

FLJ76863 0.461 0.675

P07737 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 
SV=2

PFN1 0.433 0.530

B2RDY9 Adenylyl cyclase-associated protein OS=Homo 
sapiens PE=2 SV=1

CAP1 0.459 0.495

D3DSM0 Integrin beta OS=Homo sapiens GN=ITGB2 
PE=1 SV=1

ITGB2 0.457 0.440

B2R577 Protein S100 OS=Homo sapiens PE=2 SV=1 S100 0.318 0.545
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Figure S1. Kinetics of cyclooctyne-amine 1 with Aha reaction in deuterated PBS (10 
mM, pD 7.8). 
(a) Reaction scheme with structural assignments. (b) 1H-NMR spectra of the reaction between Aha 
and cyclooctyne-amine 1 and structural assignments of SPAAC reactants and products. (c) Graph 
showing conversion of the SPAAC reaction where f→f’ depicts the shift peak from 3.45 to 4.26 ppm de-
rived from Aha and a→a’ depicts the peak shift from 1.30 to 1.05 ppm. X marks the solvent peak.
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Figure S2. Kinetics of cyclooctyne-amine 1 with Aha reaction in 8 M urea (in D2O). 
(a) 1H-NMR spectra of the reaction between Aha and cyclooctyne-amine 1 and structural assignments 
of SPAAC reactants and products. (b) Graph showing conversion of the SPAAC reaction where the 
conversion is calculated from the peak shift a→a’ from 1.30 to 1.05 ppm. X marks the 4 M urea solvent 
peaks. 
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Figure S3. 1H-NMR (400 MHz) of 4 mmol Aha (a) before and (b) after incubation with 
20 mg agarose resin 2 in deuterated PBS (pD 7.8) containing 0.075 vol. % 3-(trimethylsi-
lyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP-d4).



189

DESIGN OF A CATALYST-FREE ENRICHMENT METHOD FOR THE CAPTURE AND ANALYSIS OF CELL-SECRETED PROTEINS

6

B

SUPPORTING

INFORMATION

Figure S4. 1H-NMR (400 MHz) of 3.6 mmol peptide 4 (a) before and (b) after incuba-
tion with 20 mg agarose resin 2 in deuterated PBS (pD 7.8) containing 0.075 vol. % TM-
SP-d4.
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Figure S5. 1H-NMR (400 MHz) of Aha (a) before and (b) after incubation with 20 mg 
agarose resin 2 in 4M urea with 10 vol. % D2O and 0.075 vol. % TMSP-d4.
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Figure S6. 1H-NMR (400 MHz) of peptide 4 (a) before and (b) after incubation with 
agarose resin 2 in 4 M urea with 10 vol% D2O and 0.075 vol. % TMSP-d4.
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Chapter 7

Summarizing Discussion
Aluminum-based adjuvants are being used since the 1920s in many vaccines such as 
widely used pediatric combination vaccines consisting of inactivated antigens. Although 
they work very well, the mechanism of action of these adjuvants is not completely un-
derstood. In this thesis, the molecular mechanisms of aluminum-based adjuvants, vac-
cines containing these aluminum-based adjuvants and nano-sized aluminum-based 
adjuvants were investigated, both in vitro and in vivo, utilizing a comprehensive ap-
proach.

This approach comprised on the one hand on two acknowledged immunological 
techniques: flow cytometry (for the analysis of cell types in vitro and in vivo) and ELISA 
(for the cytokine analysis in culture supernatants). On the other hand, systems biolo-
gy-related techniques were utilized to target the transcriptome of 89 innate and adap-
tive immune system-related genes by qPCR and to quantitatively assess the proteome 
in an unbiased way using mass spectrometry, employing Tandem Mass Tag (TMT) stable 
isotope labeling. These relative quantitative methods enable reliable analysis of cell re-
sponses relative to control, which provides insight in the changes in gene transcription 
and protein expression, upon stimulation1. By combining all these techniques, a wide 
ranging overview of the molecular mechanism(s) involved in the adjuvant activity of 
aluminum-based adjuvants could be obtained.

The innate immune response towards Al(OH)3
The aim of the research described in chapter 2 of this thesis was to unravel the mo-
lecular mechanism of action of Al(OH)3 in vitro. Al(OH)3 is a frequently used alumi-
num-based adjuvant. This adjuvant is often described as a T helper (Th) cell type 2 
polarizing adjuvant, which (i) activates the inflammasome, (ii) induces Danger Asso-
ciated Molecular Patterns (DAMPs), (iii) attracts immune cells to the site of injection 
and (iv) activates complement-related pathways2-18. Applying the multi-tier approach, 
described above the analysis of the innate immune response induced by Al(OH)3 in 
primary monocytes revealed novel molecular pathways involved in the innate immune 
response. For example, several complement pathways became activated in parallel. 
Complement C3 is at the initiation state of the complement cascade and C3 can acti-
vate multiple pathways. By identifying the other complement actors at the protein level, 
it was clear that more than one pathway of the complement cascade became activated: 
C4 is related to the classical and lectin pathway, C5aR is involved in the classical path-
way, while C8 is involved in the alternative pathway4.

We were able to identify novel mechanisms by combining transcriptome and pro-
teome data. For example, IFNβ and IFNγ-induced signaling could be confirmed by 
combining data from these techniques. Antigen processing and presentation pathways 
were also identified, both with transcriptome and proteome data. Although it is as-
sumed that mRNA will at some point be translated into protein, the amount of mRNA 
is not directly indicative for the amount of protein produced since the one-to-one cor-
relation between mRNA transcript and protein expression is low19-21. Thus, by com-
bining mRNA with protein analysis, more components of a pathway can be identified. 
This low correlation between mRNA levels and protein expression levels is most likely 
due to differences in kinetics of the transcription of the genes and the expression and 
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degradation of the proteins (i.e. turnover rate). The combination of our transcriptome 
and proteome data provided evidence that combining genomics data and proteomics 
experiments is very useful in identifying molecular mechanisms underlying adjuvant 
responses.

Comparison of the innate immune response towards Al(OH)3 and 
the Al(OH)3-containing vaccine DTaP
In chapter 3 of this thesis, the innate immune response induced by Al(OH)3 was 
compared with the innate immune response induced by the Al(OH)3-containing vac-
cine DTaP (Infanrix®). The DTaP vaccine is a licensed vaccine for infants and children, 
against diphtheria, tetanus and pertussis and comprises diphtheria toxoid, tetanus tox-
oid and Bordetella pertussis-derived filamentous hemagglutinin (FHA), pertussis toxoid 
(Ptx) and pertactin P.69 (Prn). We analyzed whether the antigens in the vaccine alter 
the immune response towards a vaccine adjuvant and whether the Th2 response, often 
associated with Al(OH)3 and Al(OH)3-containing vaccines, was indeed observed for 
DTaP22-24. Gene expression analysis revealed that IL-4, the main Th2-associated gene, 
was induced by DTaP stimulation of monocytes. However, the induction of IL-4 was 
stronger in Al(OH)3-stimulated monocytes as compared to the expression in DTaP 
stimulated monocytes. The gene expression of IL-5, another Th2-related cytokine25-26, 
was upregulated by both Al(OH)3 and DTaP. In addition, IL-10, associated with the 
induction of a Th2 response by repressing a Th1 response27-35, was induced by DTaP 
and by FHA, one of the Bordetella pertussis antigens in DTaP, but not by Al(OH)3. DTaP 
indeed induced Th2 polarization, as described previously22, 36-37 and the antigens in the 
vaccine clearly alter the innate immune response induced by the plain adjuvant. Be-
sides the previously described effects of IL-10, the induction of IL-10 by DTaP and FHA 
potentially has additional effects: IL-10 inhibits the induction of HLA/MHC protein 
complexes on the cell surface and the secretion of the pro-inflammatory cytokines, 
such as IL-2 and IL17A and IFNγ29-35. This inhibition of pro-inflammatory cytokines 
was indeed observed our current study. This indicates that there are components in 
DTaP that induce an anti-inflammatory response. For bacteria, the induction of anti-in-
flammatory cytokines could be a very useful property since this possibly allows them 
to evade the human immune system. However, for the vaccine response this might not 
be desired. With the knowledge obtained in this study and previous studies regarding 
the induction of the anti-inflammatory cytokine IL-10 by FHA, it might be interesting 
to consider analyzing the immune response towards DTaP without FHA present. Due 
to its Th2-polarizing activity, Al(OH)3 might not be the most suitable adjuvant because 
a Th1 response is an important component in the protective immunity against pertus-
sis22, 37-39 since memory Th1 and Th17 cells are involved in effective immunity against 
pertussis39. Thus, it might be interesting to analyze the immune response to DTaP with-
out Al(OH)3 or in the presence of other adjuvants such as MF59 or AS04.

In this study, we could confirm the Th2 profile often assigned to Al(OH)3 and 
Al(OH)3-adjuvanted vaccines. DTaP appears to induce a less inflammatory response 
as compared to Al(OH)3 alone, most likely due to the induction of the Th1-inhibiting 
and anti-inflammatory cytokine IL-10. The data provide evidence that the antigens in 
a vaccine clearly qualitatively and quantitatively alter the adjuvant-induced innate im-
mune and that the combination of antigen and adjuvant determine the innate response 
to a vaccine.
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Differences in the innate immune response between Al(OH)3 and 
AlPO4
In chapter 4, the commercial adjuvants Al(OH)3 and AlPO4 were compared with re-
spect to their characteristics and effects on the innate immune response both in vitro 
and in vivo. When selecting an alum-based adjuvant for a vaccine, the choice for AlPO4 
or Al(OH)3 is often made based on the adsorption capacity of the antigen to the adju-
vant. This adsorption capacity is related to the charge state of the antigen, as Al(OH)3 
and AlPO4 are of opposite charge at physiological pH. Al(OH)3 is positively charged, 
while AlPO4 is slightly negative. Quite often however, the degree of adsorption of the 
antigen to the adjuvant is not correlated to the induced immune response40. To de-
termine, whether a more rational choice for the use of Al(OH)3 versus AlPO4 can be 
made, we analyzed the innate immune response towards Al(OH)3 and AlPO4. This was 
done in vitro on primary monocytes with a quantitative proteome analysis and in vivo, 
with flow cytometry and quantitative proteomics. Our data show the that antigen pro-
cessing and presentation pathways were strongly upregulated by Al(OH)3 and much 
less AlPO4. This may be related to the previously observed enhanced cellular uptake 
of Al(OH)3 compared to the uptake of AlPO4

41. This enhanced uptake is probably re-
lated to the physicochemical properties of the adjuvants. Al(OH)3 is more positively 
charged at physiological pH even though this charge may be partly shielded by proteins 
and salts in the culture medium41. This positive charge of Al(OH)3 allows for stronger 
interactions with the negatively charged cell membrane, compared to the negatively 
charged AlPO4

41-42, resulting in different signaling. In addition, the Al(OH)3 particle size 
might be more suitable for phagocytosis as compared to the particle size of AlPO4, al-
lowing for relatively more uptake of Al(OH)3

41, which was also observed in our study. 
In addition to this difference in primary monocytes, one main difference was observed 
in vivo: the influx of neutrophils at 96 hours induced by Al(OH)3 and not by AlPO4. 
This influx, uniquely induced by Al(OH)3, is possibly related to the induction of hemo-
stasis and Neutrophil Extracellular Trap formation. The process of hemostasis is often 
related to the formation of extracellular traps (ETs) and also neutrophil extracellular 
traps (NETs)43. Based on the data in chapter 4, it was concluded that after 96 hours 
of Al(OH)3 stimulation NET formation could possibly occur as described previously44. 
The formation of NETs has previously been described to play a significant role in the 
adjuvant activity of Al(OH)3 by inducing antigen specific T cells, B cell maturation and 
increased IgG1 titers44. NET induction is important in the immune response to bac-
teria45-46, however the role of NETs during vaccination is less clear. NETs may retain 
particular vaccine antigens at the site of injection, thus changing the kinetics of antigen 
clearance. This may affect the immunogenicity of a vaccine. In addition, the systemic 
adaptive response is indeed influenced by the presence of NETs, since the IgG1 antibody 
titers (upon vaccination, with an Al(OH)3-containing vaccine) were higher in mice ca-
pable of NET formation, compared to mice that had impaired NET formation44. Purified 
antigens in a vaccine might not induce NET formation without adjuvant present. It has 
been shown that Al(OH)3-induced NET formation attributes to the adaptive immune 
response towards an Al(OH)3-adsorbed antigen in a positive way. Hence, it might be 
stated that when neutrophils are involved in the immune response to the pathogen, 
Al(OH)3 might be the more suitable adjuvant compared to AlPO4: NET formation can 
still occur in response to adjuvant while this is most likely not the case when AlPO4 is 
used. However, the effects of an antigen being trapped in the NETs, changing their ex-
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posure to antigen presenting cells, needs to be assessed further. Besides their beneficial 
effects on the immune response, neutrophils do also contain high amounts of cytotoxic 
molecules which can result for instance in local inflammation47. Perhaps, AlPO4 would 
be more suitable as an adjuvant when neutrophils are not required to elicit the desired 
immune response, since than there are most likely less side effects.

Molecular mechanisms involved in the adjuvant effect of 
nanoparticulate aluminum-based adjuvants
In chapter 5, the innate immune response towards two differently shaped Al(OH)3 
nanoparticles were compared with the innate immune response induced by the con-
ventional Al(OH)3 adjuvant. Aluminum-based adjuvants are already used for decades 
in human vaccines, but are not always considered optimal adjuvants, because the adju-
vant response is not as desired. This is probably related to the rather large particle size, 
which makes the uptake of alum-based adjuvants by cells difficult. Also their surface 
area is rather small making the adsorption capacity smaller compared to small par-
ticles5. In addition, the structure/shape of these classical products have been weakly 
characterized thus harder to reproduce between manufactures.

One way to solve these problems is to standardize the size and use of Al(OH)3 
nanoparticles as an adjuvant. The idea behind using nanoparticles is that smaller 
particles might enter the cells more easily and have an increased adsorption capaci-
ty compared to the conventional adjuvants. Previously, it was observed that Al(OH)3 
nanoparticles induce more IL-1β secretion by THP-1 cells as compared to conven-
tional Al(OH)3 particles48, indicating that these particles activate the inflammasome 
more strongly. This pronounced inflammasome activation was directly correlated to the 
crystallinity, surface hydroxyl display and the size of the particles48. When comparing 
the specific antibody responses of antigens adsorbed to standard antigens adsorbed 
to Al(OH)3 (Alhydrogel, size 9.3 micometer) with those induced by antigens adsorbed 
to aluminum hydroxide nanoparticles (df≈110 nm), the responses were higher in the 
nanoparticle-immunized groups as compared to the Al(OH)3-stimulated groups49. In 
addition, adverse effects at the site of injection (in mice) were milder in the nanoparti-
cle-stimulated group as compared to the reaction induced by Al(OH)3 micro particles. 
This indicates that nanoparticles might be of interest as a vaccine adjuvant.

Two types of Al(OH)3-based nanoparticles were investigated by us. One type (Gibb-
site) was shaped like a disk, while the other (Boehmite) was needle-shaped. At both 
the gene expression and the proteome level, the measured innate immune response 
towards the nanoparticles was substantially lower compared to the traditional Al(OH)3. 
Gibbsite hardly induced immunological pathways, while Boehmite did induce an im-
mune response, albeit less strong compared to Al(OH)3. Our data are contradictory 
to the data from Li et al.49 Which could be explained by the fact that no antigen was 
used in our study whereas Li et al. did. As shown in chapter 3, antigens can affect the 
innate response. Moreover, the study from Li et al. was performed in vivo, while our 
study was performed in vitro. Another contradiction with literature was observed when 
we analyzed inflammasome activation in THP-1 cells: Boehmite induced less IL-1β 
compared to Al(OH)3, while the reverse was observed by Li et al. although they used 
another alum-based adjuvant (i.e. Imject alum) as control50. Imject alum is a mixture 
of Al(OH)3 and magnesium hydroxide and is of completely different composition as 
compared to the Al(OH)3 used in our study (Alhydrogel®)50. In addition, it cannot be 
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excluded that the nanoparticles used in the current study differed from the nanopar-
ticles in the study of Li et al. The needle-shaped nanoparticle Boehmite, but not the 
disc-shaped nanoparticle Gibbsite, activated various immune system-related pathways 
less strong than Al(OH)3. In addition, much less stress response-related pathways were 
induced by Boehmite compared to Al(OH)3. Moreover, the pathway associated with an 
allergic response was not induced by Boehmite but was only induced by Al(OH)3. This 
difference in stress response-related pathways and allergic response could explain why 
it was observed previously that the local side effects in mice caused by the nanoparti-
cles are milder49 as compared to conventional Al(OH)3-based adjuvants: cellular stress 
might be related to side effects, as is an allergic response. In summary, our data imply 
that Boehmite is capable of inducing an innate immune response which, however, is 
weaker than the immune response to Al(OH)3. Boehmite, on the other hand, might 
induce less adverse effects since the processes associated with these effects were much 
less or even completely not induced by Boehmite.

We demonstrated that the particle size and shape clearly affect the in vitro innate 
immune response towards a vaccine adjuvant. Boehmite (being a needle-shaped 
nanoparticle) might be an interesting adjuvant concept, because it is capable of eliciting 
an immune response without activating the pathways associated with the side effects 
of Al(OH)3.

Improved secretome analysis
Chapter 6 of this thesis describes an improved method to analyze the secretome of 
stimulated cells. Secreted proteins such as cytokines, hormones and enzymes are es-
sential in the communication processes between cells. Analyzing these molecules in a 
cell culture supernatant can provide valuable knowledge about the understanding of 
intercellular communication. Targeted antibody-based assays, e.g. Mutliplex Immuno 
Assays (MIAs) and ELISAs, are popular methods for the analysis of secreted proteins, 
because they are sensitive and relatively easy to perform. However, the disadvantage 
of these techniques is that only preselected analytes can be quantified based on the 
panel of antibodies available, thus potentially missing novel messengers involved in 
the cell-to-cell communication. A mass spectrometry-based approach for the analysis 
of the secretome does not have this disadvantage. However, because of the general-
ly low concentration of secreted proteins enrichment strategies are mandatory. Also, 
the high abundance of serum albumin in culture medium interferes with an unbiased 
proteomics approach. Culturing cells in serum free medium is sometimes possible but 
can induce cell stress. Therefore, enrichment procedures for secreted proteins have 
been developed. This was achieved by pulse labeling newly formed proteins with a 
methionine analogue, L-azidohomoalanine (Aha)51. Aha-containing proteins in the 
culture medium are covalently clicked to an alkyne-functionalized resin based on a 
copper-catalyzed azide-alkyne cycloaddition. The beads with the newly synthesized 
proteins are isolated and the covalently bound proteins are further processed using 
general proteomics-based approached (i.e. digestion and mass spectrometric analysis). 
A drawback of this method, however, is the use of a copper catalyst. The copper(I) 
catalyst induces unwanted oxidative side reactions on proteins, complicating the iden-
tification and quantification of these proteins. Additionally, the copper(II) precursor 
used in these click reactions often chelates to the amine groups of amino acids52, as 
well as the amide peptide bonds, which hampers the efficiency of the click reaction53. 
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We therefore developed a novel resin, based on cyclooctyne-functionalized beads, that 
does not require any catalysts for the click chemistry. Cyclooctyne functionalization has 
proven to be an efficient chemistry tool in biological click conjugation54-55. In addition 
to the methionine analogue L-azidohomoalanine, 13C6-Leucine was incorporated as a 
stable isotopically labeled amino acid at the start of the pulse, to further discriminate 
between de novo-synthesized proteins and proteins nonspecifically adsorbed to the 
beads. As a proof of principle, THP-1 cells in combination with an LPS stimulus where 
initially investigated whereby, 116 secreted proteins could be identified. The expression 
of proteins known to be associated with LPS was increased, e.g. CCL5, CCL8, IL1R1 
and Cathepsin S56-61. Thus, we indeed could confirm the induction of proteins known 
to be related to the response towards LPS. It must be noted that it is a prerequisite that 
the secreted proteins must contain methionine residue(s) to enable the click chemistry. 
An important LPS-related protein in THP-1 cells, TNFα, was not identified in the cul-
ture medium, due to the fact that the excreted version of the protein does not contain 
a methionine. With a prevalence of only 2.3% for methionine in particular small pro-
teins might lack this amino acid. Adding additional or other analogues might result in 
identifying more secreted proteins. Our data provide evidence that secretome analysis 
utilizing the newly developed cyclooctyne-functionalized beads significantly improves 
the analysis of messenger proteins involved in immune responses upon a stimulus.

Summarizing conclusions and future perspectives
By analyzing the proteome in an unbiased manner, a comprehensive insight in the 
molecular mechanisms involved in different stimuli can be obtained. Due to the multi-
plexing abilities of the TMT labeling reagent, a direct quantitative comparison between 
sample and control is possible. By using pathway analysis with (up)regulated proteins 
as input, processes in the cell, affected by the stimuli can be identified. In this thesis, 
this approach was applied for the analysis of molecular mechanisms underlying the 
immune response affected by aluminum-based adjuvants and vaccines. The main con-
clusions are:

1. By using a comprehensive approach we were able to perform pathway analysis, 
resulting in novel insights into molecular mechanism of alum-based adjuvants.

2. Antigens in a vaccine qualitatively and quantitatively alter the immune response 
induced by the adjuvant and the combination of the antigen and adjuvant deter-
mines the innate immune response induced.

3. The different chemical and physicochemical characteristics of commercial adju-
vants Al(OH)3 and AlPO4 result in different capabilities to stimulate the immune 
system. Based on both in vitro and in vivo profiling of the innate immune re-
sponse, Al(OH)3 is perhaps the more potent adjuvant.

4. The size and shape of alum-based adjuvants clearly influence the strength of 
the innate immune response. Aluminum-based nanoparticles induce a weaker 
immune response compared to the microparticle Al(OH)3 adjuvant. When the 
nanoparticles are needle-shaped, the immune response is stronger than when 
the nanoparticles are shaped like a disc. Based on these findings and the fact 
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that it potentially induces less adverse effects, the needle-shaped nanoparticulate 
(Boehmite) might be an interesting candidate as future adjuvant.

5. Mass spectrometry-based analysis of the secretome is possible without the use of 
a copper catalyst, which may interfere with the downstream processing.

Future perspectives
Adjuvants play an important role in inducing effective immunity against subunit vac-
cines. Currently however, there is only a limited number of adjuvants that is licensed 
for use in human vaccines. Thus, a quest for novel and better adjuvants is ongoing. 
These novel adjuvants need to be safe and efficacious. The comprehensive approach 
described in this thesis facilitates the screening of adjuvants and improves understand-
ing of the molecular mechanisms underlying the innate immune response induced 
them. By comparing responses of plain adjuvant and different antigen-adjuvant combi-
nations, synergistic or antagonistic effects of the adjuvants/antigens on the innate im-
mune response can be compared aiming at the optimal formulation of combinations.

By applying this approach both in vitro and in vivo, a better understanding of the 
molecular mechanism underlying the immune response towards an adjuvant/adju-
vant-antigen combination will be obtained. This is important, because this allows for 
determining the optimal antigen-adjuvant combination in evoking an immune re-
sponse that is similar to the immune response against the causative pathogen, thus 
often inducing the best protection39. Mass spectrometry-based proteomics has proven 
to be an essential component of this comprehensive approach. Quantitative experi-
ments can now be multiplexed up until 25 different conditions in one run62, making it 
very suitable in comparing several responses and kinetics towards multiple adjuvants 
in one experiment. Mass spectrometry-based proteomics also allows for analyzing de 
novo-secreted proteins without the use of pre-selected antibodies. Although limited to 
in vitro studies only, mass spectrometry-based proteomics also allows for analyzing de 
novo-secreted proteins without prior selection of analytes of interest. 

It is obvious that the MS-based proteomics tools, as applied in this thesis, require a 
significant investment in technical facilities (e.g. instrumentation, dedicated software 
applications) and skilled personnel. It is therefore most likely that the contribution of 
this technique predominantly will occur during the research and development phase 
of a vaccine, both in lead finding and vaccine formulation. The combination of pro-
teomics technique with other molecular and immunological techniques (systems vac-
cinology approach) is essential in several aspects of modern vaccine development. For 
instance, lead finding for identifying the optimal adjuvant-antigen combinations in an 
early stage and reduce the risk of late stage failure by improving understanding of the 
mechanisms of action of a vaccine as stated by Sunasara et al.63. Vaccine development 
will never be based solely on proteomics approaches, but it is a mutual reinforcement of 
immunoassays and modern ‘omics’-based approaches (e.g. transcriptomics, proteom-
ics, metabolomics, secretomics, and lipidomics). It is expected that, due to accelerating 
technical developments, additional approaches will be embedded in the vaccine de-
velopment chain in the near future, for example profiling protein-protein interaction 
(interactome) and mapping protein degradation kinetics (degradome).
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Nederlandse samenvatting
Samen met schoon drinkwater is vaccineren één van de meeste belangrijke middelen 
in de bestrijding van infectieziekten. Vanaf het moment dat vaccineren geïntroduceerd 
werd, is de dood van 2.5 miljoen kinderen per jaar voorkomen1. Het vaccineren is be-
dacht door Edward Jenner, een huisarts in de 18e eeuw. Het Variola Virus (een virus 
dat pokken veroorzaakte) was in die tijd een dodelijk virus, waaraan 10-20% van de 
bevolking overleed. Het viel Edward Jenner op dat door veelvuldig contact met koeien, 
de melkmeisjes de koeienpokken kregen, maar niet de dodelijke variant van pokken. 
In 1796 injecteerde hij een jongeman met het koeienpokken-materiaal van de han-
den van één van deze melkmeisjes. Deze jongen kreeg hele milde symptomen van de 
ziekte. Na het herstel, injecteerde hij dezelfde jongen met het dodelijke pokkenvirus. 
Deze jongen werd niet ziek en bleek dus immuun voor deze ziekte. Deze door Edward 
Jenner geïntroduceerde behandeling werd de ‘inoculatie met vaccinia’ genoemd; later 
veranderde deze naam in ‘vaccinatie’2. 

Vanaf dat moment ging het snel met de ontwikkeling van vaccins, voornamelijk als 
gevolg van nieuwe ontdekkingen. Een van de belangrijkste ontdekkingen was die van 
Robert Koch: hij ontdekte dat micro-organismen (bacteriën, virussen en schimmels) 
de veroorzakers zijn van infectieziekten. Hierdoor wist men wat er bestreden moest 
worden. Een andere hele belangrijke ontdekking was het feit dat als componenten van 
de ziekteverwekker gecombineerd werden met een andere stof, bv. ‘aluminiumzouten’, 
de vaccinatie betere bescherming gaf3, 4. Deze toevoegingen aan vaccins werden ‘adju-
vantia’ genoemd. 

Het woord ‘adjuvare’ betekent “om te helpen” in het Latijn. Deze stoffen zijn er dus 
voor bedoeld om te helpen je immuunsysteem te activeren en te reageren op de ziekte-
verwekker in het vaccin. Dit zodat degene die het vaccin ontvangt in de toekomst niet 
meer ziek wordt van deze ziekteverwekker. Deze adjuvantia worden steeds belangrij-
ker. Vroeger zat er een hele, verzwakte bacterie of virus in een vaccin. Deze virussen/
bacteriën bevatten van nature stoffen die het immuunsysteem activeren. Het is echter 
gebleken dat hele virussen/bacteriën in vaccines soms nog wel onveilig was. Daarom 
is er voor veel vaccins inmiddels de keuze gemaakt om eiwitten (de bouwstenen van 
de virussen/bacteriën), die verantwoordelijk zijn voor de immuunrespons tegen de be-
treffende bacterie of virus (immunogene eiwitten/antigenen), te gebruiken in vaccins. 
Deze eiwitten/antigenen bleken wel de hulp nodig te hebben van adjuvantia om ervoor 
te zorgen dat de ontvanger van het vaccin inderdaad beschermd is.

Het menselijk immuunsysteem bestaat uit twee componenten: het aangeboren im-
muunsysteem en het adaptieve immuunsysteem. Het adaptieve immuunsysteem is 
uiteindelijk verantwoordelijk voor het opwekken van ‘geheugen’ tegen de ziektever-
wekker, waardoor men beschermd is tegen de gevolgen van toekomstige infecties van 
dezelfde ziekteverwekker. Geheugen opwekken kan alleen gebeuren door blootstelling 
aan (componenten van) de ziekteverwekker, ofwel via vaccineren, ofwel ziek worden 
als gevolg van een natuurlijke infectie. Door deze bloostellingen gaan bepaalde im-
muun cellen antistoffen vormen. Deze antistoffen ruimen de ziekteverwekker op. Een 
deel van de cel populatie die blootgesteld wordt aan de ziekteverwekker zal niet direct 
reageren maar wordt een geheugen cel. Deze cellen kunnen bij een volgende blootstel-
ling heel snel delen en reageren. Hierdoor zal de ziekteverwekker snel worden opge-
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ruimd en wordt men niet ziek. Het adaptieve immuunsysteem wordt geactiveerd door 
het aangeboren immuunsysteem. Het idee achter adjuvantia is dat deze stoffen het 
aangeboren immuunsysteem activeren en dat de componenten van de ziekteverwek-
ker resulteren in de activatie van het adaptieve immuunsysteem. Binnen het adaptieve 
immuunsysteem zijn globaal gezien twee stromingen: een ‘humorale’ en een ‘cellulaire’ 
respons, of een ‘Th2’ en een ‘Th1’ response. Voor optimale bescherming is het wenselijk 
dat de respons tegen het vaccin lijkt op de respons die de ziekteverwekker induceert. 
De richting van deze respons wordt gedeeltelijk bepaald door het aanwezig ‘adjuvans’. 

Er is maar een beperkt aantal stoffen beschikbaar als ‘adjuvans’ voor vaccins die aan 
mensen gegeven worden: 1) aluminium zouten, b.v. aluminium hydroxide (Al(OH)3) 
en aluminium fosfaat (AlPO4), 2) olie-in-water emulsies (oliedruppeltjes verdeeld in 
water) b.v. MF59® of 3) Lipopolysacharide (LPS) derivaten. LPS zit aan de membranen 
(de buiten rand) van bacteriën en geeft een sterke immuunrespons maar is ook toxisch 
(giftig). Monophosphoryl lipide A (MPLA) is een component van LPS en is minder 
extreem immuun stimulerend en veel veiliger. Om een goede combinatie te kiezen van 
de ziekteverwekker en ‘adjuvans’ is het noodzakelijk om te weten hoe het  ‘adjuvans’  
het immuunsysteem activeert.

In dit proefschrift is het werkingsmechanisme van het meest gebruikte type ‘adju-
vans’ (namelijk de aluminium-gebaseerde adjuvantia) onderzocht, in verschillende vor-
men: alleen als Al(OH)3 of als AlPO4, of gecombineerd in een vaccin, of juist in kleinere 
deeltjes. Deze analyses werden gedaan op cellen uit het aangeboren immuunsysteem 
(monocyten) omdat dit de cellen zijn waarvan verwacht werd (op basis van literatuur) 
dat het adjuvans daar zijn immuun stimulerende effect op heeft. Er werd gekeken naar 
activatie/differentiatie status van de cellen (als aangeboren immuun cellen geactiveerd 
worden of transformeren in een meer volwassen celtype, kunnen ze makkelijker het 
adaptieve immuunsysteem activeren). Dit hebben we gedaan door te kijken naar de 
boodschappermoleculen (cytokines) die cellen uitscheiden als gevolg van stimulatie 
met het adjuvans. Er is ook gekeken naar de richting van de signalen die de aangeboren 
immuunrespons geeft naar de adaptieve immuunrespons (humoraal, cellulair of beide). 
Dit is gedaan door te kijken naar mRNA (de werkkopie van DNA). In het mRNA is te 
zien welke boodschappermoleculen er mogelijk gevormd gaan worden. Tot slot is er 
gekeken naar de eiwitten (de uiteindelijk functionele moleculen) in de cel. Van de ei-
witten is bepaald of ze meer of minder aanwezig waren t.o.v. van de niet-gestimuleerde 
groep en of ze samenhangen met processen die horen bij een immuunrespons. Dit 
laatste is gedaan met massaspectrometrie; deze methode is in het vaccinonderzoek nog 
niet heel veel gebruikt maar heeft in dit proefschrift wel heel duidelijk zijn toegevoegde 
waarde aangetoond.

In hoofdstuk 2 van dit proefschrift is er gekeken naar het effect van een op aluminium 
gebaseerd adjuvans (Al(OH)3) op cellen van het aangeboren immuunsysteem. Door 
de verschillende methoden hierboven beschreven te combineren, was het mogelijk om 
een aantal al eerder geïdentificeerde mechanismen te verifiëren; bijvoorbeeld het stu-
ren van de adaptieve response naar een ‘humorale/Th2 type’ respons en het activeren 
van het inflammasome (een groep eiwitten die in ontstekingsreactie activeert). Het 
was ook mogelijk om mechanismen die nog niet eerder waren beschreven te zien: 
bijvoorbeeld het verhogen van de expressie van mRNA horend bij een ontstekingsre-
actie (type I interferonen). De eiwitten die horen bij deze type I interferonen kwamen 
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ook verhoogd tot expressie en we hebben aan kunnen tonen dat deze reactie inder-
daad plaatsvond. Er waren ook moleculen te zien die samenhingen met een cellulaire/
Th1 type adaptieve respons (type II interferonen). Cellen die gestimuleerd worden met 
Al(OH)3 verhoogden ook de aanwezigheid van moleculen die horen bij ‘antigeen-pre-
senterende routes’. Deze routes zorgen ervoor dat de cellen van het aangeboren im-
muunsysteem componenten van de ziekteverwekker effectief kunnen ‘presenteren’ aan 
het adaptieve immuunsysteem waardoor dit gaat reageren. Er werd altijd gedacht dat 
cellen die waren gestimuleerd met Al(OH)3 dit via één van beide soorten routes deden 
(HLA II) maar in deze data was te zien dat het ook via de andere route (HLA I) gebeurt.

Dit hoofdstuk zien dat Al(OH)3 een heel aantal verschillende mechanismen acti-
veert in het aangeboren immuunsysteem. Maar ook, dat we door het combineren van 
de verschillende methoden nieuwe informatie hebben kunnen verkrijgen over deze 
mechanismen. 

In hoofdstuk 3 van dit proefschrift werd gekeken naar de verschillen in reactie van de 
cellen tegen Al(OH)3 en tegen een vaccin dat zowel Al(OH)3 bevat alsook eiwitten van 
kinkhoest, tetanus en difterie. Van dit vaccin is bekend dat het vooral een ‘humorale/
Th2’ response opwekt en dat de bescherming tegen kinkhoest mogelijk niet optimaal 
is (niet levenslang). Vaak wordt gedacht dat dit aan het adjuvans ligt. Uit de analyses 
in dit hoofdstuk kwam naar voren dat inderdaad Al(OH)3 humoraal/Th2 sturend is: na 
stimulatie met het vaccin (dat ook Al(OH)3 bevat) zijn de markers voor deze respons 
ook naar voren gekomen. Ook bleek dat het mRNA van een molecuul dat gerelateerd 
is aan het remmen van een cellulaire/Th1 response duidelijk verhoogd was, als gevolg 
van het vaccin in vergelijking met het adjuvans alleen. Het eiwit was ook duidelijk ver-
hoogd aanwezig in de cellen waar vaccin bij was gedaan. Dit eiwit remt niet alleen de 
ontwikkeling van een cellulaire/Th1 response maar ook remt dit eiwit het ontwikkelen 
van een ontstekingsreactie (een ontstekingsreactie is noodzakelijk voor het starten van 
een immuunrespons). We hebben kunnen zien dat een eiwit afkomstig van de kink-
hoestbacterie naar alle waarschijnlijkheid verantwoordelijk is voor de verhoogde ex-
pressie van dit eiwit. Het mogelijke gevolg van de aanwezigheid van dit kinkhoesteiwit 
zou kunnen zijn dat de bescherming niet optimaal is. 

De algemene conclusie van deze studie was dat antigenen/immunogene in vaccins, 
waarvan verwacht werd dat ze vooral de adaptieve immuunrespons activeren, ook een 
zeer duidelijke invloed hebben op de aangeboren immuunrespons tegen het adjuvans 
en deze zelfs mogelijk remt. 

In hoofdstuk 4 van dit proefschrift werden de responsen tegen twee verschillende 
aluminium-bevattende adjuvantia, Al(OH)3 en AlPO4, met elkaar vergeleken. Dit zijn 
beide ‘adjuvantia’ die in vaccins gebruikt worden, maar er was nog nooit gekeken naar 
mogelijke verschillen in de immuunrespons tegen deze adjuvantia. Deze responsen 
werden gemeten in cellen van het aangeboren immuunsysteem maar ook in de spier 
van een muis. er werd in de spier gemeten omdat vaccins bij mensen ook in de spier 
geprikt wordt; op deze manier lijkt de respons dus het meest op de respons in de mens. 
Als gevolg van de lichaamsvreemde stof worden er cellen van het immuunsysteem 
aangetrokken naar de plaats van injectie. In deze studie werd gezien dat de verschil-
lende adjuvantia ervoor zorgen dat er verschillende soorten immuun cellen werden 
aangetrokken naar de spier van de muis. Het soort immuun cellen dat aangetrokken 
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werd naar de spier door Al(OH)3 is een celtype dat een soort van netten (een soort web) 
kan vormen waar het bacteriën mee kan vangen en doden. Eiwitten die samenhangen 
met de vorming van deze netten werden ook gevonden. Van deze netten is bekend dat 
ze bijdragen aan een sterkere adaptieve immuunrespons. De cellen die deze netten 
vormen, werden niet gezien als gevolg van een AlPO4 injectie. 

In cellen werd gezien dat er een groot verschil was in het aanzetten van anti-
geen-presenterende routes (routes die nodig zijn om de adaptieve immuunrespons te 
activeren): Al(OH)3 deed dit wel maar AlPO4 niet. 

De combinatie van deze gegevens leidde tot de volgende conclusies: ondanks dat 
Al(OH)3 en AlPO4 beide op aluminium-gebaseerde adjuvantia zijn, wekken ze toch 
een zeer verschillende immuunrespons op in zowel cellen als muizen. Bovendien is 
Al(OH)3 mogelijk een sterker adjuvans vergeleken met AlPO4 

In hoofdstuk 5 van dit proefschrift is gekeken naar de mogelijkheid om alumini-
um-bevattende adjuvantia te verbeteren door de deeltjes kleiner te maken naar na-
nometer-grootte (nm). De hypothese is, dat door het verkleinen van de deeltjes ze 
misschien makkelijker de cel in kunnen. Er is al onderzoek gedaan naar nanodeeltjes 
waaruit blijkt dat het goede vaccinadjuvantia zouden zijn en een immuunrespons in-
duceren die ten minste vergelijkbaar is met de huidige aluminium adjuvantia. In deze 
studie werd wederom gekeken naar verschillen in expressie van eiwitten en mRNA. Er 
werden twee soorten nanodeeltjes gebruikt: één in de vorm van een zeshoek en één in 
de vorm van een naaldje en deze zijn vergeleken met Al(OH)3. Uit deze analyse kwam 
naar voren dat de immuunrespons tegen de kleine deeltjes in stuk minder sterk was 
dan de immuunrespons tegen Al(OH)3. Dit kwam terug in zowel de mRNA data als de 
eiwit data. Daarnaast kwam eruit dat het nanodeeltje in de vorm van een naaldje wel 
een redelijke reactie opwekte maar het nanodeeltje in de vorm van een zeshoek juist 
niet. 

De conclusies hier waren dat het huidige ‘grote’ deeltje een veel sterkere respons op-
wekte. Mogelijk geeft Al(OH)3 ook meer bijwerkingen, omdat processen die niets met 
het immuunsysteem te maken hebben ook veranderden. Deze processen zouden gere-
lateerd kunnen zijn aan bijwerkingen. Daarentegen, wekte het nanodeeltje in de vorm 
van een naaldje een subtiele immuunrespons op. Hierdoor geeft het mogelijk minder 
bijwerkingen, omdat processen die niet met de immuunrespons te maken hebben veel 
minder geactiveerd werden. 

In hoofdstuk 6 van dit proefschrift is er een nieuw protocol opgesteld voor het meten 
van boodschappermoleculen/eiwitten in kweekmedium. De boodschappermoleculen 
in het kweekmedium zijn belangrijke parameters voor het monitoren van de status 
van de ontstekingsreactie en voor de sturing van het adaptieve immuunsysteem. Deze 
worden normaal gesproken gemeten met immunologische technieken waarmee je 
vooraf kiest welke componenten je gaat meten. Het onbekende wordt dus vaak niet 
opgepikt. De nieuwe methode is een protocol met massaspectometrie waarmee we 
alle nieuw-gevormde eiwitten in het kweekmedium kunnen meten die na een bepaald 
moment door de cel worden gemaakt en uitgescheiden. Dit protocol is opgesteld ter 
verbetering van een bestaand protocol. In het bestaande protocol, worden componen-
ten gebruikt een interactie aangaan met eiwitten en die storend kunnen zijn voor de 
metingen met de massaspectrometer; deze componenten zijn in het nieuwe protocol 
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niet nodig De conclusie in dit hoofdstuk is dat de methode werkt maar dat er nog wel 
optimalisatie-mogelijkheden zijn. 

In hoofdstuk 7 staat alle data nog een keer samengevat en zijn de belangrijkste con-
clusies van dit proefschrift geformuleerd. Deze zijn:

Door het combineren van de verschillende technieken was het mogelijk om nieuwe 
inzichten te verkrijgen en de werkingsmechanismen van adjuvantia

Antigenen (immunogene eiwitten) in een vaccin beïnvloeden de aangeboren im-
muunrespons die geïnduceerd wordt door het adjuvans, zowel kwalitatief als kwanti-
tatief.

De verschillende chemische karakteristieken van Al(OH)3 en AlPO4 resulteren erin 
dat ze een verschillende immuunrespons induceren en dat Al(OH)3 mogelijk een ster-
ker adjuvans is.

De vorm en de grootte van de aluminiumdeeltjes beïnvloeden de sterkte van de im-
muunrespons. De grotere deeltjes induceren sterkere responsen maar geven mogelijk 
ook meer bijwerkingen. Het kleine deeltje in de vorm van een naald zou een interes-
sante kandidaat kunnen zijn als vaccin adjuvans.

Analyse van de boodschappermoleculen in het kweekmedium is mogelijk met mas-
saspectrometrie zonder het gebruik van storende stoffen.

Blik op de toekomst: het gebruik van de massaspectrometrische methode draagt on-
miskenbaar bij aan het ontwikkelen van nieuwe vaccins en in de keuze van de optimale 
combinatie van componenten van de ziekteverwekker en het adjuvans. Dit door vast 
te stellen welke combinatie de respons geeft die het meest lijkt op de respons die het 
ziek worden zelf opwekt. In het onderzoek dat beschreven is in dit proefschrift, speelde 
massaspectrometrie een essentiële rol. Met massaspectrometrie is het nu mogelijk om 
hele grote experimenten met veel vergelijkingen in een keer te meten, zodat er kwan-
titatief bepaald kan worden of er verschillen zijn tussen de groepen die gestimuleerd 
worden en de controlegroepen. Ook zijn er op het gebied van massaspectrometrie en 
de toepassingen ervan nog veel ontwikkelingen gaande. Een massaspectrometer en 
de bijbehorende mensen zijn echter een behoorlijke investering, daarom zal deze me-
thode vooral in de vroege onderzoekfase toegepast kunnen worden. Het zal echter 
nooit alleen met massaspectrometrie kunnen, maar juist een combinatie zijn van veel 
verschillende technieken. 
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Dankwoord
Het is zover! Mijn proefschrift is af! Maar geen proefschrift is compleet zonder een 
echt dankwoord, een stukje waarin ik mijn dank mag uitspreken aan iedereen die een 
bijdrage heeft geleverd aan de totstandkoming ervan!

Allereerst wil ik Hugo als copromotor en projectleider bedanken. Hugo, ik had me 
geen betere projectleider/copromotor kunnen wensen! Dank je wel voor het opzetten 
van dit project en voor het aan mij toevertrouwen van de uitvoering. Dank voor je in-
houdelijke bijdragen. Met name op de gebieden van massaspectrometrie en het schrij-
ven van manuscripten heb ik enorm veel van je geleerd. Ook dank voor je persoonlijke 
steun, het feit dat je deur altijd open stond en je vertrouwen in mij en dit project. 

Mijn promotor Gideon, dank je wel voor je enorme inhoudelijke bijdrage aan dit 
project. Op het gebied van vaccins en adjuvantia heb ik enorm veel van je geleerd! Je 
kritische blik op manuscripten en je hulp en steun bij het schrijven ervan hebben mij 
goed gedaan. De wijze lessen neem ik mee naar de toekomst. 

Mijn promotor Albert, de 3-maandelijkse gesprekken waren altijd erg prettig en 
goed voor het creëren van overzicht. Je wist in deze gesprekken een helikopterview te 
creëren, waardoor we de grote lijnen van het project weer zagen, prioriteiten (weer) 
helder werden en we niet in details verzandden. Dank je wel hiervoor. Ook dank voor 
de ondersteuning, sturing van het project en het delen van je kennis op het gebied van 
massaspectrometrie. Bernard: het was fijn om je in het projectteam te hebben, dank 
je wel voor je inhoudelijke bijdragen aan dit project, je kritische blik op mijn manus-
cripten en de data en je steun als het even niet mee zat. Het was prettig te weten dat je 
deur altijd open stond. Elly, Ik heb erg veel gehad aan je immunologische bijdragen, 
maar ook aan je enthousiasme over de data, je enthousiasme over het gebruik van 
massa spectrometrie in immunologisch onderzoek en je heldere kijk op de mansucrip-
ten. Ik vond het ook erg prettig om met jou over de betekenis van de data te kunnen 
discussiëren en even langs te lopen als er wat was. Dank je wel hiervoor. Ook wil ik 
Cécile bedanken. Dank voor je kritische blik op mijn manuscripten, je immunologi-
sche bijdrage aan dit project, de leuke discussies over de data die was gegenereerd en je 
enthousiasme over dit project en de data. Jeroen, zonder jou was dit project toch echt 
een stuk ingewikkelder geworden en was ik verzand in de proteomics data. Bedankt 
voor je enorme hulp met de bio-informatica, de pathway analyses en het maken van 
de figuren voor de manuscripten. Dank je wel voor de fijne samenwerking en alle hulp. 

Hilde, onze beide projecten raken elkaar nauw, vandaar de “logische” keuze om 
samen te werken aan een aantal onderdelen, deze samenwerking liep in het begin 
niet al te soepel. Echter, we hebben onze weg hierin gevonden en het is een prima 
samenwerking geworden met als resultaat een samen geschreven manuscript! Dank 
je wel hiervoor en voor alle fijne gesprekken over afronden/stress van een proefschrift 
en al het andere. Succes met het afronden van jouw proefschrift. Jolanda, binnen onze 
projecten was er verwantschap en hoewel deze niet in jouw proefschrift terecht zijn ge-
komen, zijn er uit onze samenwerking toch 2 manuscripten ontstaan. Dank je wel voor 
je steun en het leren van de celkweek en de FACS, maar vooral bedankt voor de fijne 
samenwerking! Fabio, thank you so much for all your effort to run all the samples in 
Utrecht, sometimes it was a real struggle for you with the machines or the columns, but 
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it was never too much for you. Ik heb tijdens mij AIO periode één stagiaire mogen be-
geleiden. Lisette, het begin van je stage periode was niet altijd even soepel. Ik heb echt 
moeten leren om los te laten, daarna werd het voor beiden beter. Je stage is dan ook 
uitgemond in een mooi verslag en veel kennis over het gebruik van THP-1 cellen. Dank 
je wel hiervoor en dank je wel voor de prettige tijd, ik heb er veel van geleerd! Joost, 
zonder jou zou het in het mass spec lab heel anders zijn geweest, dank je wel voor alle 
hulp met de mass specs en alle lessen hoe er mee te werken Dank je wel voor je steun 
en de leuke gesprekken over vakantie bestemmingen! Geert, dank je wel je voor je 
hulp met het aanleren van de mass spec, de gezelligheid en je ideeën voor dit project. 
Maarten Danial, dank je wel voor de prettige samenwerking tijdens het opzetten van 
de secretoom analyse. Het was heel fijn om hierover met jou te kunnen sparren. Er ligt 
een heel mooi manuscript! Peter, dank je wel voor je bijdrage aan de samenwerking 
tussen Hilde en mij en de totstandkoming van hoofdstuk 5.

Alle collega’s binnen Intravacc, bedankt omdat de deuren open stonden! Bijzonde-
re dank aan Dedeke en Lisa voor alle hulp met de celkweek, dierproef en de FACS, 
Justin voor alle hulp met de PCRs en het verwerken van de dierproef samples, Alex 
en Sven U, voor jullie hulp tijdens de dierproef, Dionne voor je hulp met de celkweek, 
Larissa voor de goeie adviezen op het gebied van stage begeleiding en je hulp op het 
lab. Andreja, Arjan, Marieke en Diana voor jullie bijdragen aan het secretoom pro-
ject. Wichard voor alle lab-gerelateerde zaken en bestellingen kon ik bij jou terecht. 
Bedankt hiervoor! Janny, bedankt voor de fijne gesprekken. Gaurav, thanks for the 
advice in the last couple of months. It was nice to talk to someone in the same situation.

Thomas en Hilde succes met het jullie promotie project, Heleen succes op de dag 
van je promotie. Ik wil alle mensen van het ARC bedanken voor de fijne samenwerking 
en in het bijzonder Hans en Karin. De intramusculaire toediening die ik wilde tijdens 
mijn proeven was nog even een uitdaging, maar door goede voorbereidende testen 
van jullie, zijn het goed gelukte proeven geworden! Ik wil ook graag de mensen van de 
IvD en de WTC bedanken voor de adviezen tijdens het schrijven van dierproef proto-
collen! Mireille en Sanne bedankt voor het regelen van de reizen naar congressen en 
alle andere administratieve hulp. I would like to thank the group in Utrecht for their 
kindness and support when I was there and wish all the AIOs the best in finishing their 
PhD. Specifiek wil ik Corine ontzettend bedanken voor alle hulp tijdens het afronden: 
je bewaakte de tijdslijnen zorgde voor de juiste formulieren en je beantwoordde al mijn 
vragen! Dank je wel. Door mijn samenwerking met Jolanda heb ik ook met andere 
mensen van het RIVM mogen samen werken, Jacqueline, Ronald en Jeroen, bedankt 
voor jullie hulp met de FACS en de qPCR.

Tijdens mijn AIO periode heb ik het kantoor mogen delen met een aantal men-
sen. Bedankt Afshin, Yara, Sigrid, Debbie, René en Berdine voor de gesprekken, de 
sushi lunches, de steun en de gezelligheid! René en Afshin, bedankt voor jullie steun 
en advies bij het afronden van een proefschrift en alle zaken die er bij komen kijken. 
Debbie bedankt voor de gezelligheid en de fijne gesprekken. Het was fijn om ook met 
andere dingen bezig te zijn dan promoveren. Sigrid dank voor je adviezen, je hoeft 
inderdaad niet alles zelf te doen! Yara, bedankt voor de gezelligheid. Berdine, 3,5 jaar 
hebben we een kantoor gedeeld, dank voor je steun je gezelligheid, de fijne gesprekken 
en al je hulp! Ik ben blij dat jij mij als paranimf wilt bijstaan! 

Hoewel een AIO periode gerelateerd is aan veel met werk bezig zijn, zijn er buiten 
de werkomgeving ook een aantal mensen die ik wil bedanken: Mijn nieuwe collega’s 
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voor hun warme ontvangst en interesse in de laatste maanden van dit proefschrift.  
Rob dank je wel voor alle hulp en werk aan de opmaak van mijn boekje en het ontwerp 
van de bijzondere kaft! Ik ben er heel erg blij mee! Gerda, dank je wel voor je adviezen. 
 Karlijne, dank je wel voor de hulp aan de quilt die nu de omslag van boekje siert. Su-
zanne J, dank je wel voor een hele lange, bijzondere en waardevolle vriendschap. We 
kennen elkaar al en hele tijd en hebben veel samen meegemaakt. Dank je wel voor alle 
steun, leuke uitjes, ontspannende middagen en samen met Maikel voor de gezellige 
etentjes! Suzanne de B, vanaf het moment dat wij begonnen met onze studie was er 
een klik: allebei farmacie studerend, maar niet om apotheker te worden. Sindsdien is 
een waardevolle vriendschap ontstaan. Het was fijn om met jou te kunnen praten over 
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