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T cell targeted interventions in experimental autoimmunity

Autoimmune diseases

Autoimmune diseases are chronic  conditions caused by a loss of  tolerance to self-
antigens due to inappropriate activation of the immune system. Over 80 autoimmune
diseases  have  been  identified  so  far.  Most  common  autoimmune  diseases  are:
rheumatoid arthritis (RA), Graves' disease, type 1 diabetes mellitus (T1D), pernicious
anemia,  systemic  lupus  erythematosus  (SLE)  and  multiple  sclerosis.  Collectively,
autoimmune diseases affect  4–5% of  the population,  being females affected with  a
higher  incidence  than  males  (3:1  ratio)  [1].  About  1  in  30  individuals  develop  an
autoimmune disease, which makes autoimmunity a serious health problem in modern
medicine. 
Genome-wide association studies have underscored a major genetic association of the
major  histocompatibility  complex (MHC) region with autoimmune diseases,  in which
case a variety  of  predisposing alleles have been found [2,  3].  This  region includes
genes encoding antigen-presenting molecules as well as others with different immune
functions.  The  relevance  of  MHC as  the  main  risk  factor  to  develop  autoimmunity
became evident after it was discovered that their main function is to present processed
peptides for the recognition of antigen-specific T cells. A polymorphism (Arg620Trp) in
protein  tyrosine  phosphatase  non-receptor  type  22  (PTPN22),  which  encodes  a
lymphoid-specific phosphatase (Lyp), has also been associated with an increased risk
to develop some autoimmune diseases like: T1D, RA, juvenile idiopathic arthritis (JIA),
SLE, and autoimmune thyroid disease (reviewed in [4]). The association of autoimmune
diseases with genetic loci that impact the activation of T cells like PTPN22, the strong
link with MHC loci as well as the presence of pro-inflammatory T cells in target organs
highlight the important role for adaptive immune responses in their development. 
The exact mechanism triggering autoimmune diseases is unknown. The most accepted
hypothesis proposes that for the development of an autoimmune disease both in mice
and  humans,  an  immune  response  with  pro-inflammatory  characteristics  should  be
directed  against  specific  tissue  antigens  in  genetically  susceptible  individuals.
Regulatory  mechanisms exist  in the periphery to control  such effector  responses in
order  to  avoid  excessive  tissue  damage.  Mechanisms  include:  regulatory  T  cells
(Tregs), direct inactivation of effector T cells (Teff) by induction of anergy or apoptosis
and activities mediated by tolerogenic antigen presenting cells (APCs). However, there
is  an  increasing  understanding  that  pro-inflammatory  responses  directed  to  self-
antigens become chronic in autoimmune diseases because regulatory mechanisms fail
to control them. 

Peripheral tolerance mechanisms

CD4+CD25+Foxp3+ Tregs

CD4+CD25+Foxp3+  Tregs  can  prevent  autoimmune  diseases  by  suppressing
autoreactive  immune responses (reviewed in  [5]). When activated  by  their  cognate
antigen, Treg cells  display a broad range of suppressive mechanisms which endow
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them with the ability to control immune responses (Figure 1). Suppressive mechanisms
are mainly mediated through direct cell contact and inhibitory cytokines like interleukin
10 (IL-10) and transforming growth factor beta (TGF-β) [6]. The potential of controlling T
and  B-cell  responses  with  different  specificities  as  well  as  the  modulation  of  the
maturation status of APCs by Tregs makes them attractive targets for the development
of therapeutic strategies. 

Figure 1. Mechanisms of suppression by Treg cells to control immune responses. A broad range of molecular
mechanisms  contribute  to  the  suppressive  function  of  Tregs.  Mechanisms  mainly  include:  cell  contact
independent mechanisms (production of inhibitory cytokines, ATP/Adenosine mechanism, deprivation of IL-2
leading to T-cell  apoptosis) and cell  contact dependent mechanisms (modulation of APC through CTLA4,
LAG-3  binding  and  cytolisis).  Abbreviations:  CTLA4,  cytotoxic  T  lymphocyte-associated  antigen-4;  DC,
dendritic cell;  CD, cluster of differentiation, IL-, interleukin; Treg cell,  regulatory T cell;  LAG3, lymphocyte
activation gene 3; TGF-β, transforming growth factor beta; MHC, major histocompatibility complex.

Foxp3  constitutes  the  most  specific  marker  for  these  cells  and  is  to  some  extent
indispensable to develop a Treg phenotype and for their suppressive function [7]. The
development of autoimmune diseases when CD4+CD25+ cells are depleted in normal
rodents or when rodents and humans have mutated Foxp3 genes highlights the role of
Tregs in the prevention of such diseases [8,9]. The latter means that the insufficiency
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and/or malfunction of CD4+CD25+Foxp3+ is enough to affect regulatory mechanisms
leading to autoimmunity in otherwise healthy animals. Some studies have shown that
patients with autoimmune diseases have less effective or fewer Treg cells compared to
healthy  individuals  (reviewed  in  [10]).  Defects  in  the  capacity  of  Teff  cells  to  be
controlled by Tregs have also been found in the context of autoimmune diseases [10].
The fact that pro-inflammatory cytokines like IL-21 and IL-6 render Teff cells insensitive
to the suppressive function of Treg cells offers a better understanding about how the
latter  can take place [10].  Collectively,  these findings suggest  that  Treg malfunction
might be a factor promoting the development or chronicity of autoimmune diseases.
Therefore, approaches able to expand Tregs and/or skew the pro-inflammatory profile
of Teff cells in autoimmune diseases have therapeutic potential.

Anergy
T cells are activated when their  T-cell  receptors (TCR) recognize antigenic peptides
presented by MHC molecules expressed on the surface of APCs. Secondary signals
like the one provided by CD28 expressed by T cells and B7.1 (CD80) or B7.2 (CD86)
expressed by APCs are essential  to  initiate  IL-2  production and  T-cell  proliferation.
Signalling  through  IL-2  receptor  can  fully  activate  the  phosphoinositide  3-kinases
(PI3K)/Akt- mechanistic target of rapamycin (mTOR) pathway. However, the activation
of T cells without second signals induces a state of “anergy” where these clones are not
able  to  respond  to  antigenic  stimulus  because  they  cannot  produce  IL-2.  Previous
studies  using  rapamycin,  an  inhibitor  of  mTOR  activity,  have  shown  that  such  a
blockade is enough to induce T-cell  anergy upon activation with anti-CD3 and anti-
CD28  [11].  Several  nutrient-sensing  and  energy  pathways  have  an  essential  role
regulating mTOR activation. For example, nutrient deprivation or activation of 5' AMP-
activated protein kinase (AMPK), a direct sensor of ATP deprivation and hypoxia have
negative effects  on mTOR activation [11].  Tregs are also able  to  induce a hypoxic
environment through their expression of both the 5′-ectonucleotidease CD73 and the
ATPase/ADPase CD39 [12, 13]. CD39 hydrolyzes ATP to ADP and AMP, and CD73
converts AMP into adenosine (Figure 1). In addition, cytotoxic T lymphocyte-associated
molecule-4 (CTLA4), which is expressed constitutively by Tregs, is able to block CD28-
dependent T-cell activation [14]. Tregs might then be able to regulate T-cell activation
by  promoting  anergy  through  the  induction  of  a  hypoxic  environment  and  CD28
inhibition (Figure 1). 

Apoptosis
Apoptotic cell death is another important regulatory mechanism operating in the thymus
and periphery to delete self-reactive T cells. During the development of T cells in the
thymus, clones bearing autoreactive TCRs are eliminated by apoptosis in a process
known as negative selection.  However,  T cells  with  potential  autoreactive receptors
escape to the periphery where these clones should be kept  in check by regulatory
mechanisms such as: Tregs, anergy or deletion. In the periphery, activated immune
cells  express  death  receptors  belonging  to  the  tumor  necrosis  factor  (TNF)  family
making them susceptible to apoptosis. This homeostatic mechanism guarantees that all
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components  of  the  immune response  are  under  a  strict  control  through  activation-
induced cell death (AICD) [15]. Death receptors of the TNF family are key players that
dictate the lifespan of cells and limit the expansion of activated clones through AICD
[16]. Within this family, Fas/Fas-ligand (FasL) is one of the main receptor- ligand pair
involved in immune homeostasis [17]. The activation of Fas induces the formation of an
intracellular  “death-inducing  signalling  complex”  (DISC)  which  is  able  to  active
Caspase-8 and other effector caspases that promote apoptosis. T-cell helper 2 (Th2)
cells,  Tregs  and  memory  T  cells  are  less  susceptible  than  Th1  cells  to  apoptosis
mediated  by  Fas,  allowing  the  polarization  of  the  immune  response  to  protective
responses (Th2/Treg) in the periphery [18, 19]. Moreover, by inducing IL-2 deprivation
and secreting perforins and granzymes, Tregs at the site of inflammation might increase
the susceptibility of Teff cells and other cells like B cells and monocytes to cell death
(Figure 1) [20, 21].

Tolerogenic APC
Peripheral dendritic cells (DCs) are key players in the induction of immune responses,
but also control the induction and maintenance of tolerance [22]. The potential of DCs
to induce inflammatory or tolerogenic responses depends on their maturation status.
Mature DCs expressing high levels of class II and costimulatory molecules promote an
inflammatory response. In contrast, immature DCs expressing low expression of these
molecules  induce  T-cell  tolerance  through  different  mechanisms  such  as:  anergy,
apoptosis of the specific clones or the development of induced Tregs (iTregs) [reviewed
in  23].  In  addition to  these mechanisms other  molecules and factors  expressed by
tolerogenic DCs help to promote tolerance, including (PD-L1, PD-L2, galectin-1, IL-10,
TGF-β, indoleamine 2,3-dioxygenase (IDO), among others) [reviewed in 24]. 
Several  compounds have been used to generate and enhance  in  vitro and ex vivo
tolerogenic DCs, like: rapamycin, corticosteroids, IL-10 and TGFβ1 [25].  Tolerogenic
DCs  induced  ex  vivo have  shown  potential  to  control  disease  development  in
experimental animal models of autoimmunity [reviewed in 26]. 
Treg  cells  can  also  modulate  the  maturation  status  of  APCs.  For  example,  IL-10-
producing Treg cells suppress the maturation of DCs [27]. Lymphocyte activation gene
3 (LAG-3) is another molecule expressed by Tregs that could affect APC function. This
is a CD4 homolog with a high affinity for MHC class II molecules. The binding of LAG3
to MHC class II induces an inhibitory signalling pathway which leads to the inhibition of
APC maturation [28] (Figure 1).

Rheumatoid Arthritis

RA is a chronic inflammatory disease characterized by synovial hyperplasia and joint
inflammation which leads to cartilage and bone destruction. The disease develops in
individuals  with  a  middle  age  but  might  appear  also  during  childhood or  in  elderly
people [29]. 
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The  human  leukocyte  antigen  (HLA)-DRB1  gene  has  been  associated  with  the
susceptibility  of  this  disease, especially  with  the shared epitope (SE) coding alleles
(HLA-DRB1*0401, *0404, *0405, *0408, *0101, *0102, *1402 and *1001). The SE is a
five amino acid sequence motif found in residues 70–74 of the HLA-DRβ chain that
encodes a conserved positively charged residue at position 71 [30]. The mechanism
underlying the SE-RA association is unclear. Some hypotheses postulate the specific
presentation  of  arthritogenic  antigens  [31],  or  the  T-cell  repertoire  selection  [32].
However,  it  should  be  pointed  out  that  data  supporting  antigen-  specific  T-cell
responses as the earliest event in this disease are not conclusive. However, despite the
main  role  of  genetic  factors  in  the  susceptibility  of  RA,  the  concordance  rate  in
monozygotic twins is just 15% [33].  Thus, although the susceptibility of this disease
appears to be determined genetically, the onset might depend on other factors such as
environmental, epigenetic or posttranslational events [34].
As  expected  by  the  strong  association  of  HLA-DRB1  and  RA,  CD4+  T  cells  are
enriched in synovia of these patients and seem to play a critical role in the perpetuation
of inflammation [reviewed in 35]. Th17 cells, a CD4+ T cell subset that produces IL-17,
21,  22  and TNF-α,  have  been in  the centre  of  the  attention  in  recent  years.  IL-17
causes significant bone and cartilage damage in the joint through neutrophil influx via
IL-8  secretion.  Furthermore,  IL-17  synergizes  with  IL-1β  and  TNF-α  promoting  the
secretion  of  metalloproteinases  and  osteoclast  activation  [36].  Emerging  data  have
suggested that active RA might result from an imbalance between defective Tregs and
pro-inflammatory  Th17  cells  [37-39].  However,  the  mechanisms  governing  such
imbalance that could contribute to RA chronicity have remained unclear. 

Treatment
The current goal in RA treatment is the early and aggressive intervention to achieve
clinical  remission  or  a  sustained  low  disease  activity  in  patients.  Most  therapies
approved by the Food and Drug Administration (FDA) for RA work through the inhibition
of the global inflammatory activity in patients. Early introduction of disease-modifying
anti-rheumatic  drugs  (DMARDs)  such  as:  methotrexate  (MTX),  azathioprine,
leflunomide,  sulfasalazine  and  antimalarial  drugs  like  chloroquine  and
hydroxychloroquine help to decrease the progression of the disease and joint erosion.
For patients not responding to DMARDs, biological therapy is an alternative. Targets for
biological  therapy  include:  cell  surface  molecules,  cytokines  or  their  receptors  and
adhesion or costimulation molecules involved in activation or effector mechanisms of
the immune system [40]. Specifically, the FDA has approved for the treatment of RA
several inhibitors of TNF-α, rituximab which targets the B-cell specific CD20 antigen,
the T-cell costimulation inhibitor (abatacept), IL-6 receptor inhibitor (tocilizumab) and an
antagonist of the IL-1 receptor (anakinra) (Figure 2). More recently, tofacitinib, a drug of
the janus kinase (JAK) inhibitor class has been approved by the FDA for the treatment
of RA in the United States and other countries. The JAK family consists of four types:
JAK1, JAK2, JAK3 and TyK2. Specifically, JAK3 is the only member interacting with just
one cytokine receptor (the common gamma chain). JAK3 is essentially involved in T
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and natural killer (NK)-cell development, B-cell function and proliferation [41]. Tofacitinib
is one of the first JAK inhibitors tested that interacts with JAK1 and JAK3. 

Figure  2.  Biological  therapies  approved  for  RA.  Biological  treatments  in  RA target  cytokines  and  pro-
inflammatory cells reducing the inflammation of the joints. Intracellular janus kinase (JAK) signalling pathway
is required for a cellular response to cytokine stimulus. Tofacitinib is able to inhibit cytokine signalling by
inhibiting JAKs. Abbreviations: CD, cluster of differentiation; APC, antigen presenting cell; IL, interleukin; TNF-
α, tumor necrosis factor alpha.

TNF-α  has  been  shown  to  be  the  master  element  of  inflammation  in  RA  [42].
Consequently,  the  blockade  of  this  cytokine  has  emerged  as  the  main  tool  for  its
treatment.  Although  the  exact  mechanism  underlying  clinical  effects  of  anti-TNF-α
therapy in patients is not completely understood it is apparent that it can have an effect
on other pathways associated with immune tolerance [43]. For instance, it has been
reported that the treatment with infliximab increases the percentage of CD4+CD25+
Tregs  in  RA patients  who  responded  to  therapy  [44].  Further  studies  showed  that
infliximab  induced  a  distinct  Treg  population  in  vitro that  could  compensate  the
compromised  Tregs  detected  in  RA [45].  In  spite  of  excellent  results  in  patients
responding to these therapies,  only partial  responses have been achieved with this
treatment and a continuous treatment is required. Furthermore, the treatment has an
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increased  susceptibility  to  serious  adverse  effects  including:  infectious  diseases,
malignancies and demyelination [46].  It  also appears  that  blocking this  cytokine for
longer periods might increase the development of multiple sclerosis and SLE [47, 48].
Antigen-specific therapy is an attractive strategy to overcome the limitations of a broad
immune suppressive therapy like  anti-TNF-α drugs. Indeed, antigen-specific  therapy
has  shown  efficacy  in  animal  models  of  autoimmunity  without  general
immunosuppression [49]. However, the careful selection of peptides for antigen-specific
therapy  is  a  critical  aspect.  Heat  Shock  Proteins  (HSPs)  appear  to  be  suitable
candidates, because they are present at higher densities at sites of inflammation and
immunological responses to them seem to be dominant [50-52]. In preclinical and initial
clinical trials, HSP-derived peptides were able to activate Tregs or induce a protective
polarization  of  the  immune response  that  control  inflammation  without  serious  side
effects [53].

Diabetes mellitus type 1

Pancreatic β cells producing insulin are the targets for antigen-specific T cells in T1D.
Gepts et al. first identified inflammatory infiltrates in pancreatic islets (‘insulitis’) which
since then constitute the hallmark of T1D [54]. Ongoing inflammation decreases and
functionally  suppresses  the  insulin-producing  β-cell  population  which  affects  the
absorption of glucose from blood to tissues. Thus, patients require a sustained blood
sugar  monitoring  and  the  lifelong  administration  of  insulin.  Epidemiologic  studies
suggest that the incidence of this disease is rising [55]. The updated estimates of the
incidence  (20.04  per  100,000  per  year)  and  prevalent  cases  (129,350)  of  T1D  in
children 0–14 years old in Europe for 2013 [56] show a rising trend of 3–4% per annum
during the past 20 years [57]. The highest rates of diabetes in childhood within Europe
were found in Scandinavia and north-west  Europe. According to recent reports,  the
incidence of the disease in children aged 0-14 years varies from 57.4 cases/100,000
per year in Finland to 3.9/100,000 in Macedonia [56]. 
About 40 different loci have been identified to affect T1D susceptibility [58]. The HLA
region  on  chromosome 6,  and  in  particular  the  HLA class  II,  shows  the  strongest
association with the disease [59]. HLA-DRB1*0401-DQB1*0302 and HLA-DRB1*0301-
DQB1*0201  have  been  associated  with  T1D  susceptibility  whereas  the  haplotypes
HLA-DRB1*1501 and HLA-DQA1*0102-DQB1*0602 confer resistance [59]. HLA class I
molecules also seem to influence the risk for the disease but independently of class II
molecules  [60].  However,  most  people  bearing  the  haplotypes  associated  with  the
greatest susceptibility do not develop the disease. In addition, despite the finding of
islet-specific T cells in the blood of healthy individuals, these cells were found to secrete
IL-10  instead  of  interferon  gamma  (IFN-γ)  [61,  62].  These  results  indicate  that
regulatory mechanisms should fail to develop T1D. Indeed, there is evidence supporting
that regulation is impaired in this disease, where patients seem to have a decreased
Treg suppressive functionality compared to non-diabetic controls [63].
The  exact  mechanism by  which  β  cells  are  destroyed  in  the  pancreas  is  not  fully
understood but the interaction of genetic and environmental factors in individuals with
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defective regulatory mechanisms predisposes to develop the disease [reviewed in 64].
CD4+ and CD8+ T cells infiltrate the pancreatic islets and are considered to be the final
executors of the destruction of insulin-producing β cells. Both cell types can induce the
death  of  pancreatic  β  cells.  However,  as  β  cells  only  express  HLA class  I,  direct
cytotoxicity  can  be  only  mediated  by  CD8+ T cells  able  to  recognize  appropriated
peptides displayed on β-cell  class I  molecules. CD8+ T cells are able to kill  β cells
through different mechanisms including: granzyme B and perforins, pro-inflammatory
cytokines and/or Fas/FasL interactions [64].

Non-obese diabetic mouse model
Non-obese diabetic (NOD) mice is one of the most commonly used rodent models for
T1D.  These  mice  develop  diabetes  by  an  autoimmune  disease  similar  to  humans,
including the MHC susceptibility (reviewed in [65]). In addition, NOD mice share some
of the susceptibility genes of the human disease like IL-2, insulin and CTLA4 [64, 65].
They also develop cellular and humoral immune responses against antigens found in
T1D patients [66].  NOD mice develop insulitis by the age of 3 weeks proceeding to
diabetes spontaneously between 12-30 weeks of age. The incidence of diabetes in the
NOD mouse is 60-80% in females whereas only 20-30% in males. It has been shown
that  both  CD4+ and  CD8+ T cells  are  required  to  develop  diabetes.  Diabetogenic
clones, which are clones able of inducing or accelerating the progression to diabetes
after adoptive transfer in NOD or NOD-scid recipients, have been reported for both T-
cell subsets. 
Three diabetogenic CD8+ T-cell clones from pre-diabetic mice and specific for insulin B
15-23, islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP206-
214) and dystrophia myotonica kinase (DMK) 138-146 have been described.  These
clones are also termed as clones G9C8, 8.3, and AI4, respectively. Transgenic T-cell
lines expressing the relevant receptors of these clones have been used for assessing
the role of CD8+ T cells in the disease. For example, adoptive transfer studies have
shown that clones G9C8 and 8.3 play an essential and early role in the progression to
diabetes in NOD mice [reviewed in 67]. The CD8+ T-cell epitope which is recognized by
the G9C8 clone overlaps with residues 9-23 of the insulin B chain described also as the
target of a highly diabetogenic CD4+ T-cell clone [68]. 
The diabetogenic CD4+ T-cell clone, BDC2.5, is able to recognize a posttranslationally
modified peptide of chromogranin A, a protein expressed by insulin-producing β cells
[69,  70].  The adoptive transfer of CD4+ T cells from BDC2.5 TCR transgenic NOD
(BDC2.5-NOD) mouse to NOD or NOD-scid mice provokes hyperglycemia, insulitis and
a high incidence of diabetes within only 2 weeks after T-cell transfer [71]. Diabetes can
be promoted in NOD or NOD-scid mice even quicker after adoptive transfer of polarized
Th1 or Th17 cells from BDC2.5-NOD mice [72]. IFN-γ appears to be essential for CD4+
T-cell mediated progression to diabetes in NOD mice, because its blockade abrogated
disease  development  driven  by  the  adoptive  transfer  of  Th1  or  Th17  differentiated
BDC2.5 T cells [72]. Interestingly, insulitis in most BDC2.5-NOD mice never progresses
to  diabetes,  a  fact  that  has  been  explained  due  to  the  presence  of  T  cells  with
regulatory properties. In line with this, the ablation of Treg cells in BCD2.5-NOD mice
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provoked almost 100% penetrance of the disease [73, 74]. These results confirmed the
essential role of Treg cells preventing progression to diabetes in this animal model. In
addition, other  studies have shown that development of the disease in NOD mice is
related to reduced numbers and defective function of Tregs in the inflamed islets. The
reason for that appears to be defects in IL-2 produced by Teff cells [75-77]. In line with
this theory, IL-2 administration at the time of onset expands and activates Tregs that
can prevent disease development [78]. Finally, adoptive transfer of Tregs protects from
the disease whereas their depletion or deficient activity provokes a more aggressive
disease [79-81].

Treatment
No  drugs  have  been  approved  to  halt  the  autoimmune  process  that  causes  the
destruction of β cells in T1D. The disease has been more resistant that expected to
therapeutic strategies perhaps due to a persistent immunological memory together with
a failure to effectively reduce pathogenic responses [82]. Past years have witnessed a
growing interest in T1D reversal. The main goals are the induction of tolerance to β
cells and maintaining the production of the C-peptide (the ability to retain residual β-cell
function).  Different  approaches  to  treat  T1D  have  been  tested  so  far  (blockade  of
costimulatory  signals  or  pro-inflammatory  cytokines,  induction  of  antigen-specific
tolerance and boosting of  Treg cells,  among others)  (reviewed in  [83]).  One of  the
therapeutic approaches showing promise in T1D is the use of  anti-CD3 monoclonal
antibodies  which  have  been  shown  to  interfere  antigen-specific  T-cell  activation.
However, after promising clinical trials (phase 1 and 2) in T1D patients with a recent
onset, telixizumab and teplizumab fail to meet primary endpoints in phase 3 trials [84,
85]. Although some drugs have shown some efficacy in phase 2 trials in the context of
patients  with  a  recent  onset,  they  fail  to  show  long-lasting  effects,  even  with  a
continuous treatment. For example, despite sustained intravenous administration for 2
years of the fusion protein CTLA4-Ig (abatacept), the treatment preserved stimulated C-
peptide  concentration  for  only  9  months  [86].  CTLA4-Ig  blocks  T-cell  activation  by
preventing interaction with the costimulatory molecule CD28. However, as memory and
CD8+ T cells are not as dependent as naïve CD4+ T cells on costimulation mediated by
CD28, its blockade using CTLA4-Ig is not enough to prevent autoimmunity. Thus, it is
likely that a combination of strategies targeting different activation pathways could have
a better impact reversing the disease and with long-lasting effects [87]. 
PI3Ks group a family of enzymes with the ability to control essential functions for cells
like: proliferation, differentiation, growth, survival and intracellular trafficking [reviewed in
88]. One explored approach in the context of autoimmune diseases is their inhibition
using small chemical inhibitors.

PI3K  signalling  pathway  as  a  target  for  the  treatment  of  autoimmune
conditions

Class I PI3Ks have been divided into the class IA and class IB PI3Ks. The class IA are
heterodimeric enzymes that contain a regulatory subunit (p85α, p85β or p55γ) and a
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catalytic subunit (p110α, p110β or p110δ) which are activated by antigen, cytokine and
costimulatory receptors [88]. In contrast, the class IB PI3Ks are activated by G-protein-
coupled receptors (GPCRs), such as the chemokine receptors, and contain only one
catalytic  subunit  (p110γ)  and  one  regulatory  subunit  (p101).  p110δ and  p110γ are
mainly expressed by leukocytes, while all cell types express p110α and p110β subunits
[88]. The class I PI3Ks catalyse the final step to phosphatidylinositol 3,4,5-trisphosphate
(PI3,4,5P3) by phosphorylating PI4,5P2. PI3,4,5P3 acts as a second messenger by
binding  to  the  pleckstrin-homology  domains  (PH  domains)  of  several  intracellular
enzymes.  One  of  the  most  important  enzymes  activated  by  PI3,4,5P3  is  the
serine/threonine kinase Akt, which in turn is able to activate mTOR. Akt phosphorylates
FOXO proteins leading to their exclusion from the nucleus and sequestration into the
cytoplasm, where they have no access to their target genes, such as Foxp3 [89]. Thus,
PI3K signalling pathway affects Foxp3 expression and Treg development in the thymus
(Figure 3). 

Figure 3. PI3K activation and signalling in T cells. Class IA PI3Ks are activated through receptor tyrosine
kinases while class IB (p110γ) is activated by G-protein-coupled receptors (GPCRs). The function of class I
PI3Ks is to convert PI4,5P2 to PI3,4,5P3. PI3,4,5P3 activates Akt, which in turn leads to activation of mTOR
and inhibition of FOXO affecting Foxp3 expression and Treg development. Activation of the PI3K/Akt/mTOR
pathway promotes the differentiation, survival, cell-cycle entry and growth of T cells. Akt can also activate NF-
kB  signalling  pathway.  PTEN  and  SHIP1  are  able  to  modulate  survival  and  cell  cycle  progression  by
dephosphorylating  PI3,4,5P3.  Abbreviations:  Ag,  Antigen;  GPCR,  G-protein-coupled  receptors;  PI4,5P2,
phosphatidylinositol 4,5-diphosphate; PI3,4,5, phosphatidylinositol 3,4,5-trisphosphate; PTEN, phosphatase
and tensin homolog; SHIP1, SH2 domain–containing inositol phosphatase; FOXO, forkhead box O; Treg,
regulatory T cells; mTOR, mechanistic target of rapamycin; IKK, IκB kinase; NFκB, nuclear factor kappa-light-
chain-enhancer of activated B cells.
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Naïve cells  and Tregs primarily  rely  on a fatty acid oxidation displaying low mTOR
activity, whereas Teff cells mostly depend on aerobic glycolysis along with high glucose
uptake, also known as the Warburg effect, having high mTOR activity [90]. Interestingly,
the activation of mTOR by the PI3K-Akt signalling pathway affects the expression of
Foxp3 and other Treg associated molecules, while its inhibition using rapamycin or in
response to limited essential amino acid availability promotes Foxp3 expression and
the  differentiation  of  iTregs  [91-93].  Furthermore,  different  studies  indicate  that
hyperactivation  of  the  PI3K/Akt  pathway  makes  Teff  cells  resistant  to  suppression
mediated by Tregs [94, 95]. In particular, Teff cells from JIA patients were found to be
resistant  to Treg-suppression due to Akt  hyperactivation [96].  Thus, there is a good
reason to  believe that  inhibition of  the PI3K axis  may provide a new treatment  for
autoimmune conditions. 
Of the four class I PI3K subunits, p110δ is highly expressed in leukocytes and is the
main  isoform  triggering  antigen-specific  immune  responses  [97,  98].  Therefore,  its
inhibition should provide therapeutic benefit  with reduced organ toxicity.  The genetic
inhibition of p110δ in mice lead to impaired B-cell development and function [99-101],
reduced primary and secondary T-cell–dependent immune responses [102, 103], failure
of naive Th cells to differentiate [104], and altered antigen-induced trafficking of T cells
[105]  among others.  Genetic  or  pharmacologic  inhibition of  p110δ using the small-
molecule inhibitor IC87114 (IC) reduced disease severity in preclinical rodent models of
RA [106], asthma [103] and allergy [107]. Together, these results suggest that small
molecule inhibitors against p110δ could be used to relieve immune mediated diseases.
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Outline and aim of this thesis

Restoring Teff/Treg cell  homeostasis remains an exciting and novel challenge in the
treatment of autoimmune diseases like RA and T1D. The anti-inflammatory effects of
stress proteins have been reported extensively and in several experimental models of
autoimmune diseases administration of stress proteins proved to be beneficial. The aim
of  this  thesis  was  to  evaluate  the  potential  of  a  peptide  derived  from  HSP-60  to
modulate the Teff/Treg balance in the context of RA. In addition, we explored the effect
of the pharmacological inhibition of p110δ alone or in combination with abatacept to
restore such a balance in the context of T1D.
In chapter 2, we provide an overview of the mechanisms that control self-tolerance in
the  immune  system  with  a  special  emphasis  on  Tregs.  We  also  discuss  the
potentialities  and  pitfalls  of  antigen-specific  therapies  in  the  treatment  of  chronic
inflammatory diseases and the rationale of HSP as targets for this approach.
In chapter 3, we explore regulatory mechanisms induced by a HSP-60 derived peptide
in peripheral blood mononuclear cells (PBMCs) of RA patients. We examine the ability
of this peptide to expand CD4+CD25high  Foxp3+ Tregs and to control activated CD4+
Teff cells by inducing apoptosis.
In  chapter 4,  we study the effect  of the HSP-60 derived peptide on activation and
function of  highly  purified CD4+CD25highCD127- Tregs and CD4+CD25-CD127+ Teff
cells from PBMCs of RA patients. Furthermore, we examine the suppressive capacity of
Tregs  induced  by  this  peptide  on  proliferation  of  CD4+  Teff  cells  using  co-culture
experiments.
In chapter 5, we use the small molecule inhibitor IC either alone or in combination to
abatacept, to inhibit signalling via p110δ, CD28 or both and investigate whether such a
combination could limit the development of autoimmune diabetes in the NOD mouse
model. We also study the effect of such inhibition on proliferation and production of
cytokines by diabetogenic Teff and Treg cells from NOD mice.
Finally, in chapter 6 the data presented in this thesis are summarized and discussed in
the context of the use of antigen-specific therapies for restoring tolerance mechanisms
in autoimmune diseases.
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Abstract

The  critical  causative  factor  of  chronic  inflammatory  diseases  such  as  rheumatoid
arthritis (RA) is the faulty regulation of self-tolerance. Despite good results in patients
that  do respond to potent  immunosuppressive therapies,  in  most  of  the cases only
partial  responses  are  achieved  leaving  them  unduly  susceptible  to  risks,  such  as
infections.  More  importantly,  immunosuppressive  measures  do  not  alter  the  basic
condition,  so that disease returns when therapy is halted. Antigen-specific therapies
may represent a better and more physiological approach for manipulating the immune
response  avoiding  the  generalized  immune  suppression  in  patients  and  possibly
leading  to  a  state  of  permanent  disease  remission.  The  selection  of  auto-antigens
without necessarily being the initiator of disease and with the ability to induce regulatory
T cells is crucial for the development of antigen-specific therapies. Heat Shock Proteins
(HSPs)  are  up-regulated  during  inflammation  and  HSP-responses  are  immuno-
dominant. HSP-derived peptides have proved to be able to produce a shift from a pro-
inflammatory to a tolerogenic phenotype in pathogenic T cells and endogenous HSP
have been shown to act  as targets for  anti-inflammatory Tregs that  control  disease
without general immune suppression.
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Introduction

The development of autoimmune diseases reflects a loss of tolerance for self- antigens
in the immune system. This process involves genetic predisposition and environmental
factors that alter its fine balance towards autoreactivity [1]. The exact aetiology of these
diseases  remains  to  be  fully  elucidated.  However,  significant  advances  have  been
made in the study of the cellular mechanisms involved in pathogenesis, which is now
accepted to be characterized by the concerted action of different cells. Although the
relative importance of different cell subsets early in these diseases is still debated, there
is  ample  evidence  showing  that  antigen  recognition  by  autoreactive  T  cells  in
genetically  susceptible  individuals  with  deficient  regulatory  mechanisms  trigger  a
complex network of events that leads to tissue damage [1]. Several suppressive drugs
target different steps in this process, but since they affect the normal function of the
immune  system  there  is  a  good  reason  for  the  development  of  new  approaches.
Antigen-specific therapies represent, at least in theory, a better way for regulating the
immune system by avoiding the generalized immune suppression in patients. In this
article, we provide an overview of the mechanisms that  control  self-tolerance in the
immune system with a special emphasis on regulatory T cells (Tregs). The role of CD4+
T cells  and pro-inflammatory  cytokines in  the pathogenesis  of  chronic  inflammatory
diseases is presented considering the case of  rheumatoid arthritis  (RA).  Finally,  we
discuss the potentialities and pitfalls of antigen-specific therapies in the treatment of
chronic inflammatory diseases and the rationale of heat shock proteins as targets for
this approach.

Mechanisms of immune tolerance

Immune  tolerance  comprises  a  range  of  physiological  mechanisms  (central  and
peripheral)  by  which  the  immune  system  ensures  a  non-responsiveness  to  self-
components  and  avoids  excessive  responses  to  foreign  antigens  thereby  limiting
collateral tissue damage [2]. Since the breakdown of immune tolerance can lead to a
variety of autoimmune or allergic diseases, there has been intense research into the
mechanisms that control this process. Central tolerance involves a complex process
whereby antigen-specific  T cells  are  eliminated in  the thymus if  they express high-
affinity receptors for self-components. This process is dependent on the autoimmune
regulator Aire, a transcription factor that promotes ectopic expression of tissue specific
antigens  on  medullary  thymic  epithelial  cells  [3].  T  cells  that  express  low-affinity
receptors for self-components escape negative selection,  and join the mature T-cell
repertoire. Some T cells with potentially autoreactive receptors also escape negative
selection. In the periphery, autoreactive T-cell clones are kept in check by regulatory
mechanisms  which  involve  their  attenuation  or  deletion  and/or  the  expansion  and
activation  of  Tregs  [4].  In  particular,  Tregs  have  received  a  considerable  attention
because they have shown potential in suppressing pathological immune responses in
autoimmune diseases [1, 2].
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Suppressive Mechanisms of Tregs
Two main subsets of Treg cells have been described depending on their origin: natural
occurring or thymus-derived Treg cells and induced or peripherally-derived Treg cells.
Recently, the use of thymus and peripherally-derived Tregs has been recommended
because  these  terms  offer  information  regarding  the  anatomical  location  of  their
differentiation  [5].  Thymus-derived  Tregs  are  generated  as  a  consequence  of  high-
avidity interactions (but below the threshold required to induce apoptosis) between their
T-cell  receptor (TCR) and major histocompatibility complex (MHC) molecules on the
surface of stromal cells [6]. TCR stimulation with relatively higher intensities induces
forkhead  box  protein  P3  (FoxP3)  expression,  a  transcription  factor  that  plays  an
important role in Treg cell development and function [7]. However, its expression is not
sufficient for conferring and maintaining the function and phenotype of Tregs. It  has
been  proposed  that  Treg-cell-specific  epigenetic  changes  are  also  critical  in  this
process,  which  appears  to  depend  on  the  duration  of  TCR  stimulation  [8].  TCR
stimulation  for  an  appropriate  length  of  time  produces  the  characteristic  DNA
hypomethylation pattern of  the FoxP3 region in Tregs.  A plausible model  has been
proposed where FoxP3+epigenome+ T cells are driven into a stable Treg cell lineage,
whereas FoxP3+ epigenome- T cells are unstable and might lose FoxP3 expression [8].
FoxP3 has been considered the most reliable phenotypic marker of  thymus-derived
Tregs [7]. In addition, they constitutively express the high affinity IL-2Ra chain (CD25),
cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) and glucocorticoid-induced TNF
receptor-related protein (GITR), among others. However, none of them seems to be an
exclusive marker of Tregs since other subsets of T cells can express these molecules in
some conditions [9]. Low level expression of CD127 (IL-7R) has been also proposed as
a Treg marker which correlates with FoxP3 expression and their suppressive capacity
[10]. In order to become suppressive, Tregs need to be first activated via TCR in an
antigen-specific fashion. However,  once activated,  Tregs can also suppress immune
responses of T cells with other specificities and antigen presenting cells (APC) in a
process known as ‘bystander suppression’ [11]. Immunosuppressive effects of Tregs
include both contact-dependent mechanisms through CTLA-4 signalling in T cells and
APC  as  well  as  contact-independent  mechanisms  through  secretion  of  regulatory
cytokines such as interleukin (IL)-10,  tumour growth factor  beta (TGF-β) and IL-35.
Preferential  engagement  of  CTLA-4  with  CD80/CD86,  instead  of  CD28,  provides  a
negative proliferative signal in effector T cells [12]. CTLA-4 expressed on Tregs may
signal  dendritic  cells  to  produce  high  levels  of  the  enzyme  indoleamine  2,3-
dioxygenase, which causes the degradation of tryptophan, an essential amino acid for T
cell proliferation [13], and consequentially inhibits their proliferation. In addition, Tregs
can also down-regulate the expression of costimulatory molecules on APC enabling the
inhibition of antigen presentation to effector T cells thereby generating tolerance [14].
Direct killing of conventional T and B cells, monocytes, and dendritic cells by human
Tregs  has  also  been  reported  [15,  16].  IL-2  plays  a  critical  role  in  survival  and
maintenance of nTregs in the periphery. Although Tregs express constitutively the chain
of the IL-2 receptor, the synthesis of this cytokine is barely detectable in Tregs which
therefore depend on exogenous IL-2 for their survival [7]. Based on this, it is proposed
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that IL-2 consumption by Tregs is one immunosuppressive mechanism of these cells
through which they can deprive peripheral conventional T cells from this cytokine [17].
More recently, a non-cell-autonomous gene silencing mechanism as a potential mode
of  Treg-cell-mediated  suppression  has  been  described,  via  microRNAs  (miRNAs)-
containing exosomes. Tregs seem able to package and deliver different proteins and
RNA  species  (including  miRNA)  to  various  immune  cells,  including  Th1  cells,
suppressing their  proliferation and cytokine secretion [18].  It  has been reported that
thymus-derived Tregs can transfer  suppressive properties to conventional  T cells  in
culture  by  contact-independent  mechanisms  mediated  by  IL-10  and  TGF-β.  This
process, which is known as infectious tolerance, leads to the generation of peripherally-
derived Tregs [19]. These cells could be also generated at peripheral compartments
from conventional T cells under very specific conditions of antigen exposure. Just like
their  natural  counterparts,  peripherally-derived  Tregs  have  immunosuppressive
properties  and  fulfil  their  function  through  mechanisms  involving  the  secretion  of
cytokines  and  cell-cell  contact  [20].  It  is  possible  to  discern  the  existence  of  two
subpopulations of adaptive Tregs: Tr1 cells that mainly produce IL-10 and Th3 cells
producing  TGF-β.  These  cells  are  essential  for  maintaining  homeostasis  in  the
gastrointestinal tract [20].

Pathogenesis of rheumatoid arthritis

In  individuals  genetically  susceptible  to  autoimmunity,  one  or  several  regulatory
mechanisms are defective, resulting in the expansion and migration of autoreactive T
cells to their targeted tissue where uncontrolled inflammation leads to tissue damage.
Among  autoimmune  diseases,  RA  is  most  prevalent,  affecting  1%  of  the  world
population [21].  This  is  a chronic and destructive disease characterized by synovial
hyperplasia  and  joint  inflammation  which  lead  to  cartilage  and  bone  destruction.
However, systemic features, including cardiovascular, pulmonary, and skeletal disorders
are commonly present [22].

Role of CD4+ T Cells
The central role of CD4+ T cells in RA pathogenesis comes from the demonstration that
the strongest genetic risk for RA is conferred by the HLA locus [23].  RA-associated
HLA-DR4/1 molecules which contain  a common amino acid  motif  (QKRAA) termed
shared epitope, confer disease susceptibility by presenting different antigenic peptides
to CD4+ T cells [24]. The hypothesis argues that CD4+ T cells may be stimulated by an
autoantigen  (specific  to  the  joints  or  ubiquitous),  or  by  a  highly  conserved  foreign
protein cross-reacting with its human homolog, or by a neo-antigen expressed as a
result of posttranslational events. A number of possible antigens have been identified,
including collagen type II, human cartilage glycoprotein 39 (gp39), heat shock proteins
(HSP),  and  citrullinated  proteins  [25].  Antigen-activated  CD4+  T  cells  stimulate
macrophages and synovial fibroblasts to produce IL-1, IL-6, tumour necrosis factor α
(TNF-α)  and  matrix-degrading  metalloproteinases,  which  are  major  players  of  joint
destruction in RA [22, 26]. Activated CD4+ T cells also stimulate B cells to produce
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immunoglobulins,  including rheumatoid factor and anti-citrullinated protein antibodies
(ACPA). The role of ACPA in RA pathogenesis remains unclear but their presence is
strongly associated with strong genetic risk factors for RA such as: HLA-DRB1 shared
epitope and PTPN22 and with one of the main environmental factors: smoking [27].
These autoantibodies which are highly specific for RA serve as a powerful serologic
marker  for  early  diagnosis  of  RA,  as  a  prognostic  predictor  of  more  severe  joint
destruction  and  poor  response  to  therapy  [28].  B  cells  can  also  act  as  APCs  and
secrete  pro-inflammatory  cytokines  (including  TNF-α)  [29].  Although  RA has  been
considered as a disease mediated by type 1 helper T cells (Th1) producing interferon
gamma (IFN-γ), attention has increasingly focused on the role of type 17 helper T cells
(Th17),  a CD4+ T cell  subset that produces IL-17, 21, 22 and TNF-α [30, 31].  Pro-
inflammatory cytokines such as: IL-1, IL-6, IL-21 and IL-23 as well as tumour growth
factor  beta  (TGF-β)  produced  by  macrophages  and  dendritic  cells  support  Th17
differentiation and suppress Treg differentiation  [32].  Moreover,  Tregs  fail  to  control
disease due to defective function which seems to be secondary to the inflammatory
environment of the synovia [33, 34]. It has been shown that Tregs from RA patients are
unable to inhibit the secretion of pro-inflammatory cytokines such as IFN-γ and TNF-α
even though they are competent at suppressing the proliferation of autologous CD4+
CD25-  T  cells  [35,  36].  Altogether,  it  seems  that  the  predominance  of  pathogenic
effector T cells in the presence of impaired T-cell regulatory mechanisms contribute to
the chronicity of inflammation in RA.

Role  of  Synovial  Cells  and  Pro-Inflammatory  Cytokines  in  Cartilage
Damage and Bone Destruction
RA  synovial  fibroblasts  (also  termed  fibroblast-like  synoviocytes  or  type  B
synoviocytes), together with synovial macrophages, are the two leading cell types in the
intima  layer  of  synovia  that  invades  and  degrades  cartilage  and  bone.  Synovial
fibroblasts normally regulate the composition of the synovial fluid and the extracellular
matrix assuring the integrity of diarthrodial joints. However, in RA these cells assume an
aggressive phenotype characterized not only by high levels of inflammatory cytokines
but also by the loss of contact inhibition like in tumours, the expression of chemokines
and adhesion molecules becoming a prominent component of the destructive pannus
[37]. It seems clear that RA synovial fibroblasts not only act as passive responders to
the inflammatory process initiated by CD4+ T cells, but also contain intrinsic alterations
that convert them into destructive cells that play a leading role [37]. Pro-inflammatory
cytokines produced by synovial fibroblasts, macrophages and immune cells also affect
the  normal  behaviour  of  other  synovial  cells  such  as:  osteoblast,  osteoclast  and
chondrocytes.  Osteoclasts  are  specialized  cells  arising  from  cells  of  monocyte-
macrophage lineage that secrete proteinases and create a local acidic environment that
mediates  bone  destruction  [38].  On  the  other  hand,  osteoblasts  arise  from
mesenchymal stem cells with the capacity to produce and mineralize bone matrix [39].
Interactions between receptor activator of the nuclear factor kappa B (RANK) and its
ligand (RANKL) are essential in osteoclastogenesis. Osteoblast-derived RANKL plays
important role in generating osteoclasts in physiological conditions but the pathogenic
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role in RA is played mainly by immune cells and synovial fibroblast- derived RANKL. IL-
1, IL-6, IL-17 and TNF-α stimulate the expression of RANKL on synovial fibroblasts and
immune cells, enhancing RANK signalling between those cells and osteoclasts, which
promote the activation of pathogenic osteoclasts [38, 39]. These cytokines may also
play an important role in suppressing the functional capacity of osteoblasts to produce
bone and to repair erosions [38]. Thus, pro-inflammatory cytokines inhibit regeneration
of  bones  mediated  by  osteoblasts  but  stimulate  its  degradation  by  osteoclasts
contributing to the degeneration of bone tissue. On the other hand, under the influence
of  IL-1,  IL-17  and  reactive  nitrogen  intermediates,  the  cartilage  is  progressively
deprived of chondrocytes by apoptosis which in physiological conditions regulate matrix
formation and cleavage [22]. By inducing chemokine production, IL-17 indirectly attracts
numerous effector T cells, B cells, monocytes, and neutrophils to the inflamed joint [40].
On the other hand, IL-6 drives local T and B cell activation and autoantibody production
[41].  Thus,  this  cytokine  may  contribute  to  the  induction  and  chronicity  of  the
autoimmune process through B-cell modulation and Th17 differentiation. Furthermore,
IL-6 mediates systemic effects that promote acute phase responses, anaemia and lipid-
metabolism dysregulation, among others [22]. Cytokine inhibitors against TNF-α [42],
IL-1 and IL-6,  a B cell  depleting agent and a costimulation blocker [43]  have been
approved by the FDA for the treatment of RA. Despite excellent results in the patient
group that does respond to these treatments in most of the cases only partial responses
are achieved and a continuous treatment is required [44]. None of these treatments
restore immune tolerance to the extent of sustained remission after therapy withdrawal.
Therefore, the next challenge is to maintain disease remission with a minimal-treatment
regimen.  The development of  drugs with a safer profile  aimed at  restoring immune
tolerance mechanisms using antigen-specific therapies is a current focus of research. 

The  rationale  of  antigen-specific  therapies  for  restoring  tolerance
mechanisms

In theory, antigen-specific therapies are a better approach for manipulating the immune
response avoiding the generalized immune suppression in patients  and providing a
long-lasting effect. The overall goal of antigen-specific tolerance is to present known
autoantigens to the immune system in a way that they can elicit a regulatory response.
In practical terms, an antigen introduced by oral route or in a soluble form tends to
diminish rather than potentiate immune responses to the antigen. In fact, the nasal or
oral  administration  of  a  pathogenic  self-antigen  typically  found  at  the  site  of
inflammation  leads  to  considerable  reduction  of  the  severity  of  symptoms  in  many
experimental models of autoimmune diseases [45-48]. This phenomenon is mediated
by  both  the  neutralization  of  antigen-specific  T  cells  and  the  induction  of  TGF-β-
secreting Th3 cells or IL-10- secreting Tr1 cells [49-51]. The activation of Tregs through
the  mucosal  route  is  related  to  the  presence  of  specialized  APCs  with  tolerogenic
properties  in  the  gastrointestinal  tract  [52].  The  mucosally  induced  antigen-specific
Tregs are thought to migrate to the site of inflammation as their  cognate antigen is
expressed  there.  Apart  from  a  proper  routing  of  administration,  another  aspect  to
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consider is that peptides should be administrated at the lowest dosage still producing a
significant biological effect, so as to facilitate the expansion of specific T cells with a
regulatory phenotype while minimizing the chances of cross- activate pathogenic T-cell
clones. However, the optimal dosage has been difficult to translate from animal models
to humans.
Antigen-specific Tregs have demonstrated higher potential  than polyclonal expanded
Tregs to treat autoimmune diseases [53]. One of the best examples is in the non-obese
diabetic  (NOD)  mouse  model  where  Tregs  expressing  a  TCR specific  for  an  islet
antigen  (BDC2.5)  were  more  effective  compared  to  polyclonal  Tregs  in  controlling
diabetes  [54,  55].  However,  one  of  the  main  questions  is  how  to  exploit  a  single
antigenic  specificity  for  control  of  autoimmunity  which  involves  many  distinct  self-
antigens.  Results  from animal  models  have  shown that  induction  of  tolerance  to  a
single  self-antigen  can  efficiently  prevent  a  polyclonal  T-cell  response  due  to
mechanisms of  bystander suppression.  Bystander suppression was demonstrated in
the  previous mentioned  work  when BDC2.5 Tregs were  able  of  controlling disease
induced by splenic polyclonal T cells transferred into diabetic mice. The fact that the
suppressive function of  antigen-specific  Tregs is  not  restricted to  a  single  antigenic
specificity raises hope concerning the efficacy of this alternative in clinical settings. In
addition,  the  induction  of  new  suppressor  cells  by  infectious  tolerance  could  be
important  for  achieving  long-term  suppression,  which  makes  antigen-specific  Tregs
excellent targets for therapy in autoimmune diseases. Immune tolerization trials in RA
were initially focused on presumed triggers of the disease, such as peptides derived
from  collagen  and  gp39  [56,  57].  However,  several  trials  using  these  antigens
administered by the oral route in patients with RA and juvenile idiopathic arthritis (JIA)
were unable to sort a clinical effect, although the treatments were well tolerated and
safe [58, 59]. Likewise, the administration of glutamic acid decarboxylase or insulin, the
major targets of immune adaptive response in type 1 diabetes, are effectively treating
diabetes in NOD mice but so far failed to prevent or reverse the disease in humans [1].
These results  led to rethink the use of  presumed inducer self-antigens as potential
therapeutic  targets.  Indeed,  in  humans  when  the  autoimmune  disease  becomes
clinically evident, the response has expanded beyond the original inducers, affecting
additional self-antigens in a process known as ‘epitope spreading’ [60]. Through this
mechanism, the disorder may fall into a self-perpetuating cycle where the identity of the
original  trigger  could  be  irrelevant  for  clinical  practice.  Therefore,  antigen-specific
therapies  should  be  focused  on  antigens  playing  a  role  in  disease
perpetuation/modulation.  It  should  be  emphasized that  effective immune tolerization
requires the induction of Tregs capable of bystander suppression. Thus, such antigens
need to bind to disease-associated HLA molecules and should activate antigen-specific
Tregs  in  order  to  be  able  to  suppress  pathogenic  responses to  their  cognate  self-
antigen and other relevant antigens present at the site of inflammation. Ideally, antigens
are needed to be up-regulated in the inflammatory process itself and in this way, once
tolerance has been established, Tregs will not be activated thereby reducing immune
suppression  when  not  required.  In  general,  antigen-specific  therapies  should  be
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administrated to patients where the onset of autoimmune disorder is still recent, in an
attempt to intervene before the reactivity to self-antigens had become widespread.

Heat Shock Proteins as Targets for Antigen-Specific Therapies

Heat  Shock  Proteins  (HSPs)  could  be  a  source  of  those  antigens.  HSPs  are
intracellular molecular chaperones which are important for cell survival under stressful
conditions [61]. The family consists of several families of molecules (HSP10, 40, 60, 70,
90, and 100) known for their strong evolutionary conservation, which results in a high
level  of  homology  between  bacterial  and  mammalian  HSPs.  Under  inflammatory
conditions they are up-regulated in response to several mediators, like reactive oxygen
species (ROS), TNF-α, IL-1 and 6. In fact, HSPs are abundantly present in synovial
fluid and tissue of patients with RA, JIA or other arthritic autoimmune diseases [62-64].
Due to  the high  homology  among species,  microbial  HSP-specific  responses could
cross-react  with  self-HSP which in  theory could  increase  the risk  for  autoimmunity.
However,  in  various  cases,  such  responses were  seen  to  correlate  with  a  disease
remitting course of  events [65,  66].  In this way,  HSPs may well  be involved with a
protective regulation of the inflammation. In fact, HSP-specific Tregs are involved in the
regulatory response in self-limiting conditions; however, this mechanism is impaired in
autoimmunity [67].  Thus,  peptides aimed at  restoring HSP-specific  Tregs responses
could result beneficially in dampening inflammation. A protective role in experimental
arthritis models has been demonstrated for numerous members of the HSP family. Self-
cross-reactive responses have been reported to be important for the protective effect of
peptides in this setting [62]. A simplified schematic representation of how priming with
microbial  HSP  peptide  may  lead  to  induction  of  a  self-HSP  cross-  reactive  and
protective T cell response is given in Figure 1. 
A conserved mycobacterial HSP70-epitope called B29 has its mammalian homologs
abundantly present in murine and human MHC class II. The administration of B29 elicits
potent primary antigen-specific Tregs that suppress disease in a mouse model of RA
[68].  Moreover,  the Treg population  specific  for  B29  was long  lived  in  vivo and its
presence suppressed established disease in mice. These results suggest that HSP70-
specific Tregs can have a great potential for antigen-specific immune interventions.
A similar mode of action may have been present in the case of  dnaJP1, a peptide
derived from bacterial HSP40 administered by the oral route in RA patients [69]. This
peptide is similar to the corresponding peptide of its human homologue and contains
the QKRAA motif associated with RA. A pilot Phase I trial with this peptide, recruiting 15
RA patients for a 6- month long treatment, found that the peptide was able to shift the
pro-inflammatory  phenotype  of  peptide-  specific  T cells  to  a  regulatory  phenotype,
increasing the production of anti-inflammatory cytokines such as IL-4 and IL-10 while
decreasing the levels of TNF-α and IFN-γ [69]. The placebo-controlled pilot phase II trial
involving  160  patients  with  active  RA showed  that  the  treatment  was  safe,  well
tolerated,  and reduced the levels of TNF-α [70].  A progressive separation in clinical
responses between the treatment and placebo group was achieved after an induction
period which is consistent with an active tolerization. In this study, a positive clinical
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response was found to be associated with  the expression of  PD-1,  B7-H1, B7-DC,
CTLA-4 and FoxP3 prior to treatment initiation. These data suggested that pre-existent
mechanisms associated with T cell  tolerance and anergy may be needed to induce
clinically effective tolerization. 

Figure 1: A Mycobacterium tuberculosis HSP (Mt-HSP) specific T cell response is induced by immunization
with mycobacteria or Mt-HSP peptides. The resulting T cell responses include Treg. Upon cell stress in the
tissues (such as in synovial tissues during the inflammation of the synovium during arthritis) the mammalian
homologs of the conserved microbial HSP sequences are preferentially up-loaded in MHCII molecules of cells
in the inflamed tissues. Upon cross-recognition of the self-homologs, Treg will  produce anti-inflammatory
cytokines such as IL-10, which down-regulate the production of mediators by both Th1 (inflammatory) and
Th2 (allergy promoting) cells. Within the red square the crucial cross-recognition of self-HSP by the microbial
HSP specific Treg is depicted.

DiaPep277, a 24-amino acid peptide derived from the 437–460 sequence of the human
HSP60, was first discovered to arrest the progression of β-cell destruction in NOD mice
[71].  Additional  studies  demonstrated  that  DiaPep277  also  activated  Tregs  by
interacting with their Toll-like receptor 2 [72]. The treatment of newly diagnosed diabetic
patients with DiaPep277 was well tolerated, preserved the function of pancreatic cells
and  decreased  the  demand  for  exogenous  insulin  when  compared  to  the  placebo
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groups  in  clinical  trials  phase  I  and  II  [73].  It  seems  that  early  treatment  with
DiaPep277® is promising in adults but it is not known whether continued treatment will
have a beneficial effect preserving β-cell function in a long term. A clinical trial phase III
was  conducted  to  evaluate  the  safety  and  efficacy  of  DiaPep277  in  preserving
endogenous production of insulin in newly diagnosed type 1 diabetic adult patients [74,
75]. However, these papers were recently retracted due to a scientific misconduct in the
analysis of the results. A confirmatory phase III trial is ongoing now in diabetic patients.
Results from clinical trials performed in patients with RA and type 1 diabetes mellitus
show  that  HSP-derived  peptides  can  be  used  to  produce  a  phenotypic  pro-
inflammatory  to  a  tolerogenic  shift  in  pathogenic  T-cell  clones  which  could  provide
clinical benefits to patients without the need for general immunosuppression. However,
there is  not  conclusive data  about  the possibility  of  inducing long-lasting regulatory
effects. On the other hand, clinical efficacy has been less than expected and seems to
be associated to some immunological/genetic factors yet not fully characterized. Thus,
there is a real need of increasing the efficacy of antigen-specific therapies in clinical
autoimmune diseases. 
It has been proposed that the peptide used for an antigen-specific therapy should mimic
the naturally  processed epitope as close as possible,  since altered peptide ligands
(APLs) may behave unpredictably [76]. However, there are some situations in which the
efficacy of soluble peptide therapy can be improved by making some changes in the
peptide sequence.

Use of Altered Peptide Ligands in Preclinical and Clinical Settings
The  induction  of  antigen-specific  tolerance  has  been  attempted  by  using  antigenic
peptides whose primary sequences have been altered to affect either their affinity to
MHC class II  molecules or  to  the TCR.  There is  ample published evidence on the
capacity  of  APLs  to  modulate  the  immune  response  in  experimental  models  of
autoimmune disorders involving the induction of anergy or apoptosis of pathogenic T
cells  [77,  78]  and  bystander  suppression  through  the  induction  of  Tregs  secreting
suppressive  cytokines  [79,  80].  In  general,  APLs  have  outperformed  their  original
peptides during testing in animal models. Efforts to dissect the mechanism of action of
APLs have focused on the biochemical events leading to T-cell activation. Binding of
the MHC-APL complex to the target TCR may produce altered phosphorylation patterns
and modulate tyrosine kinase activity, thus generating changes in the response of these
cells [81]. In particular, it has been documented that improving the affinity of a peptide
for  a  MHC  molecule  creates  a  stronger  tolerogen  [76,  82].  For  instance,  a  major
encephalitogenic epitope of myelin basic protein (Ac1- 9) is poor at inducing tolerance
in  experimental  autoimmune  encephalomyelitis,  a  model  for  multiple  sclerosis,
compared to peptides with increased affinities for class II molecules in which position 4
was changed [83]. Another example is that of the immuno- dominant epitope of human
HSP60  (180-188),  used  by  Prakken  et  al.  to  design  an  APL that  produced,  upon
intranasal administration, a prophylactic and therapeutic effect vastly superior to that of
the native peptide in a model of adjuvant-induced arthritis. This APL bound the MHC of
rats  (RT1B1)  with  higher  affinity,  inducing  IL-10  Tr1  cells  that  controlled  disease
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progression [84]. Domínguez et al. used bioinformatics to select new T cell epitopes
from HSP60. The selected peptide was modified at position 4, a change that enabled its
presentation in the context of several MHC class II molecules related to RA [85, 86].
HLA-DR restriction assays confirmed the nature of this peptide as being an HLA-DR-
restricted CD4+ T-cell epitope [86]. Unlike its wild-type peptide, the APL was able to
expand  CD4+  T-cell  clones  with  a  regulatory  phenotype  in  BALB/c  mice  and  in
peripheral blood mononuclear cells (PBMC) from RA patients and had a potent clinical
and histopathological effect in one animal model of RA [85]. On the other hand, this APL
induced apoptosis of activated CD4+T cells from PBMC of RA patients whereas naïve
cells were not affected [86]. 
Despite excellent results in animal models, first clinical trials using two APLs derived
from the immuno-dominant HLA-DR2-restricted T-cell  epitope of myelin basic protein
(residues 83-99) in patients with multiple sclerosis were halted due to safety concerns
[87, 88]. Both studies were interrupted after the appearance of systemic hypersensitivity
reactions and the worsening of disease symptoms in some patients associated to high
doses of APL (50 mg) due to the expansion of T-cell  clones with a Th1 phenotype.
However, some improvement was observed in patients receiving the lower dose of APL
(5  mg).  As  discussed  before,  peptides  should  be  used  at  the  minimal  dosage  still
producing a biological effect in order to decrease the potential cross-activation of T-cell
clones with a Th1 phenotype.
One of the few drugs successful in the clinic so far is Copaxone®, classified as an APL
for its mechanism of action. This drug has been successfully used since the last decade
for  the  treatment  of  multiple  sclerosis.  Copaxone® is  a  random sequence  polymer
synthesized from the aminoacids L-Ala, L-Tyr, L-Lys and L-Glu, which can be presented
by  numerous  MHC class  II  molecules.  This  polymer  acts  as  an  antagonist  of  the
immuno-dominant  epitope  of  myelin  basic  protein  provoking  tolerogenic  effects  in
autoreactive T cells [89].  In general,  the excellent results obtained in animal models
using antigen-specific therapies for restoring immune tolerance have been difficult to
translate to humans. As antigen-specific therapy in humans occurs in the context of a
more  complex  environment  compared  with  laboratory  animals,  the  achievement  of
remission will  inevitably require the application of  several  complementing strategies.
The previous or concomitant inclusion of antigen-specific therapies within established
treatments using drugs or biologicals already approved is currently being examined with
promising results.

Combinatory therapy

As discussed above, a pro-inflammatory environment is one of the hallmarks of active
RA. Most studies indicate that Tregs in RA patients are not deficient, but rather that their
functionality  becomes  compromised  by  this  environment.  Immunosuppressive
therapies, such as TNF-α inhibitors or anti-CD3 therapy reduce signs and symptoms
but also create an environment favoring the development of Tregs [36, 90]. Thus, the
combination  of  immunosuppressive  treatments  with  antigen-specific  therapies  could
create a proper environment for the expansion of antigen-specific Tregs able to migrate
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to  the  target  tissue.  Such  was the  rationale  of  a  study  combining  the  induction  of
antigen-specific Tregs with anti-TNF-α drugs in a rat model of adjuvant-induced arthritis.
The nasal  administration of  the arthritogenic  HSP60 peptide (p180-188) or a single
dose of Etanercept® failed to produce a significant reduction of the clinical signs of the
disease. However,  a combined schedule consisting of  the administration of a single
dose of Etanercept® before the induction of mucosal tolerance with the HSP60 peptide,
led to a significant decrease in clinical and histopathological scores [91]. A shift in the
cytokine profile towards a regulatory phenotype was also observed in the combined
schedule. Noteworthy, the results of the therapeutic combination were similar to those
of a full  three-dose course of Etanercept®, implying that one potential benefit of the
combination could be a reduction in the number of doses of  anti-  cytokine therapy,
together with its associated side effects.
Another example is the combined therapy of anti- CD3 with disease-related peptides
which has been more effective than anti-CD3 or peptide alone in experimental models
of new onset diabetes [92, 93]. 
There is also clinical evidence suggesting that efficacy improves when the induction of
Tregs is combined with immunosuppressive treatments. In the clinical trial described
earlier where the dnaJP1 peptide was administered to RA patients, the clinical effect
was more noticeable in the group that also received hydroxychloroquine [70].

Conclusions

Significant  advances  have  been  made  in  the  treatment  of  chronic  inflammatory
diseases using DMARDs and biologics.  However,  in  most  of  the cases only  partial
responses are achieved,  treatments require  long-term continuation causing immune
suppression  in  patients  that  leads  to  complications.  Peptide  immunotherapy  with
bystander  antigens such as  HSPs shows promising results  in  experimental  models
through Treg induction, and results from clinical trials are currently emerging. However,
there is  not  conclusive data  about  the possibility  of  inducing long-lasting regulatory
effects. Ongoing clinical trials exploring such effects on newly diabetic patients using
DiaPep277 could  help  to  get  a  clearer  idea  about  this  issue.  However,  as antigen
therapy in humans occurs in the context of a more complex environment, it is likely that
the treatment of autoimmune diseases will require a combinatorial therapy to restore
long-term  tolerance  and  abrogate  disease.  Available  data  suggest  that  combining
antigen-specific therapies with systemic treatments may provide considerable clinical
benefits.  Such  combination  could  help  to  reduce  the  dose  of  anti-inflammatory
treatments and therefore side effects as well as provide long-lasting tolerogenic effects.
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Abstract

Rheumatoid arthritis (RA) is a chronic T-cell mediated autoimmune disease that affects
primarily  the  joints.  The  induction  of  immune  tolerance  through  antigen-specific
therapies for the blockade of pathogenic CD4+ T cells constitutes a current focus of
research.  In this focus, it  is  attempted to simultaneously activate multiple regulatory
mechanisms, such as: apoptosis and regulatory T cells (Tregs). APL-1 is an altered
peptide ligand derived from a novel CD4+T-cell epitope of human heat-shock protein of
60  kDa,  an  autoantigen  involved  in  the  pathogenesis  of  RA.  Previously,  we  have
reported that APL-1 induces CD4+CD25highFoxp3+ Tregs in several systems. Here, we
investigated the ability of APL-1 in inducing apoptosis in PBMCs from RA patients, who
were classified as active or inactive according to their DAS28 score. APL-1 decreased
the viability of PBMCs from active but not from inactive patients. DNA fragmentation
assays and typical  morphological  features clearly  demonstrated that  APL-1 induced
apoptosis in these cells. Activated CD4+CD25+ T cells but not resting CD4+CD25− T
cells were identified as targets of APL-1. Furthermore, CD4+ T-cell responses to APL-1
were found to be dependent on antigen presentation via the HLA-DR molecule. Thus,
APL-1 is a regulatory CD4+ T cell epitope which might modulate inflammatory immune
responses in PBMCs from RA patients by inducing CD4+CD25highFoxp3+ Tregs and
apoptosis in activated CD4+ T cells. These results support further investigation of this
candidate drug for the treatment of RA.
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1. Introduction

Rheumatoid arthritis (RA) is a T cell mediated autoimmune disease characterized by
systemic  inflammatory  episodes  that  target  the  synovial  membrane  and  have  a
relapsing–remitting course [1].  The central  role  of  CD4+T cells  in  RA pathogenesis
comes from the demonstration that the strongest genetic risk for RA is conferred by the
HLA locus [2].  RA-associated HLA-DR4/1 molecules confer disease susceptibility by
presenting  different  antigenic  peptides  to  CD4+  T  cells  [3,4].  In  addition,  earlier
observations have suggested that CD4+ T cells from peripheral blood are the dominant
population  infiltrating  the  synovial  joints  of  RA patients  [5],  where  they  initiate  and
maintain the activation of macrophages and synovial fibroblasts, transforming them into
tissue  destructive  effector  cells  [6].  Cytokines  and  other  mediators  produced  by
activated CD4+ T cells appear to be critically involved in the initiation and perpetuation
of  RA [7,8].  Historically,  RA was  thought  to  be  a  TH1  cell-associated  disorder  [9].
However, recent work has implicated a novel CD4+ effector cell subset, the TH17 cells,
in  the  development  of  RA because  of  the  ability  of  these  cells  to  produce  pro-
inflammatory cytokines such as: IL-17A and IL-21 [10].
To  date,  the  majority  of  RA-targeted  specific  therapies  approved  by  the  FDA have
focused on the global inhibition of immune inflammatory mechanisms. However, not all
patients respond to these therapies, and the benefits of this treatment are limited. In
addition, due to the fact that they induce a generalized and non-specific inhibition of
immune response, these drugs have considerable side effects.  One of  the goals of
ongoing research is the development of antigen-specific treatments aimed at inducing
peripheral  tolerance  which  is  essential  to  maintain  homeostasis  and  to  control
autoreactive T cells [11]. Antigen-specific therapies could avoid the generalized immune
suppression  in  patients  and  provide  a  long-lasting  effect.  The  identification  and
selection  of  autoantigens  playing  a  role  in  disease  perpetuation/modulation  without
necessarily  being  their  trigger,  are  crucial  for  this  approach.  Heat  Shock  Proteins
(HSPs) could be a source of such antigens. HSP-peptides are up regulated in all cells
during  inflammation  and  evoke  strong  inflammatory  responses  which  are
immunologically  relevant  in  autoimmune  diseases  [12–14].  Several  studies  have
reported that such responses correlate with the clinical activity of chronic inflammatory
diseases [15]. In experimental models, HSPs prevent or arrest inflammatory damage.
Furthermore, clinical trials in chronic inflammatory diseases have shown the capacity of
HSP-peptides  to  promote  the  production  of  anti-inflammatory  cytokines  and  Tregs
indicating their immunoregulatory potential [16–18]. However, due to the polymorphic
nature of MHC molecules in patients with the disease, the identification of epitopes that
have  the  potential  to  bind  to  diverse  range  of  MHC molecules  is  a  critical  issue.
Previously, a novel epitope of CD4+T cells located in the N-terminal region of human 60
kDa HSP (HSP60) was predicted using bioinformatics. An amino acid residue involved
in the interaction with HLA class II molecule was changed for increasing its affinity to
this molecule. This new peptide, called APL-1, behaves as an altered peptide ligand
(APL) because, contrary to the wild type peptide (E18-3), it induced an increment of
CD4+CD25high  Foxp3+ Tregs in PBMCs from RA patients and inhibited efficiently the
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course of arthritis in an animal model [19]. As have been previously reported, APLs can
modulate  the  response  of  pathogenic  T  cells  by  several  regulatory  mechanisms
including: bystander suppression through Treg induction, apoptosis, anergy, a shift in
the TH subset, or its combinations [20–23].
In this study, based on pleitropic effects of APLs, we explored the ability of APL-1 for
inducing apoptosis on PBMCs from RA patients. Specifically, within PBMCs we focused
on the effect of APL-1 on CD4+ T cells. To investigate whether responses to APL-1 are
dependent on the clinical activity of the disease, patients were previously classified as
active or inactive according to their DAS28 score.

2. Materials and methods

2.1. Peptides
APL-1 is a peptide derived from E18-3 [19] which is a potential CD4+ T-cell epitope
from human HSP60 predicted using the program ProPred. The complete sequence of
both peptides is shown below:

SIDLKDKKYKNIGAKLVQDVANNTNEEA (E18-3)
SIDLKDKKYKNIGAKLVQLVANNTNEEA (APL-1).

2.2. Patients and disease activity score assessment
Twenty-four  patients  diagnosed  with  RA according  to  the  criteria  of  the  American
College of Rheumatology/European League Against Rheumatism [24] were recruited at
the National Institute of Rheumatology, Havana, Cuba. Subjects with an average age of
54 years (range 35–77) with a female: male ratio of 3:1 and a mean duration of disease
of 12 years (range 2–24 years) were included in this study. All  patients were taking
steroidal anti-inflammatory drugs and methotrexate. Patients' samples were taken after
written informed consent which was approved by the Ethical Committees of the Center
for Genetic Engineering and Biotechnology and the National Institute of Rheumatology.
DAS28 was applied to assess the disease activity  of  RA patients [25].  DAS28 was
calculated for each patient based on the number of tender (0–28) and swollen joints (0–
28)  and  C-reactive  protein  (CRP)  levels.  Patients  who  had  a  2.6≤DAS28≤3.2  (low
disease activity) or a DAS28≤2.6 (remission) were considered as inactive for this study.
Patients who had a 3.2≤DAS28≤5.1 (moderate disease activity) or a higher score (high
disease activity) were considered as active.

2.3. Isolation of PBMCs from RA patients and MTS assays
Twenty milliliters of peripheral blood were obtained from each patient and diluted twice
in PBS. Three milliliters of Ficoll-Paque (Amershan) was added to 5 mL of diluted blood
and centrifuged in 15 mL tubes during 30 min at 1200 rpm. The mononuclear cells were
collected,  washed twice with 15 mL of  PBS and centrifuged at  900 rpm after each
washing step. Finally, the precipitate was resuspended in RPMI 1640 containing 10% of
bovine fetal serum supplemented with penicillin (100 U/mL), streptomycin (100 g/mL),
HEPES  25  mM/L and  L-glutamine  2  mM  (all  from  Gibco  BRL).  Cell  viability  was
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assessed  by  a  tetrazolium  compound,  [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]  (MTS),  assay kit  (Promega,
USA). PBMCs were plated at a density of 2x105 cells/well  in 200 μL of RPMI 1640
supplemented  with  10%  fetal  bovine  serum  and  100  U/mL  penicillin/streptomycin
(GIBCO BRL, Rockville, MD). Cells were treated by triplicate with APL-1 or E18-3 (10,
40 and 160 μg/mL) for 24 h in 96-well plates. Cells without peptide were considered as
control cells. Background control contained only culture medium without cells. At the
end of  the treatment,  40 μL of  MTS (Promega, USA) was added to each well  and
incubated for another 4 h. Absorbance at 492 nm was read on a Multiwell scanning
spectrophotometer (Sclavo, Siena, Italy). Control cells were considered as 100% of cell
viability. Results were expressed as a percentage (%) of the control cells.

2.4. Apoptosis assays

2.4.1. Transmission electron microscopy
Transmission  electron microscopy identifies  the various  morphological  changes that
occur during apoptosis [26]. 1×107 PBMCs were cultured for 24 h with or without APL-1
(40 μg/mL). Samples were fixed for 1 h at 4 °C in 1% (v/v) glutaraldehyde and 4% (v/v)
paraformaldehyde, rinsed in 0.1 M sodium cacodylate (pH 7.4), post-fixed for 1 h at 4
°C in 1% OsO4 and dehydrated in increasing concentrations of ethanol. The embedding
was done as previously described [27].  Briefly,  ultrathin sections (400–500 Å) made
with an ultramicrotome (NOVA, LKB),  were placed on 400 mesh grids,  stained with
saturated uranyl  acetate and lead citrate and examined with a JEOL/JEM 2000 EX
transmission electron microscope (JEOL, Japan).

2.4.2. Propidium iodide staining after methanol/acetone fixation
Apoptotic  nuclei  containing  subdiploid  DNA content  were  determined  by  propidium
iodide staining and flow cytometric analysis as described in [28]. Briefly, PBMCs were
cultured (1×106) in supplemented RPMI in 24-well plates and incubated for 72 h with or
without APL-1 (40 μg/mL). Cells were fixed with ice-cold methanol/acetone (4:1) and
stained by incubation with a solution containing 100 μg/mL propidium iodide (PI) and 50
μg/mL RNase  (both  provided  by  Sigma,  USA).  All  analyses  were  performed  on  a
FACScan flow cytometer (BD Biosciences, USA) by collecting a minimum of 20,000
events  and  analyzed  using  the  WinMDI  2.8  and  ModFit  3.0  software  packages.
Percentage of cells with subdiploid DNA content was counted in subG0/G1 region of PI
histogram.

2.4.3. Annexin V staining
PBMCs  were  plated  (1×106)  in  supplemented  RPMI  in  24-well  plates  and  were
incubated in the presence or absence of APL-1 for 24 h. Then, cells were stained using
anti-CD4-PE (e-Biosciences, USA) and anti-CD25− RPE-Cy5 Abs (Serotec, UK). Next,
cell pellets were washed in PBS and incubated with a FITC-conjugate Annexin V (e-
Biosciences, USA) for 15 min at room temperature. Finally, cell pellets were washed
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once in Annexin V buffer and directly analyzed by flow cytometry. All analyses were
performed  on  a  FACScan  flow  cytometer  (BD  Biosciences,  USA)  by  collecting  a
minimum of 20,000 events and analyzed using the WinMDI 2.8 and ModFit 3.0 software
packages.  CD4+  T  cells  were  gated  according  to  their  CD25  expression.  The
percentage of  Annexin  V+ cells  (apoptotic  cells)  was analyzed in  CD4+CD25+ and
CD4+CD25− gated cells.

2.5.  CD4+  CD25−  T  cell  isolation,  proliferation  and  HLA-DR restriction
assays
CD4+CD25−  T  cells  were  purified  from  the  PBMCs  of  RA  patients  using  the
CD4+CD25+  Regulatory  T  Cell  Isolation  Kit  (Miltenyi  Biotec)  according  to  the
manufacturer's instructions. In the first step, non-CD4+ cells were magnetically labeled
using a cocktail  of biotin conjugated monoclonal anti-human antibodies. These cells
were irradiated (3000 rad) and used as source of APCs in subsequent assays. In the
second step, unlabeled CD4+CD25− T cells were collected with a purity of 96%. For
proliferation assays, 1×105  CD4+CD25− T cells were stimulated with PHA (20 μg/mL,
Sigma) and were cultured by triplicate with and without APL-1 (40 μg/mL) and with and
without 2.5×105  APCs. In some cultures, an anti-HLA-DR mAb (L243) or a matching
isotype was added to the cultures (20 μg/mL). After 3 days, cells were incubated with
[3H] Thymidine (Perkin-Elmer) and incorporated radioactivity expressed in counts per
minute (cpm) was measured after  18 h by liquid  scintillation counting.  The induced
proliferation to PHA in the absence of APL-1 was set at 100%. Results were expressed
as the percentage of proliferation of CD4+ T cells.

2.6. Treg evaluation
PBMCs  were  plated  (1×106)  in  supplemented  RPMI  in  24-well  plates  and  were
incubated in the presence or absence of APL-1 for 24 h or 5 days. Afterwards, cells
were  stained  using  Human  Regulatory  T-cell  Staining  Kit  (e-Biosciences,  USA)
according  to  the  manufacturer's  instructions.  Cells  were  stained  with  anti-
CD4−FITC/anti-CD25−PE antibody cocktail and Foxp3 Ab as previously described in
[19]. Foxp3 expression was analyzed on CD4+CD25high gated T cells by a FACS Partec
Flow  cytometer  (Partec  GmbH)  using  the  Partec  Flomax  software.  Results  were
expressed as the percentage (%) of CD4+CD25highFoxp3+ T cells.

2.7. TLR2 and TLR4 assays using two human TLR reporting cell lines
HEK-Blue™-hTLR2 cells  and  HEK-Blue™-hTLR4  cells  (InvivoGen)  provide  a  rapid,
sensitive  and  reliable  method  to  screen  and  validate  TLR agonists  or  antagonists.
Stimulation with a TLR2 or TLR4 ligand activates NF-κB and AP-1 which induce the
production of secreted embryonic alkaline phosphatase (SEAP). Levels of SEAP were
determined with QUANTI-Blue™ (InvivoGen),  which is  a colorimetric  enzyme assay
developed to determine any alkaline phosphatase activity in a biological sample. HEK-
Blue™-hTLR2 cells and HEK-Blue™-hTLR4 cells were grown and cultured according to
the manufacturer's instructions. Briefly,  2.5×104  HEK-Blue™-hTLR2 cells or 1.25×104

HEK-Blue™-hTLR4 cells were cultured by triplicate with Milli-Q as negative control, or
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APL-1 at different concentrations (1, 10, 40, 80 μg/mL) for 20 h at 37 °C, 5% CO2. As
positive controls were used PAM3CSK4 (100 ng/mL) or LPS-EK ultrapure (10 ng/mL)
for TLR2 or TLR4 stimulation, respectively, both supplied by InvivoGen. Then, 180 μL of
QUANTI-Blue™ were added to 20 μL of supernatants and incubated for 1 h. The levels
of  alkaline  phosphatase  were  determined  quantitatively  using  a  microplate  reader
(Biorad) at 650nm. Relative NFκB activation was defined as DO of cells stimulated with
APL-1 or positive controls divided by DO of cells stimulated only with Milli-Q.

2.8 Statistical analysis

All  data  analyses  were  performed  using  GraphPad  Prism  version  5.00  (GraphPad
Software, San Diego California, USA). Samples were examined for normality and equal
variance  with  Kolmogorov–Smirnov  and  Bartlett's  tests,  respectively.  Results  were
expressed as mean ± standard deviation (SD) and differences were analyzed with Two-
way ANOVA and Bonferroni's post-test or Kruskal Wallis and Dunn's posttest. P≤0.05
was considered statistically significant.

3. Results

3.1.  APL-1  decreases  viability  of  PBMCs  from  active  RA patients  by
inducing apoptosis

First, we explored whether APL-1 could affect the viability of PBMCs from RA patients.
To investigate whether responses to APL-1 are dependent on the clinical activity of
patients,  twelve  RA patients  were classified as  active and the  twelve  remaining  as
inactive based on the DAS28 score. As shown in Fig. 1A, APL-1 significantly reduced
cell  viability in active RA-samples when compared to inactive samples after 24 h of
culture. In contrast, we did not observe that APL-1 treatment decreased the cell viability
of inactive RA samples at any of the concentrations tested, suggesting that responses
to APL-1 are dependent on the clinical activity of the disease. In support of this theory,
Fig. 1B shows the effect of APL-1 on PBMCs from a single patient (P1), whose blood
samples were taken at the two clinical stages of the disease. As shown in this figure,
the cytotoxic response of APL-1 on PBMCs from this patient was only detected when
P1 had active disease but not when disease was inactive. The effect of E18-3 on RA
samples was also examined at 24 h of exposure. As shown in Fig. 1C no significant
differences were found in the effect of this peptide on cell viability in active RA samples
when compared to inactive samples.
To investigate whether the decrease in cell viability induced by APL-1 could involve an
apoptotic  response  to  this  peptide,  three  active  RA  samples  were  studied  by
transmission  electron  microscopy.  Typical  morphological  features  of  apoptosis  were
found  in  these  samples  after  24  h  of  APL-1  exposure  (Fig.  2B–H).  The  earliest
characteristic change in apoptosis occurs in the nucleus with chromatin condensation
and margination.  Apoptotic  nuclei  characterized  by  this  morphological  change were
abundantly found in APL-1-treated cells (Fig. 2B). In addition, several features of late

51



T cell targeted interventions in experimental autoimmunity

apoptotic cells, such as nuclear fragmentation and apoptotic bodies were also observed
(Fig. 2B–G). No signs of necrosis were detected in these samples at this time of culture.
Fragmentation  of  genomic  DNA,  a  late  event  and  hallmark  of  apoptosis,  was  also
examined in RA samples after 72 h of APL-1 exposure.  As shown in Fig. 3,  APL-1
induced a dependent concentration increment of cells with subdiploid DNA content (M1)
in active but not in inactive RA samples, which is indicative of apoptosis.

Fig 1. Effect of APL-1 and E18-3 on cell viability of PBMCs from RA patients. PBMCs from RA patients were
treated with APL-1 or E18-3 (10, 40, 160 μg/mL) during 24 h and cell viability was subsequently analyzed
using the MTS assay. (A) APL-1 decreased viability of PBMCs from active RA patients at 24 h but it did not
affect  the  viability  of  inactive  RA-samples  (n  =  12  for  each  group;  **,  p≤0.001;  Two-way  ANOVA and
Bonferroni post-test; active vs. inactive RA patients). (B) Cytotoxic response of APL-1 on PBMCs was only
detected when a patient (P1) was active but not in the inactive clinical stage (**, p≤0.001, Kruskal Wallis and
Dunn's post-test, control cells vs APL1). (C) No significant differences were found in the effect of E18-3 on
cell  viability in active RA samples when compared to inactive samples (n = 12 for each group; Two-way
ANOVA and Bonferroni post-test; active vs. inactive RA patients). These experiments were performed once
(in triplicates) for each patient. Values indicate cell viability as percentage of control cells as mean ± SD.
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Fig.  2.  Transmission  electron  microscopy  analysis  of  PBMCs  from  active  RA patients  following  APL-1
exposure. (A) Untreated cells and APL-1-treated cells (B–G) at 40 μg/mL for 24 h. In APL-1-treated cells from
active RA patients morphological changes due to apoptosis were abundantly found, for instances: nuclear
fragmentation (NF); chromatin condensation and margination (CC) and apoptotic bodies (AB). (Bar = 1 μm in
A, B; 0.5 μm in C, D (inset: 0.2 μm), E, F, G). Data are summarized from 3 active RA patients.

Fig. 3. Effect of APL-1 on DNA fragmentation in PBMCs from RA patients. PBMCs from active or inactive RA
patients were incubated with APL-1 (10 μg/mL or 40 μg/mL) at 72 h and the SubG0/G1 phase was analyzed
after PI staining. APL-1 induces the fragmentation of genomic DNA, which is the hallmark of apoptosis, in
active but not in inactive RA samples. One representative experiment of each group is shown. Cells with
subdiploid content of DNA (M1) are indicated as the mean ± SD (n = 3 in each group).
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3.2. APL-1 selectively induces apoptosis on activated CD4+CD25+ T cells 
from active RA patients

The specific  population undergoing cell  death  within  PBMCs from RA patients  was
examined. First, we focused on the effect of APL-1 on CD4+ T cells. To perform this
analysis three active and three inactive RA patients with similar ages and onset ages
(42 years ±5.3; 35 years ± 3.6) were selected because it has been published that these
parameters can influence the activation status of CD4+ T cells [29]. 
A trend of increased proportion of basally activated CD4+CD25+ cells was found in
peripheral  blood  from  active  RA patients  compared  with  inactive  patients.  APL-1
decreased the percentage of CD4+ T cells expressing the CD25 activation marker in
active patients close to basal levels of inactive patients at 24 h of culture (Fig. 4A). 

Fig. 4. Apoptotic effect of APL-1 on CD4+ T-cell subsets from RA patients. PBMCs from active or inactive RA
patients were incubated with APL-1 (40 μg/mL) for 24 h. (A) APL-1 reduced the percentage of CD4+ CD25+
cells from active RA patients close to the basal levels of inactive patients at 24 h (n = 3 in each group, Kruskal
Wallis and Dunn post-test). (B) CD4+CD25+ or CD4+CD25− T-cell subsets were gated and examined for
apoptosis by Annexin V staining. APL-1 induces apoptosis preferentially of activated CD4+CD25+ T cells from
active but not from resting CD4+CD25− T cells or inactive RA samples at 24 h (n = 5 in each group; * p≤0.05,
Kruskal Wallis and Dunn post-test).

54

CD4+CD25+   CD4+CD25-      CD4+CD25+         CD4+CD25-

Active patients                           Inactive patients

c-
APL1 (40 μg/mL)

CD4

6.2%                       20.1%                   7.3%                      14.0%                           

25.8%                       47.8%                  25.7%                      53.0%                           
Active              Inactive           

Control cells            APL1 (40 μg/mL) Control cells
APL1 (40 μg/mL)

A

B



APL1 derived from hHSP-60, selectively induces apoptosis in activated CD4+CD25+ T cells from peripheral 
blood of RA patients

Moreover, activated CD4+CD25+ T cells had early apoptotic markers at this time of
culture  (Fig.  4B).  However,  this  effect  of  APL-1  was  not  detected  in  resting
CD4+CD25−T cells from active RA patients or in cells from inactive RA samples. Thus,
APL-1 specifically induces apoptosis in activated CD4+ CD25+ T cells from active RA
patients.

3.3.  APL-1  induces  CD4+CD25highFoxp3+  Tregs  independently  of  RA
clinical stage

Taking into consideration that the CD4+CD25+ subset includes regulatory T cells, we
verified the effect of APL-1 on the frequency of this sub-population at 24 h of exposure
to  this  peptide.  No  difference  in  expression  of  CD4+CD25highFoxp3+  Tregs  was
observed in APL-1-treated cells compared with control cells at this time-point (data not
shown).  We  previously  reported  that  APL-1  induced  CD4+CD25highFoxp3+  Tregs  in
PBMCs from RA patients at  5 days of  culture  [19].  Here,  we explored whether  the
induction of Tregs by APL-1 at 5 days of culture could be dependent on the clinical
stage of patients. APL-1 increased the frequency of Tregs in both groups of RA patients
compared with  control  cells  (Fig.  5).  Since no significant  differences were detected
between these two groups, we concluded that APL-1 increases the frequency of Tregs
irrespective to the clinical stage of patients.

Fig. 5. Effect of APL-1 in the frequency of CD4+CD25high Foxp3+ Tregs from RA patients. PBMCs from active
or inactive RA patients were incubated with APL-1 (40 μg/mL) for 5 days. CD4+CD25high cells were gated and
analyzed for Foxp3 expression. A significant increment of CD4+CD25highFoxp3+ Tregs was observed in APL-
1-treated cells irrespective to the clinical stage of patients (n = 8 in each group of patients; ** p = 0.0097; * p =
0.04; Two-way ANOVA and Bonferroni post-test).
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Cell surface receptors as toll like receptors (TLRs) could be upregulated in patients with
active disease compared with patients with inactive disease. In particular,  TLR2 and
TLR4 have both been reported to interact with mammalian heat-shock proteins [30].
Numerous reports suggested that activation of these TLRs could enhance Treg function
[30,31]. To test whether APL-1 could trigger TLR2 or TLR4 signaling pathways, we used
two  HEK  293  engineered  cell  lines:  HEK-Blue™  hTLR2  and  HEK-Blue™  hTLR4.
However,  as it  is  shown in  Fig.  6,  APL-1 was not  able to  stimulate TLR2 or TLR4
pathways at any of the concentrations tested. Thus, it seems unlikely that APL-1 could
have any biological effect on PBMCs from RA patients through TLR2 or TLR4 signaling
pathways.

Fig. 6. Effect of APL-1 on TLR2 and TLR4 signaling pathways. HEK-BlueTM hTLR4 and HEK-BlueTM hTLR2
reporting cell  lines were cultured for 20 h with APL-1 (1, 10, 40, 80 μg/mL),  Milli-Q as negative control,
PAM3CSK4  or  LPS-EK as  positive  controls  for  TLR2  or  TLR4  stimulation,  respectively.  Data  represent
relative NFkB activation in (A) TLR2 transduced cell line and (B) TLR4 transduced cell line. APL-1 did not
stimulate TLR2 or TLR4 signaling pathways at any of the concentrations tested. Shown is one out of two
independent experiments performed.
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3.4.  CD4+ T− cell responses to APL-1 are HLA-DR restricted

As only CD4+CD25+ T cells from active RA patients were identified as targets of APL-1,
we hypothesized that this peptide could require an inflammatory context for exerting its
regulatory effect on these cells. To test this hypothesis, CD4+CD25−T cells from RA
patients were isolated by MACS and stimulated with PHA for 72 h. These cells were
cultured with and without irradiated PBMCs as APCs. APL-1 was able to decrease the
proliferation induced by PHA but only when APCs were present. Moreover, the anti-
proliferative effect of APL-1 on CD4+ T cells was completely abrogated by a neutralizing
mAb against HLA-DR molecules whereas a matching isotype had not such an effect
(Fig. 7). Thus, APL-1 requires antigen presentation through the HLA-DR molecule for
decreasing the proliferation of CD4+ T cells, confirming this peptide being an HLA-DR-
restricted CD4+T-cell epitope. Furthermore, these results affirm that CD4+T cells from
RA patients activated within an inflammatory context are targets of APL-1. 

Fig.  7.  Effect  of  APL-1  on  proliferation  of  CD4+  T  cells  from  RA patients  is  dependent  on  antigenic
presentation trough HLA-DR molecules. CD4+CD25− T cells from PBMCs of RA patients were activated
using PHA (20 μg/mL) and cultured for 72 h with APL-1 (40 μg/mL) in the presence or absence of APCs. An
anti-HLA-DR mAb (L243) or a matching isotype was added to some cultures. Proliferation was assessed by
[3H]  thymidine  incorporation  pulsed  on  day  3  and  harvested  18  h  later.  Shown  is  the  percentage  of
proliferation of CD4+ T cells with respect to cells cultured without APL-1 stimulation (set at 100%) in two RA
patients.
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Then, potential binding motifs (cores) of APL-1 and E18-3 and their affinities to HLA
class II alleles associated with RA (DRB1*0101, DRB1*0102, DRB1*0401, DRB1*0404,
DRB1*0405,  DRB1*0408)  were  predicted  using  NetMHCIIpan  algorithm,  one  of  the
best MHC binding predictors available [32,33]. According to predictions, APL-1 contains
two major potential overlapping epitopes (Table 1). A notable observation is that the
replacement  of  residue  Asp-18  in  E18-3  with  a  Leu  increases  the  affinity  of  both
epitopes for all DR molecules included in the study. The first core (YKNIGAKLV) having
an identical sequence in both peptides is predicted to have different affinities for HLA-
DR  molecules.  Even,  APL-1  is  expected  to  bind  to  DRB1*0404  and  DRB1*0408
molecules, but E18-3 not.  The second core region (LVQLVANNT) contains itself  the
amino acid replacement, which highly increase the affinity of APL-1 to all HLA class II
molecules compared to E18-3. Of note, this core region in E18-3 is expected to bind
only to HLA-DRB1*0102 and *0401 molecules. Thus, bioinformatics data suggests that
APL-1 could bind to more HLA class II molecules related to RA and with higher affinity
than E18-3, suggesting this peptide could be recognized by most patients.

4. Discussion

T cells are assumed to play a considerable role in the pathogenesis of RA, therefore
specific  therapeutic  protocols  have  been  developed  to  target  these  cells  [34,35].
However,  so  far,  no  clinical  benefits  have  been  obtained  in  humans  due  to  the
preferential elimination of non-pathogenic rather than pathogenic T cells, providing an
impetus for development of new approaches [35]. 
Antigen-specific immunomodulation provides a tool for inducing peripheral tolerance to
pathogenic  T-cell  clones  which  involves  the  simultaneous  activation  of  multiple
regulatory  mechanisms,  such  as:  apoptosis,  anergy  and  bystander  suppression
mediated  by  Tregs.  Previous  studies  have  suggested  HSP60  as  a  candidate  for
antigen-specific immunotherapy in various human autoimmune diseases, including RA
[16–18]. 
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E18-3
KDKYKNIGAKLVQDV            YKNIGAKLV                    9.76                        5.69                414.96             678.67            317.96           582.54           
GAKLVQDVANNTNEE           LVQDVANNT                   670                        138.1               321.96           1083.26            894.74         1861.96

APL-1
KDKYKNIGAKLVQLV           YKNIGAKLV                     5.98                       3.38                  295.68            421.63              224.9           403.02         
GAKLVQLVANNTNEE          LVQLVANNT                    7.44                       2.2                    155.46            102.28               88.33          402.86

Table 1

Binding predictions of E18-3 and APL-1 peptides to HLA-DR molecules associated with RA using NetMHCIIpan server.

Epitopes                          Core                      Aff. (nm)         Aff. (nm)          Aff. (nm)        Aff.(nm)       Aff.(nm)       Aff.(nm)  
DRB1*0101 DRB1*0102 DRB1*0404DRB1*0401  DRB1*0405 DRB1*0408

Aff: predicted IC50 binding affinity.
Peptide binders classified using an IC50 threshold value of 500 nM are highlighted in bold. Lower numbers indicate increased affinity.
Residue Leu-18 (equivalent to Asp-18 in E18-3) peptide is marked in bold.
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We  have  identified  E18-3  as  a  novel  T-cell  epitope  from  human  HSP60  by
bioinformatics tools. An amino acid residue involved in the interaction with HLA class II
molecule was changed for increasing its affinity to this molecule. This new peptide is
called APL-1. APL-1 induces Tregs in PBMCs from RA patients and inhibits the course
of arthritis in an animal model for RA by decreasing both clinical and histopathologic
scores [19]. 
In  this  study  we report  that  APL-1  induces  an  important  regulatory  mechanism on
PBMCs from RA patients. MTS assays showed that APL-1 but not E18-3 decreased the
viability of  PBMCs from active RA patients at 24 h of culture, suggesting a specific
effect on these cells (Fig. 1A, C). DNA fragmentation assays and other morphological
features visualized by transmission electron microscopy clearly demonstrated that APL-
1 induces apoptosis on PBMCs from these patients (Fig. 2 and 3). However, APL-1 did
not affect the viability or induces apoptosis of PBMCs from inactive RA patients (Fig. 1A
and 2). Considering these results, responses to APL-1 seem to depend on the clinical
stage of patients. Indeed, the cytotoxic effect of APL-1 on PBMCs was only detected
when P1 was active but not when this patient was in the inactive clinical stage (Fig. 1B).
Of  note,  this  patient  was  taking  similar  medications  to  the  rest  of  23  RA patients
included in this study: steroidal anti-inflammatory drugs and methotrexate. Thus, it is
unlikely that therapies causing disease remission in patients played some role in non-
responsiveness to APL-1.
It has been reported that insufficient apoptosis of CD4+ T cells in RA peripheral blood
might contribute to pathogenesis [36,37]. The prolonged survival of these cells in the
periphery may lead to their subsequent recruitment to joints with higher probability and
contribute to the perpetuation of the autoimmune inflammatory process.
In this study, we explored the apoptotic effects of APL-1 on CD4+ T-cell subsets from
RA patients. In some RA patients we detected an increase of total peripheral CD4+T-
cell  population compared with  levels reported for  healthy controls  (37.7%) [37].  For
example, a representative flow cytometry analysis of CD4 and CD25 expression (Fig.
4A) showed a 76% of peripheral CD4+T cells in PBMCs from this patient. This increase
in the number of CD4+ T cells may be caused by the altered T cell homeostasis in RA
peripheral blood leading to an increased rate of self-replication of these cells [38,39]
and/or due to insufficient apoptosis of these cells previously described by other authors.
APL-1  was  able  to  reduce  the  percentage  of  CD4+  T  cells  expressing  the  CD25
activation marker  in  active patients  close to  baseline of  inactive patients  (Fig.  4A).
Moreover, only activated CD4+CD25+ T cells from active RA patients were found to be
susceptible to APL-1-induced apoptosis (Fig. 4B). We did not detect that APL-1 reduced
the  percentage  of  CD4+T cells  expressing  the  CD25  activation  marker  or  induced
apoptosis on CD4+CD25+ T cells from inactive RA patients included in this study (Fig.
4A, B). Thus, it seems that only activated CD4+ T cells within an inflammatory context
are  targets  of  APL-1.  Indeed,  when  CD4+CD25−  T  cells  from  RA patients  were
activated using PHA, APL-1 was able to decrease cell proliferation but only when APCs
were in cultures (Fig. 7). HLA-DR restriction assays confirmed the nature of this peptide
as being an HLA-DR-restricted CD4+ T cell  epitope. Further experimentation will  be
necessary to identify whether in addition to its apoptotic effect,  APL-1 could have a
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negative effect  on the progression of the cell  cycle.  All  these findings underline the
potential  role  of  APL-1 for  the specific  control  of  activated pathogenic  CD4+T cells
without  affecting  resting  cells,  which  is  the  major  challenge  of  antigen-specific
therapies.
In this study, two major potential T-cell  epitopes within the sequences of APL-1 and
E18-3 were predicted using bioinformatics (Table 1). The first core (YKNIGAKLV) does
not  contain  the  amino  acid  replacement  of  Asp-18  in  E18-3  with  a  Leu  in  APL-1;
however, it was predicted to have higher affinities for HLA-DR molecules in APL-1 than
E18-3. A possible explanation could involve the flanking residues of this core region that
contain the amino acid replacement. As it has been reported, although the binding of a
peptide to  a  given MHC molecule  is  predominantly  determined by the amino acids
present in the core binding region, the flanking residues also affect the binding affinity of
a peptide and the immunogenicity of T cell epitopes [40,41]. The second core region
(LVQLVANNT)  contains  the  amino  acid  replacement  (indicated  in  bold)  and  highly
increases the affinity of APL-1 to all HLA-DR molecules compared to E18-3, suggesting
a broad recognition of APL-1 for these molecules. Previously, we showed that E18-3 did
not  induce  Tregs  in  PBMCs from RA patients  [19],  therefore we assumed that  the
modification  carried  out  in  this  peptide  created  an  epitope  which  is  specifically
recognized  by  Tregs.  Considering  these  predictions,  one  would  speculate  that  this
second core region could be the Treg epitope recognized by HLA class II molecules of
RA patients. Although patients were not genotyped for this study, our experimental data
is consistent with bioinformatics predictions, because an increase in the frequency of
CD4+CD25highFoxp3+ Tregs was detected in all RA patients irrespective to their clinical
activity and regardless their supposed HLA-DR background (Fig. 5). In our opinion, this
is an important issue because a prerequisite for testing HSP60 peptide immunotherapy
is to identify candidate epitopes that could be recognized by most patients, and APL-1
could be such peptide.
The pivotal function of CD4+CD25highFoxp3+Tregs in the maintenance of immunological
self-tolerance and modulation of immune responses has been presented and discussed
in a series of excellent reviews [42–44]. However, the mechanisms of Treg suppression
are not fully understood. During inflammatory conditions, Sakaguchi's group proposed
that  activated  Tregs  acquire  the  capacity  to  kill  by  apoptosis  effector  T  cells  and
antigen-presenting cells thereby actively damping excessive immune responses [45]. In
this study, we did not address the capacity of Tregs induced by APL-1 on active RA
samples to directly kill CD4+ T cells. However, considering that this peptide was able to
eliminate around 20–30% of cells in active RA samples, it seems unlikely that only APL-
1  specific  CD4+T  cells  can  be  the  targets  of  this  peptide.  Therefore,  one  would
speculate that the apoptotic effect of APL-1 on active RA samples could be mediated, at
least  in  part,  via  Tregs  induced  by  this  peptide.  Although  a  net  increase  of  Tregs
numbers was not detected after 24 h of APL-1 culture (data not shown), it is widely
known that  Treg  stimulation  results  primarily  in  upregulation of  suppressive activity,
which is not always accompanied by a net increase in their numbers [46,47]. Further
experimentation will be needed to clarify this possibility as well as for identifying other
potential cellular targets. However, if Tregs have an important role in APL-1 induced
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apoptosis on PBMCs from active RA patients, why do Tregs induced by this peptide in
inactive  RA samples  have  not  the  same effect?  In  this  regard,  Sakaguchi’s  group
proposed that during non-inflammatory conditions activated T cells can be controlled by
Tregs mainly via deprivation of necessary signals for their activation and expansion like
CD28 signals [45]. In fact, previous data from our lab showed that APL-1 reduced the
percentage of  CD4+ T cells  expressing the CD28 activation marker comparing with
control cells in inactive RA samples (unpublished data). Thus, Tregs induced by APL-1
in inactive RA samples could attenuate immune responses by a different mechanism
than apoptosis as proposed by Sakaguchi’s group.
Selective expression of TLRs on Tregs constitutes other important immune suppressive
cellular  mechanism.  Zanin-Zhorov  et  al.  reported  that  HSP60  and  p277,  a  peptide
derived from this protein, act as coactivators of human Tregs trough TLR2 signaling
[31]. In this study, whether APL-1 could trigger TLR2 or TLR4 signaling pathways was
explored using two human TLR reporting cell lines. However, APL-1 did not appear to
stimulate TLR2 or TLR4 pathways (Fig. 6).
In summary, our data strongly supports that APL-1 contains a regulatory CD4+ T-cell
epitope which might  modulate  inflammatory immune responses in  PBMCs from RA
patients by inducing CD4+CD25highFoxp3+ Tregs and apoptosis in activated CD4+ T
cells. These results support further investigation of this candidate drug for the treatment
of RA.
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Abstract 

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by a chronic
relapsing-remitting joint  inflammation.  Perturbations in the balance between CD4+ T
cells producing IL-17 and CD4+CD25highFoxP3+ Tregs correlate with irreversible bone
and cartilage destruction in RA. APL1 is an altered peptide ligand derived from a CD4+
T-cell epitope of human HSP60, an autoantigen expressed in the inflamed synovium,
which  increases  the  frequency  of  CD4+CD25highFoxP3+  Tregs  in  peripheral  blood
mononuclear  cells  from  RA patients.  The  aim  of  this  study  was  to  evaluate  the
suppressive capacity of Tregs induced by APL1 on proliferation of effector CD4+ T cells
using co-culture experiments. Enhanced Treg-mediated suppression was observed in
APL1-treated  cultures  compared  with  cells  cultured  only  with  media.  Subsequent
analyses  using  autologous  crossover  experiments  showed  that  the  enhanced  Treg
suppression in APL1-treated cultures could reflect increased suppressive function of
Tregs  against  APL1-responsive  T cells.  On  the  other  hand,  APL1-treatment  had  a
significant effect reducing IL-17 levels produced by effector CD4+ T cells. Hence, this
peptide  has  the  ability  to  increase  the  frequency  of  Tregs  and  their  suppressive
properties whereas effector T cells produce less IL-17. Thus, we propose that APL1
therapy could help to ameliorate the pathogenic Th17/Treg balance in RA patients.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disorder that eventually leads to the
functional impairment of peripheral joints. A subset of CD4+ effector T helper cells that
produce IL-17,  termed T helper 17 (Th17) cells,  has been implicated as the pivotal
driving  force  of  autoimmune  inflammation  in  several  human  autoimmune  diseases
(Waite and Skokos 2012). A novel hypothesis suggests that a Th17/regulatory T-cell
(Treg)  imbalance  may  be  responsible  for  the  development  and  progression  of  RA
(Wang  et  al.  2012;  AlFadhli  2013).  Expression  levels  of  IL-17  have  been  found
increased  in  RA  synovium  (Kotake  et  al.  1999),  as  well  as  in  peripheral  blood
mononuclear cells (PBMCs) supernatants from patients compared with healthy controls
(Shen et al. 2010). Moreover, the frequencies of Th17 cells and levels of IL-17 strongly
correlated with systemic disease activity at both the onset and the progression of RA
(Leipe  et  al.  2010).  The  cytokine  is  involved  in  different  pathogenic  processes,  for
instance in increasing the production of pro-inflammatory cytokines, chemokines, and
matrix-degrading enzymes in a range of  cell  types (Park et al.  2005).  On the other
hand, CD4+CD25high  forkhead box P3-expressing (FoxP3+) Tregs are among the most
important cells in the regulation of the immune system. Tregs prevent the development
of  various  inflammatory  diseases  by  suppressing  autoaggressive  T  and  B  cell
responses (Sakaguchi et al. 2009). Intensive research has focused on Tregs in RA and
other chronic rheumatic diseases (Prakken et al. 2001; Wehrens et al. 2013). Some
studies  have  shown  reduced  numbers  and/or  suppressive  function  of  Tregs  in
peripheral blood of RA patients compared to healthy controls (Ehrenstein et al. 2004;
Valencia et al. 2006; Jiao et al. 2007; Sempere-Ortells et al. 2009; Lina et al. 2011; Nie
et  al.  2013).  Tregs  from  RA patients  seem  unable  to  inhibit  the  secretion  of  pro-
inflammatory cytokines such as IFNγ and TNFα even though they are competent at
suppressing  the  proliferation  of  autologous  CD4+CD25-  T  cells  (Cao  et  al.  2003;
Ehrenstein  et  al.  2004).  This  phenomenon  is  perhaps  due  to  an  inhibition  of  their
functions by pro-inflammatory cytokines, increased number of activated effector T (Teff)
cells and/or the resistance of Teff cells to suppression (Pasare and Medzhitov 2003;
Valencia et al. 2006; Bettelli et al. 2006; Buckner 2010). Altogether, it seems that the
predominance of pathogenic Th17 cells and pro-inflammatory cytokines together with a
deficiency  in  the  mechanisms  that  control  the  immune  response  have  deleterious
effects in the persistence of inflammatory conditions (Cope et al. 2007; McInnes and
Schett 2011). Therefore, the balance between Tregs and pathogenic Teff cells is crucial
for immune regulation in RA.
Antigen-specific  approaches  can  manipulate  in  a  more  specific  way  such  balance
avoiding the  generalized  immune suppression.  However,  the  selection of  a  specific
autoantigen is a crucial point in this approach. Heat shock protein 60 kDa (HSP60) has
been successfully used in the induction of tolerance in autoimmune arthritis (van Eden
et al. 2005; Zonneveld-Huijssoon et al. 2013). We have predicted two novel CD4+ T-cell
epitopes  (E18-3  and  E18-12)  from  human  HSP60  by  the  use  of  bioinformatics
(Domínguez et al. 2011; Barberá et al. 2013; Lorenzo et al. 2012). In particular,  the
wildtype peptide E18-3 was modified in one amino acid residue for increasing its affinity
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to RA associated HLA class II molecules. According to previous results, stimulation with
this new peptide, called APL1, increases the frequency of CD4+CD25highFoxP3+ Tregs
from PBMCs of RA patients and inhibits the course of arthritis in an animal model for RA
(Domínguez et al. 2011).
In the present study,  we investigated the suppressive capacity of  Tregs induced by
APL1 on proliferation of effector CD4+ T cells using autologous co-culture experiments.
We also explored its effects on activation and function of highly purified Tregs and Teff
cells isolated from PBMCs of RA patients.

Methods

Peptides
Peptides were manually synthetized by the Fmoc/tBu strategy in syringes using the
Fmoc-AM-MBHA resin  (0.54  mmol/g).  After  treatment  with  TFA,  the  peptides  were
lyophilized  and  analyzed  by  reverse  phase  HPLC  and  mass  spectrometry.  The
sequences of APL1 and E18-3 peptides were previously published (Domínguez et al.
2011;  Barberá  et  al.  2013).  The  adenoviral  peptide 475C489 (A5,  Ansynth  Service
B.V.,Roosendaal, The Netherlands) was used as control for suppression assays.

Patients and healthy subjects
RA patients were diagnosed according to the European League against Rheumatism
criteria (Aletaha et al. 2010). Eleven patients were recruited from the University Medical
Center,  Utrecht,  The  Netherlands,  and  ten  patients  from  the  National  Institute  of
Rheumatology,  Havana,  Cuba.  Approval  for  this  study  was  obtained  from  both
institutional medical ethics review boards.
Patients have an average age of 53± 13 years (range 23–69) and a mean duration of
disease of 14 years ± 9 years (range 3–38 years). Most patients were taking steroidal
anti-inflammatory drugs and disease-modifying anti-rheumatic drugs like methotrexate.
Ten  healthy  subjects  participated  in  the  study  with  an  age  range  of  25–55  years.
Informed consent was obtained from all patients and healthy subjects.

Isolation and culture of CD4+ T-cell subsets
PBMCs  were  isolated  by  density  gradient  centrifugation  (Ficoll-Paque  PLUS,  GE
Healthcare  Europe).  CD4+CD25-CD127+  T  cells  (Teff)  and  CD4+CD25highCD127-
(Tregs)  were  isolated  directly  from  PBMCs  using  a  BD  influx™  cell  sorter  (BD
Biosciences)  after  staining  using  PerCPconjugated  anti-CD4,  FITC-conjugated  anti-
CD25, and PE conjugated anti-CD127 (purities more than 95%). Teff were cultured with
irradiated (3000 rads) autologous PBMCs as antigen-presenting cells (APC) in a T: APC
ratio of 1:5, with APL1 (40 μg/mL), A5 (40 μg/mL) or media for 4 days in 6-well plates.
Tregs isolated from PBMCs were cultured with autologous APC (1:5 ratio), with APL1
(40 μg/mL), A5 (40 μg/mL) or media for 4 days in 96-well plates. Cells were cultured in
RPMI 1640 Glutamax medium supplemented with 1% penicillin/streptomycin and 10%
heat inactivated pooled human AB serum. Table 1 summarizes the CD4+ T cell subsets,
cell  culture treatments, and terms used in this study.  After culture,  cell  viability was
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monitored by trypan blue exclusion. The culture of cells with APL1 or A5 peptides did
not affect cell viability when compared to cells cultured only with media. All cells were
washed in PBS1x, counted, resuspended in fresh supplemented RPMI 1640 Glutamax
medium, and used for phenotypic,  proliferation,  suppression,  and cytokine detection
assays as described below. Total PBMCs from RA patients and healthy controls were
used in some experiments.

Phenotypic analysis of Tregs and CD4+ effector T cells
To determine the percentage of Tregs in PBMCs from RA and healthy controls, 1×106

PBMCs were cultured in triplicate with or without 40 μg/mL of APL1 or wild type peptide
E18-3 for 5 days. Afterwards, cells were stained using the Human Regulatory T cell
Staining Kit (eBioscience) according to the manufacturer’s instructions. Samples were
acquired on a FACS Partec flow cytometer (Partec, Germany) and analyzed using the
Partec Flomax software version 2.81. One hundred thousand cells were acquired for
analysis.  CD4+  T cells  were  gated  according  to  their  expression  of  CD25.  FoxP3
expression was then analyzed on CD4+CD25high  gated T cells. Then, the numbers of
FoxP3+ cells  were used to calculate the percentage of  CD4+CD25highFoxP3+ Tregs
among total CD4+ T cells. Tregs and Teff cells cultured with media or APL1 (5×104)
were used for phenotypic analyses. Cells were stained using a PerCP-conjugated anti-
CD4, an APC-conjugated anti-CD25, and a PE-conjugated anti-FoxP3. Phosphorylation
of  STAT-5  was  determined  in  Tregs  using  a  Pacific  blue-conjugated  anti-pSTAT5
(Y694).  Samples were acquired on Becton Dickson FACS Canto machine and data
were analyzed using FlowJo software (Treestar Inc., Ashland, OR, USA). A minimum of
30–50,000 events were acquired for analysis.

Proliferation and suppression assays
After the initial cultures, Tc-, TAPL1, and Tcp cells (5×104) were washed and cultured for
4 days in the absence or presence of anti-human CD3/CD28-coated magnetic beads
(bead/cell  ratio, 1:15). During the last 18 h of culture, 3H-thymidine was added at 1
μCi/well.  Proliferative responses upon CD3/CD28 stimulation were expressed as the
mean +/−  SD counts  per  minute  (cpm)  of  triplicate  wells.  For  suppression  assays,
Tregc-, TregAPL1, or Tregcp were added accordingly to cultures in suppressor/effector
ratios of 1:2 and 1:4. Percentage of suppression was calculated as 100*1-(cpm of co-
cultures/cpm of Teff alone). In other experiments, proliferation was assessed by CFSE
method. The suppression of the proliferation was calculated using the formula: 100*1-
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Table 1: CD4+ T cell subsets, 
cell culture treatments and 
terms used in this study

Cells                                         Treatment                                    Term

CD4+CD25-CD127+ (Teff)           Irradiated PBMCs (1:5) plus media                Tc-
                                                     Irradiated PBMCs (1:5) plus APL1                 TAPL1
                                                     Irradiated PBMCs (1:5) plus A5                      Tcp

CD4+CD25+CD127- (Treg)         Irradiated PBMCs (1:5) plus media                 Tregc-
                                                    Irradiated PBMCs (1:5) plus APL1                   TregAPL1
                                                    Irradiated PBMCs (1:5) plus A5                       Tregcp
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(% CFSElow co-culture/%CFSElow Teff alone). Samples were acquired on Becton Dickson
FACs Canto machine as described above.

Cytokine detection assays
Tc- and TAPL1 cells (5×104) were washed and stimulated with anti-human CD3/CD28
coated magnetic beads (bead:cell ratio, 1:15) for 4 days. Cytokines were measured in
supernatants  using a multiplex immunoassay based on Luminex technology (xMAP,
Luminex Austin TX USA) and analyzed as described previously (de Jager et al. 2005;
de Jager et al. 2007). In other experiments, Tc- and TAPL1 (5×104) were washed and
stimulated with PMA (50 ng/mL) and ionomycin (2000 ng/mL) for 5 h. BFA (5 μg/mL)
was  added  for  the  last  3  h.  Then,  the  staining  of  CD4  surface  expression  was
performed.  Intracellular  cytokines  were  stained  using  PE-conjugated  anti-IFNγ  and
APC-conjugated  anti-IL-10.  In  other  experiments,  PBMCs (1×106)  from RA patients
were cultured in triplicate with or without 40 μg/ml of APL1 for 4 days. IL-17 levels were
evaluated in supernatants using the Human IL-17 Quantikine ELISA Kit (R&D Systems).

Statistical analysis
All  data  analyses  were  performed  using  GraphPad  Prism  version  5.00  (GraphPad
Software,  San  Diego  California,  USA).  Samples  were  examined  for  normality  with
Kolmogorov–Smirnov test.  Results were expressed as mean ± SD, and differences
were analyzed with Student’s t test, Mann–Whitney test or ANOVA with a Tukey’s post-
test, accordingly. P< 0.05 was considered statistically significant.

Results

Treg-mediated suppression is enhanced in APL1-treated cultures 

In  previous  studies,  we  have  demonstrated  that  APL1  increases  the  frequency  of
CD4+CD25highFoxP3+ Tregs in PBMCs of RA patients. In contrast, the wild-type peptide
E18-3 had not such effect (Domínguez et al. 2011). Here, we confirmed these earlier
results and showed that APL1 did not induce an increase of Tregs when the PBMCs
were isolated from healthy subjects (Fig.  1a).  Furthermore,  we observed a reduced
circulating  Tregs  percentages  in  RA compared  to  healthy  individuals  as  previously
reported (Jiao et al. 2007; Sempere-Ortells et al. 2009; Lina et al. 2011). The hallmark
of Tregs is their ability to suppress immune responses by inhibiting the proliferation of
Teff cells. Whether APL1 influences the suppressive function of Tregs from peripheral
blood of RA patients was next investigated. To test this approach, CD4+CD25highCD127-
Tregs and CD4+CD25-CD127+ Teff cells were isolated from PBMCs of RA patients by
cell sorting and were cultured with APC and with medium alone or APL1 for 4 days (see
Table 1 and Methods section for details).  The suppressive capacity of TregAPL1 on
proliferation of Teff cells was first assessed on TAPL1 cells and compared with control
cells, trying to simulate an in vivo administration of APL1, in which it would be in contact
with APC, Tregs but also with Teff cells. 
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Fig. 1: APL1 increases the frequency and suppressive properties of Tregs isolated from rheumatoid arthritis
patients. a APL1 increases the frequency of CD4+CD25highFoxP3+ Tregs in PBMCs of RA patients but not in
PBMCs of healthy subjects. PBMCs were cultured with or without peptide (40 μg/mL) for 5 days. PBMCs in
absence of peptide were used as control of basal frequency in each sample (C-). Data were analyzed using
ANOVA and Tukey’s post-test (**p < 0.01). b, c Treg- mediated suppression is enhanced in APL1-treated
cultures from RA patients. (b) Tregc- or TregAPL1 were added to Tc- or TAPL1 cells, respectively, in a ratio
suppressor/effector  of  1:2  (c)  Tregc-,  TregAPL1,  or  Tregcp  were  added  to  Tc-,  TAPL1,  or  Tcp  cells,
respectively, in ratios suppressor/effector of 1:2 and 1:4. Proliferation was assessed by CFSE in (b) and [3H]-
thymidine method (c), n = 5. Data were analyzed using Student’s t test for each ratio (*p < 0.05).
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A representative example of the suppressive activity of Tregc- and TregAPL1 against
Tc-  and TAPL1 cells,  respectively,  in a ratio  suppressor/effector  of  1:2,  is  shown in
Fig.1b. TregAPL1 showed a twice higher suppressive activity on proliferation of TAPL1
cells compared with Tregc- against Tc- for all suppressor/effector ratios tested (Fig.1c).
However, Treg-mediated suppression was not increased when cells were cultured with
a  control  peptide  (A5)  compared  to  control  cells.  Thus,  the  increased  suppressive
function of Tregs in APL1-treated cells seems to be specific to this peptide rather than
broadly applicable to antigen specific in vitro experiments of this nature.

Enhanced  Treg  suppression  in  APL1-treated  cultures  seems to  reflect
increased suppressive function of Tregs against APL1 responsive T cells

We next determined whether enhanced suppression observed in APL1-treated cultures
reflects  increased  sensitivity  of  TAPL1  cells  to  suppression  or  increased  Treg  cell
suppressive functions.  This  was examined using autologous cross-over  suppression
assays. 
The sensitivity of TAPL1 cells to Treg suppression was assessed by comparing the
capacity of Tregc- cells to decrease the proliferation of Tc- and TAPL1 cells. First, it was
confirmed  that  effector  cells  cultured  with  APL1  for  4  days  displayed  comparable
phenotypic and proliferative properties to cells cultured with media at the CD3/CD28
bead:  cell  ratio  used  for  all  the  assays.  Human  CD4+CD25-  T  cells  upregulate
transiently the expression of CD25 and FoxP3 after activation (Allan et al. 2005; Gavin
et al. 2006). As expected, the expression of both markers was induced in Teff cells after
CD3/CD28 stimulation, but again, comparable levels were detected between Tc- and
TAPL1 cells  (Fig.  2a,  left  hand panel).  Furthermore,  Tc-  and TAPL1 cells  exhibited
similar levels of proliferation upon mitogenic stimulation (Fig. 2a, right hand panel). To
better characterize the effector T cell function of Tc- and TAPL1 cells, their production of
cytokines upon CD3/CD28 stimulation was analyzed using a Luminex multiparameter
immunoassay. As shown in Fig. 2b, TAPL1 cells produced four times less IL-17 than
Tc-,  while  both  displayed  similar  levels  of  TNFα,  IL-13,  and  IL-2.  The  latter  is  in
accordance with the fact that Tc- and TAPL1 cells have the same ability to proliferate
after CD3/CD28 stimulation. In this assay, IFNγ and IL-10 levels were under the limits of
detection, so we measured the frequencies of CD4+ T cells producing IFNγ and IL-10
upon PMA/ionomycin stimulation but no differences were detected between Tc- and
TAPL1 cells (Fig. 2c). 
Taking into consideration that APL1 reduced only the secretion of IL-17 produced by
Teff cells, we proceeded to confirm this effect in ex vivo assays using PBMCs from RA
patients. As shown in Fig. 2d, APL1 strongly reduced IL-17 secretion in these cultures.
Thus,  TAPL1 cells  show a classic  phenotype of  activated T cells  upon a mitogenic
stimulus,  but  with  a  decreased  production  of  IL-17  compared  to  Tc-  cells.  As
immunosuppressive Treg-cell  function shows a nonreciprocal relationship with some
pro-inflammatory cytokines like TNFα (Valencia et al. 2006), we wondered whether an
impaired IL-17 production by TAPL1 cells could render these cells more susceptible to
Treg-mediated suppression. 
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Fig. 2: TAPL1 cells show a classic phenotype of activated T cells upon a mitogenic stimulus, but with a
decreased production of IL-17. a TAPL1 cells exhibit similar phenotype (left hand panel) and proliferative
properties (right hand panel) as Tc- cells. CD25 and FoxP3 expressions were determined in Tc- and TAPL1
cells before and after (left  hand panel)  CD3/CD28 stimulation, n = 5. Proliferation was assessed by 3H-
thymidine method (right hand panel), n = 5. Data were analyzed using ANOVA and Tukey’s post-test (***p <
0.0001). b APL1 decreases IL-17 produced by activated CD4+ T cells from RA patients. Tc- and TAPL1 cells
were cultured with anti-CD3/CD28 beads for 4 days. Cytokine levels were measured in supernatants using an
in-house developed and validated multiplex immunoassay based on Luminex technology, n = 3. Data were
analyzed using Mann–Whitney test (*p < 0.05). c The frequencies of CD4+ T cells producing IFNγ and IL-10
were determining in Tc- and TAPL1 cells by intracellular staining after PMA/ionomycin stimulation, n = 5. d
APL1 inhibits IL-17 secretion in PBMCs from RA patients. PBMCs were cultured with or without peptide (40
μg/mL) for 4 days. PBMCs in absence of peptide were used as control of basal levels in each sample (C-).
Levels of this cytokine were detected in supernatants using the Human IL-17 Quantikine ELISA Kit (R&D
Systems). These results are representative of three similar experiments, n = 10. Data were analyzed using
ANOVA and Tukey’s post-test (***p < 0.001).
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However, although some increase in the suppressive activity of Tregc- against TAPL1
compared to Tc- cells was seen, no significant differences were found (Fig. 3a). Thus,
TAPL1 cells do not appear to be more susceptible to Treg-mediated suppression than
Tc- cells.

Fig.  3:  Enhanced  Treg suppression  in  APL1-treated cultures could  to  be  due to  increased  suppressive
function of Tregs against APL1-responsive T cells. a Cross-over experiments showing the potency of Tregs on
proliferation  of  Teff  cells in  different  experimental  conditions.  TAPL1 or  Tc-  cells were  cultured with anti-
CD3/CD28 beads for 4 days in the presence or absence of TregAPL1 or Tregc- in a suppressor: responder
ratio of 1:2, n = 5. Proliferation was assessed by [3H]-thymidine method. Data were analyzed using Student’s
t  test (*p  < 0.05,  ns:  not  significant).  b  APL1 treatment  leads to  the activation of STAT-5 in Tregs.  The
expression of CD25 and FoxP3 within CD4+ cells in Tregc- and TregAPL1 is shown. pSTAT-5 expression was
analyzed in pointed populations. c Mean fluorescence intensity (MFI) values of CD25, FoxP3, and pSTAT-5 in
Tregc- and TregAPL1, n = 6. Data were expressed as Ln of MFI values and analyzed using Student’s t test
for each pair of data (∼p = 0.0).

74

Tregc-
TregAPL1

TregAPL1

     CD25                               pSTAT-5

F
o

xp
3

pSTAT-5

     CD25                               pSTAT-5

Tregc-

F
o

xp
3

S
u

p
p

re
s

si
o

n
 (

%
)

L
n

 (
M

F
I)

A

B

C



APL1  from  hHSP-60  increases  the  frequency  of  Tregs  and  its  suppressive  capacity  against  antigen

responding effector CD4+ T cells from RA patients

Then, we compared the capacity of TregAPL1 and Tregc- to decrease the proliferation
of TAPL1 cells. A significant difference between the suppressive function of TregAPL1
compared with Tregc- against TAPL1 cells was observed (Fig. 3a). The suppressive
function of TregAPL1 was also analyzed on proliferation of Tc- cells but no differences
were detected with respect to Tregc-. All these results might suggest that the enhanced
Treg suppression observed in APL1-treated cultures appears to reflect higher potency
of TregAPL1 cells against APL1 responsive Teff cells. 
To gain some insights into the effect of APL1 on Tregs, we investigated their phenotype
after culture with this peptide for 4 days by assessing their expression of CD25, FoxP3,
and pSTAT-5. The activation of STAT-5 pathway, through phosphorylation at residue
Y694, has been involved in the development of  Tregs with higher reactivity to self-
antigens through direct  up-regulation of  CD25 and FoxP3 expression (Moran et  al.
2011; Mahmud et al. 2012). APL1 induced a population with higher expression of CD25
in patients. A representative experiment is shown in Fig. 3b. The increased expression
of CD25 was associated with the expression of pSTAT-5 in this subpopulation. A trend
toward increased MFI values of pSTAT-5 was observed in TregAPL1 cells compared to
Tregc-  (Fig.  3c).  These data could  suggest  that  APL1 is  able  to  activate  pathways
involved in the expansion and survival of Tregs.

Discussion

We have reported that APL1 has two major effects in PBMCs from RA patients. This
peptide  increases  the  frequency  of  CD4+CD25highFoxP3+  Tregs  (Domínguez  et  al.
2011) and induces apoptosis of activated CD4+ T cells presumably through a Treg-
dependent mechanism (Barberá et  al.  2013).  Both effects could help to restore the
balance between Tregs and Teff cells which is essential for immune regulation in RA. In
addition,  APL1  increased  Treg  frequencies  in  PBMCs  isolated  from  patients  with
Crohn’s disease and Juvenile idiopathic arthritis (Domínguez et al. 2014). 
Here, we investigated the specificity of this mechanism by exploring such effects in
healthy subjects. APL1 did not increase the proportions of the CD4+CD25highFoxP3+
Treg cells from healthy individuals. Similar results to those seen in healthy subjects
were found in assays using PBMCs from patients with osteoarthritis  (OA) (data not
shown),  which  is  the  most  common  form  of  arthritis,  but  is  not  considered  as  an
autoimmune disease (Berenbaum 2013). Given all these facts, we think that APL1 is
able  to  expand  Tregs  within  an  inflammatory  context,  associated  with  autoimmune
conditions.
In last decades, a consistent number of studies investigated the number, phenotype,
and function of Tregs in the peripheral blood, synovial fluid, and synovial membrane of
RA patients. In agreement with our results, most studies observed reduced circulating
Tregs percentages in RA compared to healthy individuals (Jiao et al. 2007; Sempere-
Ortells et al. 2009; Lina et al. 2011). One fact that could explain the low frequency of
circulating Tregs in RA patients is the finding that natural Tregs can convert into Th17
cells and other effector T cells in certain environments (Zheng 2013). For instance, IL-6,
which is highly expressed in RA, favors the conversion of natural Tregs into Th17 cells

75



T cell targeted interventions in experimental autoimmunity

(Zheng et al. 2008). The increased frequency of Th17 cells as well as low circulating
levels of Tregs have been found to correlate with the disease activity of RA patients
(Sempere-Ortells et al. 2009; Leipe et al. 2010). On the other hand, there is a clear
evidence that  the frequencies of  Tregs in the synovial  fluid of patients with RA are
elevated compared with those in the peripheral blood (Cao et al. 2003; Jiao et al. 2007).
A selective  migration  of  Tregs  from peripheral  blood  to  the  inflamed joint  involving
interactions through CXCR4 has been proposed as one of the plausible mechanisms to
explain these differences (Zou et al. 2004). Thus, the last mentioned could also help to
explain low numbers of Tregs in peripheral blood from patients with rheumatic diseases
compared to healthy controls. In addition to Treg frequency, others have also reported
that the functional activity of Tregs is altered in RA (Ehrenstein et al. 2004; Leipe et al.
2005;  Valencia  et  al.  2006).  Failures  in  the  function/numbers  of  Tregs  can  be
responsible for the development of autoimmune diseases, and enhancing their function
may be a treatment strategy. 
In this study, we analyzed whether in addition to increasing the frequency of Tregs,
APL1 influenced the suppressive function of Tregs from peripheral blood of RA patients.
Elevated  Treg-mediated  suppression  on  proliferation  was observed  in  APL1-treated
cells in contrast to control cells. This comparison was possible because cells cultured
with APL1 had the same ability to proliferate than cells cultured with media. This fact
could  seem  contradictory  considering  our  previous  reports  in  which  APL1  induced
apoptosis of activated CD4+ T cells (Barberá et al. 2013). However, it is important to
notice  that  here  APL1  was  not  present  during  the  stimulation  of  cells  with  anti-
CD3/CD28-coated magnetic beads. APL1 was cultured with CD4+CD25- Teff cells for 4
days and then cells were washed and stimulated with anti-CD3/CD28 beads as it was
described in Methods section. Thus, APL1 was absent in cultures when T cells became
active.  Similarly  to  our  previous  findings,  APL1  had  no  effect  on  cell  viability  in
CD4+CD25- T cell  cultures (data not shown). Due to the same reasons, differences
seen in cytokine production of TAPL1 and Tc- cells cannot be associated with the pro-
apoptotic effect of APL1 to T effector cells. In this study, APL1 treatment only decreased
the production of IL-17 by Teff cells. This effect was confirmed in ex vivo assays using
PBMCs from RA patients. IL-17 production and defects in Treg function/numbers in RA
patients have been correlated with irreversible bone and cartilage destruction (AlFadhli
2013). Thus, the fact that APL1 decreased the production of IL-17 by Teff cells together
with the increased frequency/function of Tregs in peripheral blood could represent a
beneficial  effect  in  the  control  of  the  inflammatory  process  in  RA.  The  decreased
secretion  of  IL-17  by  TAPL1  cells  did  not  render  them more  susceptible  to  Treg-
mediated suppression. Autologous cross-over experiments suggested that the higher
Treg-mediated  suppression  seen  in  APL1-treated  cultures  could  be  due  to  higher
potency  of  TregAPL1 cells  against  APL1-responsive  Teff  cells.  This  result  could  be
explained considering that Tregs that share the same antigenic specificity with effector
cells are much more suppressive than polyclonal populations (Masteller et al. 2006).
Indeed, it is hypothesized that effectiveness of the Treg-based therapy can be improved
by using antigen-specific Tregs rather than polyclonal Tregs because of their higher
suppressive properties.  However,  it  is  necessary to identify relevant antigens in the
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pathogenesis of the disease. Tregs need to be activated via their T cell receptor for
maintaining their suppressive potential; this implicates that their cognate antigen should
be abundantly present and presented in the context of MHC class II molecules in the
inflamed joints. We and others believe that peptides derived from HSPs could be such
antigens (Prakken et al. 2004; van Eden et al. 2005; Koffeman et al. 2009; Zonneveld-
Huijssoon et al. 2013; Barberá et al. 2015). HSP60-peptides are considered bystander
antigens  because  they  are  upregulated  at  the  site  of  inflammation  and  are
immunologically  dominant.  Tolerogenic  immune responses induced to such antigens
could lead to a local downregulation of the ongoing inflammatory response (Zonneveld-
Huijssoon et al. 2013). In particular, the response induced to APL1 should be relevant in
the context of autoimmune arthritis considering the protective effect of this peptide in
the AA model associated with increased proportions of Tregs (Domínguez et al. 2011).
In addition, our data seem to support that APL1 is able to activate the STAT-5 pathway
in Tregs. This pathway has been involved in the expansion, survival,  stabilization of
FoxP3 expression in these cells, and it suppresses differentiation into Th17 cells (Wei et
al. 2008). The specific mechanism by which APL1 induces the activation of STAT-5 in
Tregs remains unclear but it is interesting in the light of earlier gain-of-function studies,
in which the expression of a constitutively active STAT-5 resulted in the expansion of
Tregs and rescued their numbers in the absence of IL-2 (Burchill et al. 2003; Burchill et
al. 2008).
In summary, we have described in this study that APL1, a peptide derived from HSP60,
has the ability to increase the frequency of Tregs and its suppressive capacity against
APL1  responding  Teff  cells  and  on  the  other  hand,  decreases  IL-17  secretion  by
activated Teff cells. Thus, we propose that APL1 therapy could help to ameliorate the
pathogenic Th17/Treg balance in RA patients.
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Abstract

Type 1 diabetes is caused by the destruction of insulin producing beta cells by the
immune  system.  The  p110δ  isoform  of  PI3K  is  expressed  primarily  in  cells  of
haematopoietic origin and the catalytic activity of p110δ is important for the activation of
these  cells.  Targeting  of  this  pathway offers  an  opportunity  to  reduce  immune cell
activity without unwanted side effects. We have explored the effects of a specific p110δ
isoform inhibitor, IC87114, on diabetogenic T cells both in vitro and in vivo, and find that
although  pharmacological  inhibition  of  p110δ  has  a  considerable  impact  on  the
production of pro-inflammatory cytokines, it does not delay the onset of diabetes after
adoptive  transfer  of  diabetogenic  cells.  Further,  we  demonstrate  that  combination
treatment  with  CTLA4-Ig  does  not  improve  the  efficacy  of  treatment,  but  instead
attenuates  the  protective  effects  seen  with  CTLA4-Ig  treatment  alone.  Our  results
suggest that decreased IL-10 production by Foxp3+ CD4+ T cells in the presence of
IC87114 negates individual anti-inflammatory effects of IC8114 and CTLA4-Ig.
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Introduction

Type 1 diabetes is an autoimmune inflammatory disease that is caused by immune cell
mediated destruction of the insulin-producing beta cells in the pancreas. T cells are
assumed to play a considerable role in the pathogenesis of this disease which comes
from the demonstration that its strongest genetic risk is conferred by the HLA locus and
other loci affecting the biology of these cells [1, 2]. Islet specific CD4+ and CD8+ cells
mediate diabetogenesis in NOD mice [3] and have been identified in human type 1
diabetes  patients  [4–6].  Other  cell  types  including  B  cells,  dendritic  cells  and
macrophages are also necessary for the initiation of the anti-islet immune responses
(reviewed  in  [7]).  Once  the  beta  cell  pool  is  destroyed  by  the  immune  system,
insufficient  amounts  of  insulin  are  produced  to  sustain  glucose  uptake  into  insulin
dependent cells, notably muscle cells, causing wasting due to protein breakdown, even
though high levels of  glucose are present in the blood. The disease was fatal  until
Banting and Best discovered insulin in 1922 [8]. Although much has been learned about
type 1 diabetes since then, no protocols for sustained cure or prevention have been
discovered. Strategies attempting to abrogate immune responses have been successful
in mouse models [7], and some have also resulted in delay of beta cell destruction in
patients, such as the anti-CD3 treatment clinical trials [9, 10] and CTLA-4 Ig [11].
CTLA-4  Ig  prevents  the  activation  of  T  cells  by  inhibiting  interaction  with  the  co-
stimulatory molecule CD28. However, CD28 blockade alone is unlikely to be sufficient
to prevent autoimmunity due to the fact  that  memory and CD8+ T cells are not  as
dependent as naïve CD4+ T cells on CD28 costimulation. As none of the clinical trials
have  resulted  in  long-term  reversal  of  diabetes,  it  has  been  suggested  that  a
combination of treatments targeting various stages of immune activation may be more
successful [12].
A widely explored approach is the inhibition of key signalling enzymes involved in the
activation  and  metabolism  of  immune  cells.  PI3Ks  constitute  a  family  of  enzymes
involved in cellular functions such as cell growth, proliferation, differentiation, motility,
survival and intracellular trafficking [13]. The class I PI3Ks catalyse the final step to
PIP3 by phosphorylating PI(4,5)P2 to become PI(3,4,5)P3. PIP3 activates Akt, which in
turn  leads  to  activation  of  mTOR and inhibition  of  Foxo.  Of  the  four  class  I  PI3K
subunits, PI3K p110δ is uniquely expressed in immune cells [14]. Specific inhibition of
this subunit therefore primarily affects cells of the immune system, leaving other cell
types unchanged. p110δ inhibitors such as IC87114 have been used to inhibit p110δ
activity  in  vitro  and  in  vivo.  It  has  been shown that  IC87114 inhibits  TCR-induced
cytokine production by both naïve and effector T cells [15]. In addition to its effects on T
cells, p110δ inhibitors also target other immune cells such as B cells, NK and myeloid
cells (reviewed in [14, 16]. The typical outcome of PI3Kδ inactivation is a reduction but
not  a  complete  abrogation  of  leukocyte  functions,  probably  due  to  the  overlapping
functions  with  other  PI3K  members  that  are  also  present  in  leukocytes.  IC87114
reduced disease severity in preclinical rodent models of rheumatoid arthritis, asthma,
and  allergy  [17–19].  The  PI3Kδ  inhibitor  idelalisib  was  approved  in  2014  for  the
treatment of chronic lymphocytic leukaemia. 

85



T cell targeted interventions in experimental autoimmunity

CD28  and  p110δ  act  synergistically  to  provide  full  T-cell  stimulation  [20],  and  we
hypothesized  that  dual  inhibition  of  CD28  and  p110δ  may  achieve  more  potent
alleviation of pathologic immune responses than can be achieved with either inhibitor
alone.  To  test  this  hypothesis,  we  used  IC  and  CTLA-4  Ig,  either  alone  or  in
combination, to inhibit signalling via p110δ, CD28 or both in naïve and activated T cells
from non-obese diabetic (NOD) mice and TCR transgenic mice on a NOD background,
and monitored proliferation and cytokine production. In addition, we have investigated
whether such a combination could limit the development of autoimmune diabetes in the
NOD mouse model after the transfer of either naïve or activated islet reactive BDC2.5
CD4+ T cells.

Materials and Methods

Mice
Female NOD, NOD-scid, BDC2.5 NOD mice [21] NOD-CD2-GFP mice [22], G9C8 TCR
transgenic NOD mice [23, 24] and NOD-Foxp3-GFP [25] were bred in the Department
of Pathology, University of Cambridge and maintained under specific pathogen—free
conditions. The mice are housed in individually ventilated cages with free access to
standard chow and water. The facility is kept on a 12 hour light, 12 hour dark cycle. The
humane endpoints for these experiments specify that any mouse that loses more than
15% of its body weight (compared to healthy littermates), or in other ways looks unwell
and likely to exceed the Home Office standard of moderate severity must be culled.
However,  no  mice  used  in  this  study  required  early  culling.  At  the  end  of  the
experiments,  mice were culled using a CO2-chamber followed by dislocation of  the
neck. In cases where we were harvesting islets for transplantation it was important to
maintain an intact bile duct, and death was instead confirmed through palpation of the
chest to assess the absence of a heartbeat.

Ethics statement
This study was carried out in strict accordance with U.K. Home Office project licence
regulations  (Project  Licence number  80/2442)  after  approval  by the  Ethical  Review
Committee of the University of Cambridge.

PI3K-δ inhibitor
The  PI3K  p110δ  inhibitor  IC87114  was  synthesized  by  Jonathan  Clark  (Babraham
Institute) as described (D030 from patent WO 01/81346) [15]. For in vivo administration,
IC87114 was dissolved in methyl cellulose 400 cps (Sigma) using a sonicator (Heat
Systems Ultrasonics), and administered through oral gavage twice daily in 100 μl at a
dose of 30 mg/kg body weight. This dose was chosen based on previous reports of its
efficacy in vivo [17]. In our hands, a 30 mg/kg by gavage achieves ~2 μM 90 min post-
administration and the drug is cleared from the blood 4–7 hours post administration.
IC87114 is selective for p110δ at plasma concentrations of 5 μM [17].
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CTLA4-Ig
CTLA4-Ig  (Abatacept)  was provided by Bristol  Myers Squibb (BMS).  CTLA4-Ig  was
administered by intraperitoneal (ip) injection starting on day 0 with 500 μg, then 250 μg
every other day [26]. For in vitro assays, CLTA4-Ig was added to cultures at 100 ng/ml.

Th1 differentiation for in vitro studies and adoptive transfer 
CD4+CD25-  T cells  (for  in  vitro  studies)  or  CD4+CD62Lhi CD25-B220-  T cells  (for
adoptive transfer) were isolated by cell sorter from 5-week-old BDC2.5 TCR transgenic
NOD mice and differentiated into Th1 cells by culturing them with plate bound anti-CD3
(2 μg/mL), soluble anti-CD28 (10 μg/mL), IL-2 (100 u/ml), IL-12 (10 ng/ml) and IFN-γ
(100 u/ml) for 4 days at 37°C with 5% CO2. Afterwards, the production of IFN-γ was
checked by specific ELISA (R&D).

T cell activation for functional assays
Cells were isolated from spleen and lymph nodes and cultured in IMDM with 10% fetal
calf serum, 1% penicillin-streptomycin, and β-mercaptoethanol. 2x105 total lymphocytes
were stimulated as appropriate (see below) for 3 days in the presence or absence of
rising concentrations of IC (0.6, 1.25, 2.5, 5 and 10 μg/mL) at 37°C with 5% CO2. NOD
mouse cells were stimulated with plate bound anti-CD3 (2 μg/mL) and soluble anti-
CD28 (10 μg/mL), whereas cells isolated from BDC2.5 or G9C8TCR transgenic NOD
mice  were  stimulated  with  BDC2.5  mimotope  or  insulin  peptide  insB  15–23,
respectively. In other experiments, 2.5x105 Th1 cells were cultured with 1x104 APCs
and BDC2.5 mimotope (0.5 μg/mL) with or without increasing concentrations of IC as
previously described for 72 hours. Cells cultured in the presence of the proliferative
stimulus but without IC87114 were positive controls, whereas non-stimulated cells were
negative controls. 

Proliferation and cytokine analysis
In all experiments proliferation was assessed by CFSE staining (5 μM). After gating on
CD4+ and/or CD8+ T cells, the percentage of proliferating cells in each population was
determined.  For  cytokine  analysis,  supernatants  were  taken at  the  end of  the time
cultures and IFN-γ production or IL-10 was assessed by specific ELISA (R&D Systems).
Levels of other cytokines were detected using a cytometric bead array (eBioscience).
For  intracellular  cytokine staining,  cells  were washed and stimulated with  PMA (50
ng/mL) and ionomycin (2000 ng/mL) for 5 hours. BFA (5 μg/mL) was added for the last
3 hours. Afterwards, the staining of cell  surface markers was performed. Cells were
washed,  fixed,  permeabilized  (intracellular  cytokine  staining  kit,  eBioscience),  and
stained for detection of IFN-γ.

In vitro assessment of regulatory T cells
CD4+CD25+GFP+ cells  from spleens and lymph nodes of  5-week-old  Foxp3/GFP+
BDC2.5 TCR transgenic NOD mice were isolated by cell  sorter (MoFlo,  BD).  Tregs
were cultured with anti-CD3 (5 μg/mL), anti-CD28 (20 μg/mL) and IL-2 (1000 u/ml) with
or without IC87114 (5 and 10 μM) for 72 hours. Proliferation was assessed by dilution
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of CFSE staining (5 μM, Invitrogen) after gating on CD4+CD25+ cells. Supernatants
were assessed for IL-10 by specific ELISA (R&D). Positive control cells were stimulated
with anti-CD3/28 antibodies and IL-2 whereas negative control cells were not stimulated
at all.

Islet transplantation
Diabetes was induced in recipient mice (normal (WT), CD28-/-, p110δD910A/D910A
and  CD28-/-;  p110δD910A/D910A  double  knockouts  (DKOs))  by  streptozotocin
injection.  All  strains  were  backcrossed  on  the  C57BL/6  background.  Islets  were
prepared from MHC mismatched donors (Cba1-C57BL/6 F1). Pancreatic islets were
isolated through inflation of the pancreas via the bile duct [27], and islet transplantation
was performed according to standard protocols [28]. Confirmed diabetic recipient mice
received between 300 and 500 islets, giving approximately 15 islets per gram of body
weight. We anaesthetised the recipient mice with isoflurane inhalation anaesthesia, and
gave them sc temgesic for post-surgery analgesia. Islets were injected beneath the
kidney capsule of female recipients that have been confirmed to be diabetic after the
streptozotocin injection (Blood glucose level  > 20 mM at two consecutive readings).
Blood glucose was assessed three times per week for the period of graft survival, and
daily at the onset of graft rejection—for a maximum of three days. Some mice which
retained their grafts for longer than 100 days had the engrafted kidney removed at the
end of the experiment to ascertain that the graft was responsible for the restoration of
euglycemia.

Adoptive transfer models
CD4+ T cells were isolated by cell  sorting from spleen and lymph nodes of BDC2.5
TCR transgenic mice. 1x106 CD4+ T cells were transferred by the ip route to 5-week old
NOD-scid mice. Mice received IC87114 treatment (30 mg/Kg) by oral gavage twice per
day and/or CTLA-4 Ig administrated by the ip route at a concentration of 500 μg/mL (the
first time) and then 250 μg/mL every other day from day 0 to 10. Positive control mice
did not receive any treatment. After day 7, mice were monitored for the development of
diabetes by measuring blood glucose or urine glucose levels with Diastix strips (Bayer)
every day. In other experiments, 5x105 Th1 cells (see above) were transferred by the ip
route to 5-week old NOD mice. Mice received the same treatment as described above,
but from day 0 to 5. After day 3, mice were monitored for the development of diabetes
as previously described.

Statistical analysis
Differences between groups were tested using the student t-test, significant p-values
are indicated with * (p ≤0.05), ** (p ≤0.001) or *** (p ≤0.0001). Differences between
animals regarding diabetes incidence or recurrence after islet transplant were tested
using the Log rank survival test, with actual p-values displayed within the relevant figure
or legend. All analysis was performed using GraphPad Prism software.
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Results

IC87114 inhibition of  the PI3K p110δ subunit  does not  diminish T cell
proliferation but has profound effects on cytokine production 

We assessed the effects of increasing levels of IC87114 on T cells from diabetes-prone
NOD mice in in vitro culture, looking at anti-CD3 and anti-CD28 induced proliferation of
CD4+ T cells (Fig 1A, left hand panel) and CD8+ T cells (Fig 1A, right hand panel) and
production of IFN-γ (Fig 1B). We found that the presence of IC87114 did not suppress
proliferation of either CD4+ or CD8+ T cells (Fig 1A) but that the production of IFN-γ
was severely impaired even at the lowest concentration of IC87114 tested (Fig 1B).
Unaffected proliferation (as measured by % of cells divided ≥1 time) and suppressed
IFN-γ production were seen both in islet specific TCR transgenic BDC2.5 CD4+ T cells
[21]  (Fig  1C  and  1D),  which  recognize  a  posttranslationally  modified  peptide  of
chromogranin A [29], and in TCR transgenic G9C8 CD8+ T cells which recognize an
insulin peptide [23, 24] (Fig 1E and 1F).  We performed an extended analysis of the
effects on cytokine production by IC87114, and found that increasing concentration of
IC87114 suppressed all the pro-inflammatory cytokines assessed in supernatants from
peptide-stimulated  BDC2.5  CD4+ T cells,  including  IFN-γ,  IL-2,  GM-CSF,  and  IL-6,
while there was a trend towards increased production of anti-inflammatory cytokine IL-
10 and Th2 associated cytokines IL-4 and IL-5 (S1 Fig). Production of the cytokines that
could be detected in supernatants from insulin peptide stimulated G9C8 CD8+ T cells
was also decreased, with lower levels of IFN-γ, IL-2, TNF, IL-17, GM-CSF, IL-10 and IL-
6 recorded even at the lowest concentrations of added IC87114 (S2 Fig). An interesting
finding was that T cell proliferation was if anything increased in the presence of higher
concentrations of IC87114, with more cells dividing several times (S3B Fig) and with
BDC2.5 CD4+ T cells upregulating CD25 in response to increasing concentration of
IC87114 (S3A Fig).

Administration  of  IC87114  via  oral  gavage  does  not  delay  onset  of
diabetes after BDC2.5 cell transfer into NOD-scid recipients. 

As production of pro-inflammatory cytokines is central to the process whereby islet-
specific T cells cause type 1 diabetes through incapacitating and killing beta cells [30],
we wanted to test whether oral administration of IC87114 could prevent or delay onset
of  diabetes in  NOD-scid mice  after  transfer  of  potentially  diabetogenic  islet-specific
BDC2.5 CD4+ T cells. We found that oral administration of 30mg/kg body weight twice
per day (Fig 2A) had no effect of the development of diabetes after cell transfer, as all
mice in both groups had developed diabetes by day 13 after transfer (Fig 2B). 
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Fig 1. IC87114 blocks IFN-γ production by activated NOD cells. Cells isolated from the spleens and lymph
nodes of regular NOD mice (A, B); BDC2.5 TCR transgenic NOD mice (C, D) or G9C8 TCR transgenic NOD
mice (E, F) were stimulated with anti-CD3/28 antibodies (A, B), BDC2.5 mimotope (C, D) or insulin peptide
(E, F), respectively, with or without increasing concentrations of IC87114 (0.6–10 μM) for 72 hours. (A, C, E)
Cells were stained with CFSE and after gating on CD4 + and/or CD8 + T cells, the percent of proliferating
cells  in  each  population  was  determined.  (B)  Supernatants  were  collected  and  IFN-γ  production  was
assessed by specific ELISA (B) or intracellular staining (D, F). All data were expressed as the mean ± SD for
triplicate samples, differences between groups were tested using the student t-test. The data is representative
of at least three independent experiments.
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Fig 2. Administration of IC87114 does not prevent diabetes after adoptive transfer of naïve diabetogenic cells.
CD4+ T cells were isolated by cell sorting from spleen and lymph nodes of BDC2.5 TCR transgenic mice.
1x106 CD4+ T cells were  transferred i.p.  route  to  NOD-scid mice.  Mice received IC87114 treatment  (30
mg/Kg) by oral gavage (2x/day) from day 0 to 10 (A). Positive controls are mice that received CD4+ T cells
from BDC2.5 mice without any other treatment. After this time, blood glucose levels were checked every day,
and mice were considered irrevocably diabetic and sacrificed when they reached two consecutive blood
glucose levels > 13mM (B).

IC87114  suppresses  IFN-γ  production  from  Th1-differentiated  islet
specific effector T cells but does not stop them from causing diabetes
after transfer into wt NOD recipients.

As IC87114 did not have an effect on development of diabetes after transfer of BDC2.5
cells we wished to elucidate whether it could decrease IFN-γ production from already
Th1 differentiated effector CD4+ T cells. We found that, just as seen in in vitro cultures
with  naïve  cells,  the Th1 differentiated effector  cells  proliferated equally  well  in  the
presence of IC87114 (Fig 3A), but that their IFN-γ production, although more robust
than from naïve T cells, was decreased by IC87114 in a dose-dependent way (Fig 3B).
Th1 differentiated effector BDC2.5 CD4+ T cells cause diabetes after transfer into wild
type NOD mice in a process heavily dependent on production of IFN-γ (Fig 4A) [30],
and we hypothesized that administration of IC87114 via oral gavage which can stop
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IFN-γ production from these cells in vitro, would inhibit or delay onset of diabetes in the
IFN-γ  dependent  model  of  disease.  However,  oral  administration  of  30mg/kg  body
weight twice per day from the day of cell transfer did not affect disease development,
and both the IC87114-treated and the vehicle treated group developed diabetes on day
5 after adoptive transfer (Fig 4B). Oral administration did not appear to affect IFN-γ
production in vivo as cells isolated from pancreas (Fig 4C) or pancreatic lymph nodes
(Fig 4D) of IC87114 or vehicle-treated mice produced equal amounts of IFN-γ.

Fig 3.  IC87114 reduces IFN-γ production by differentiated Th1 cells. Cells isolated from the spleens and
lymph nodes of BDC2.5 TCR transgenic NOD mice were differentiated into Th1 cells by culturing them in the
presence of anti-CD3/CD28 antibodies, IL-2, IL-12 and IFN-γ for 4 days. 2.5x105 Th1 cells were then cultured
with 1x104 APCs and BDC2.5 mimotope (0.5 μg/mL) with or without increasing concentrations of IC87114
(0.6–10 μM) for 72 hours. Cells were stained with CFSE and after gating on CD4+ T cells, the percent of
proliferating cells was determined (A). Supernatants were collected and IFN-γ production was assessed by
specific  ELISA (B).  All  data  were  expressed  as  the  mean  ±  SD for  triplicate  samples.  The  results  are
representative of at least three independent experiments, differences between groups were tested using the
student t-test.

Combination with CTLA4-Ig does not alter or potentiate the in vitro effects
of IC87114

As IC87114 showed no effect  on  in  vivo diabetes development despite its dramatic
effects on cytokine production in vitro, we hypothesized that a combination with another
agent that targets a different pathway leading to the activation of T cells might synergize
with the IC87114. Indeed, in work leading up to the current study, we found that p110δ-
CD28 double knockout mice are immune suppressed and failed to reject allogeneic islet
grafts ([20] and S4 Fig). Since CTLA-4 Ig inhibits the ability of T cells to receive signals
via  CD28,  we assessed the effects  of  combining increasing levels  of  IC87114 with
CTLA4-Ig on T cells from NOD mice in  in vitro culture, looking at anti-CD3 induced
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proliferation of CD4+ T cells (Fig 1A, left hand panel) and CD8+ T cells (Fig 1A, right
hand panel) and production of IFN-γ (Fig 1B). We found that the combination of CTLA4-
Ig with  IC87114 did  not  suppress proliferation of  either  CD4+ or  CD8+ T cells  any
differently  than  IC87114 on its  own (Fig  5A) and that  the production  of  IFN-γ  was
similarly impaired in the presence of CTLA4-Ig (Fig 5B) compared with IC87114 alone
(Fig 1B). The presence of CTLA4-Ig modestly impaired proliferation of BDC2.5 CD4+ T
cells, but this was not potentiated by increasing concentrations of IC87114 (Fig 5C).
However, CTLA4-Ig did have a significant effect on the production of IFN-γ from the
BDC2.5 CD4+ T cells, and combination with IC87114 decreased IFN-γ production even
further (Fig 5D). The proliferation and IFN-γ production of G9C8 CD8+ T cells was not
affected  by  the  addition  of  CTLA4-Ig  (Fig  5E  and  5F),  demonstrating  the  same
reduction  of  IFN-γ  production  in  response  to  IC87114  as  when  no  CTLA4-Ig  was
present (Fig 1F). 

Fig 4. IC87114 treatment does not reduce the incidence of diabetes after adoptive transfer of Th1 cells to wt
NOD mice. CD4+CD62LhiCD25loB220lo T cells were isolated by cell sorting from spleen and lymph nodes of
BDC2.5 TCR transgenic mice and differentiated into Th1 cells by culturing them in the presence of anti-
CD3/CD28 antibodies, IL-2, IL-12 and IFN-γ for 4 days. 5x105 Th1 cells were transferred i.p. to wt NOD mice
and IC87114 (30 mg/Kg) or vehicle were administrated by oral gavage twice daily from day 0 to 5 (A). Mice
were  considered  diabetic  after  2  consecutive  blood  glucose  readings  >  13mM  (B).  We  assessed  the
percentages of IFN-γ-producing CD4+ T cells from pancreatic lymph nodes (C) and pancreas (D) in vehicle
treated mice, IC87114 treated mice and negative control mice (4 mice per group). Negative control NOD mice
did not receive Th1 cells nor any treatment.
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Fig 5. Combination of CTLA4-Ig with IC87114 has no major effect on diabetogenic cells. Cells isolated from
the spleens and lymph nodes of wild-type NOD mice (A, B); BDC2.5 TCR transgenic NOD mice (C, D) or
G9C8  TCR  transgenic  NOD  mice  (E,  F)  were  stimulated  with  anti-CD3/28  antibodies  (A,  B),  BDC2.5
mimotope (C, D) or insulin peptide (E, F), respectively, with or without increasing concentrations of IC87114
(0.6–10 μM), with or without CLTA4-Ig (100 ng/ml) as indicated, for 72 hours. Cells were stained with CFSE
and after gating on CD4+ and/or  CD8+ T cells,  the percent of proliferating cells in  each population was
determined (A, C, E). IFN-γ production was assessed either through ELISA (B) or intracellular staining (D, F).
All data were expressed as the mean ± SD for triplicate samples, differences between groups were tested
using the student t-test. The data is representative of at least three independent experiments.

We performed an extended analysis of the effects on cytokine production by combining
CTLA4-Ig and IC87114, and found that addition of CTLA4-Ig on its own decreased the
production of IL-2 in supernatants from peptide-stimulated BDC2.5 CD4+ T cells, but
that other cytokines assessed demonstrated no additional downregulation in response
to the additional presence of CLTA4-Ig to the increasing concentrations of IC87114 in
the culture (S5 Fig). We did not detect an effect of CTLA-4 Ig with the bead array, which
could be due to the fact that the high concentration of IFN-γ in the samples exceeding
the top limit of the assay (S5 Fig).
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Combination treatment with CTLA4-Ig does not increase protection from
diabetes by IC87114

As production of IFN-γ was further decreased in BDC2.5 CD4+ T cells  in vitro  when
CTLA4-Ig was added to IC87114 in culture, we tested whether oral administration of
IC87114 in  combination with  CTLA4-Ig  could  prevent  or  delay onset  of  diabetes in
NOD-scid  mice  after  transfer  of  BDC2.5  CD4+T  cells  (Fig  6A).  We  found  that
intraperitoneal injections of CTLA4-Ig every other day for the first 10 days after transfer
significantly delayed onset of diabetes in recipient mice (Fig 6B), but that combination
with twice daily administration of IC87114 did not enhance the protective effect,  but
rather appeared to attenuate it (Fig 6B).

Fig 6. Combination treatment with CTLA4-Ig and IC87114 does not prevent diabetes after adoptive transfer of
naïve diabetogenic cells. CD4+ T cells were isolated by cell sorting from spleen and lymph nodes of BDC2.5
TCR transgenic  mice.  1x106 CD4+ T cells  were  transferred  i.p.  route  to  NOD-scid mice.  Mice  received
IC87114 treatment (30 mg/Kg) or vehicle by oral gavage (2x/day) from day 0 to 10, and/or ip injections of
CTLA4-Ig on day 0, 3 and 5 (A). Positive control mice received CD4+ T cells from BDC2.5 mice without any
other  treatment.  Blood  glucose  levels  were  checked  every  day  from day  7,  and mice  were  considered
irrevocably diabetic and sacrificed when they reached two consecutive blood glucose levels > 13mM (B).
Differences between treatment groups were determined using the Log Rank survival test.
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Combination with CTLA4-Ig does not alter or potentiate the in vitro or in
vivo effects of IC87114 on Th1 differentiated effector T cells

We also assessed whether addition of CTLA4-Ig had an additional inhibitory effect on
IFN-γ production from already Th1 differentiated effector CD4+ T cells. We found that,
just as seen in Fig 3, that the Th1 differentiated effector cells proliferated equally well in
the presence of IC87114 (Fig 3A), but that their IFN-γ production, although more robust
than from naïve T cells, was decreased by IC87114 in a dose dependent way. Addition
of CTLA4-Ig to the culture had no effect on proliferation (Fig 7A), and had some effect
on IFN-γ production, not appearing to result in synergistic suppression (Fig 7B). Neither
treatment  with  CTLA4-Ig  on  its  own  nor  in  combination  with  IC87114  affected
development of diabetes after transfer of Th1 differentiated effector BDC2.5 CD4+ T
cells into wt NOD mice (Fig 7C), as all mice regardless of treatment developed diabetes
5 to 6 days after injection of the diabetogenic cells.

Fig 7.  Combined treatment of IC87114 and CTLA-4 Ig does not reduce the incidence of diabetes in the
adoptive transfer model of Th1 cells from BDC2.5 transgenic mice to NOD mice. CD4+CD62LhiCD25lo B220lo

T cells were isolated by cell  sorting from spleen and lymph nodes of BDC2.5 TCR transgenic mice and
differentiated into Th1 cells by culturing them in the presence of anti-CD3/CD28 antibodies, IL-2, IL-12 and
IFN-γ for 4 days. Th1 cells were then cultured with 1x104  APCs and BDC2.5 mimotope (0.5 μg/mL) with or
without increasing concentrations of IC87114 (0.6–10 μM), with or without CTLA4-Ig (100 ng/ml) as indicated,
for 72 hours. Cells were stained with CFSE and after gating on CD4+ T cells, the percentage of proliferating
cells was determined (A). Supernatant IFN-γ assessed by specific ELISA (B). All data expressed as the mean
± SD for triplicate samples, differences between groups were tested using the student t-test. The results are
representative of at least three independent experiments. 5x105 Th1 cells were transferred i.p. to wt NOD
mice. IC87114 (30 mg/Kg) or vehicle were administrated by oral gavage twice daily from day 0 to 5, and/
CTLA4-Ig injected ip on day 0, 3 and 5. The number of mice per group is indicated within the Fig. Mice were
considered diabetic after 2 consecutive blood glucose readings > 13mM (C).
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IC87114 does not alter the percentage of regulatory T cells, but reduces
their production of IL-10

Treatment with IC87114 appeared to break the temporary tolerance afforded by CTLA4-
Ig treatment after islet specific T cell transfer (Fig 6B). As the effects of IC87114 on the
cytokine production of these cells were so striking, we wondered if effects of IC87114
on the regulatory T cell pool could be even more important, and thus cancel out and
even  override  any  anti-inflammatory  effects.  We  found  that  oral  administration  of
IC87114 had no effect on the percentages of Treg present in the spleen, inguinal or
pancreatic lymph nodes of treated mice (Fig 8A) or on their absolute numbers (data not
shown), and that presence of IC87114 in culture medium did not affect proliferation of
sorted Treg from Foxp3-GFP reporter NOD mice in vitro (Fig 8B). However, we found
that cytokine production was strongly affected by IC87114, demonstrating a ~65% drop
in IL-10 production in the presence of 5 mM IC87114 (Fig 8C).

Fig 8. IC87114 does not affect percentages of Foxp3+ Treg in treated mice, but reduces IL-10 production
from Treg. Percentages of Foxp3+ cells were assessed in spleen, inguinal lymph nodes and pancreatic lymph
nodes of mice treated with IC87114 twice daily for 10 days. Each data point represents one mouse (A).
Proliferation of sorted CFSE labeled BDC2.5 Foxp3-GFP cells in response to anti-CD3/CD28 antibodies in
the presence of IC87114 (B). Production of IL-10 from stimulated, sorted, BDC2.5 Foxp3-GFP in presence of
IC87114 measured by supernatant ELISA (C). Results are representative of at least two experiments.
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Discussion

IC87114  has  a  profound  suppressive  effect  on  the  production  of  pro-inflammatory
cytokines such as IFN-γ and IL-17 as well as IL-2 from islet-specific cells activated in
vitro, while increasing the production of anti-inflammatory cytokines such as IL-4 and IL-
10. As the development of diabetes in NOD mice depends on the production of IFN-γ
from CD4+ T cells [30], and IFN-γ production and IL-17 production is elevated in islet-
reactive CD4+ T cells in recent onset type 1 diabetes patients [5, 31], we hypothesized
that administration of IC87114 could have beneficial effects on anti-islet inflammation
and be a feasible option of type 1 diabetes therapy. A previous study has demonstrated
modest positive effects of IC87114 on the development of diabetes in NOD mice [32],
and we hypothesised that combination of this agent which has such dramatic effects on
production of  pro-inflammatory cytokines even from already activated cells [15]  with
another well tolerated treatment targeting the activation of T cells [11, 26] would have a
chance  of  preventing  disease  completely.  Indeed,  preliminary  studies  showed  that
genetic  inactivation  of  PI3Kδ  and  CD28  resulted  in  indefinite  acceptance  of  islet
allografts.  However,  we  found  that,  despite  seeing  considerable  inhibition  of  pro-
inflammatory cytokine production even at the lowest concentrations of IC87114 tested,
treatment  with  IC87114  had  no  effect  on  the  development  of  diabetes  either  after
adoptive transfer of naïve BDC2.5 CD4+ T cells into NOD-scid mice or after transfer of
Th1 differentiated effector BDC2.5 CD4+ T cells into wild type NOD mice. The group
sizes  we  used for  in  vivo experiments  were  small,  and it  cannot  be excluded that
differences between groups could have been detected had the sample size been larger.
However, as no positive effects of IC87114 were detected in the preliminary  in vivo
experiments,  we  decided  against  using  larger  numbers  of  mice  which  might  have
allowed us to detect subtle differences between groups. Adding CTLA4-Ig to cultures
had specific  effects,  targeting CD4+ T cell  proliferation and production of  IL-2  from
these cells, and combination of CLTA4-Ig with IC87114 had a major effect on IFN-γ
production from CD4+ T cells. This was considered promising as IFN-γ production from
CD4+ T cells  that  has been shown to  be particularly  important  in  the pathology of
diabetes in mice as well as men [5, 30]. However, combination treatment with twice
daily oral administration of IC87114 and intraperitoneal injections with CTLA4-Ig every
other day for 10 days did not lead to protection from diabetes either after transfer of
naïve  cells  or  preactivated  Th1  cells.  In  fact,  treatment  with  IC87114  appeared  to
attenuate the protective effect afforded by CTLA4-Ig injection, raising the question of
whether effects on the regulatory T cell subset may be greater than any effects on anti-
inflammatory cytokine production. We found that although IC87114 treatment did not
change  the  percentage  of  Foxp3+  regulatory  CD4+  T  cells  present  in  secondary
lymphoid organs, these cells produced less anti-inflammatory IL-10 when activated in
the presence of  IC87114,  and are thus also feasible  targets  of  IC87114 treatment.
Production of anti-inflammatory cytokines such as IL-10 [33] and TGF-β is known to
suppress development of diabetes in NOD mice [34, 35], and it is not surprising that a
reduction in  the production of  anti-inflammatory cytokines could  precipitate  disease.
Regulatory  T cells  have  been  identified  as  a  target  of  PI3K  p110δ  inhibitors,  and
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targeting p110δ signalling in these cells increases anti-tumour immune responses by
releasing cytotoxic CD8+ T cells from Treg control [36, 37] even though lack of p110δ
signalling also resulted in decreased CD8+ T cell expression of activation marker CD44
as well as granzyme B and perforin. Our findings demonstrate major effects of IC87114
on the production of pro-inflammatory cytokines from diabetogenic T cell clones in vitro,
but  no decrease in their  diabetogenicity  in  vivo.  In fact,  we see that  treatment with
IC87114 abrogates the protective effects of CTLA4-Ig treatment and causes a quicker
progression to diabetes after cell transfer. Our results indicate that IC87114 is not a
promising candidate for treatment of type 1 diabetes, even in combination with other
drugs  such  as  CTLA4-Ig,  but  that  it  leaves  the  in  vivo inflammatory  response
unchanged. Instead, our data adds weight to the proposal that PI3K p110δ inhibition, as
a means to reduce the effect of Treg, is a feasible strategy for breaking tumour-specific
immune tolerance to achieve improved cancer immunotherapy.
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S1 Fig.  Effects  of  IC87114 on  cytokine  production  in  BDC2.5  CD4+ T cells.  Cells
isolated from the spleens and lymph nodes of BDC2.5 TCR transgenic NOD mice were
stimulated  with  the  BDC2.5  mimotope  (0.5  μg/mL)  with  or  without  increasing
concentrations of IC87114 (0.6–10 μM) for 48 hours. Cytokines from supernatants were
assessed in duplicate using a bead cytokine array, differences between groups were
tested using the student t-test. 

S2 Fig. Effects of IC87114 on cytokine production in G9C8 CD8+ T cells. Cells isolated
from the spleens and lymph nodes of G9C8 TCR transgenic NOD mice were stimulated
with the insulinB 15–23 peptide (0.5 μg/mL) with or without increasing concentrations of
IC87114 (0.6–10 μM) for  48 hours.  Cytokines from supernatants  were assessed in
duplicate using a bead cytokine array, differences between groups were tested using
the student t-test.

S3 Fig. Effects of IC87114 on the distribution of divisions and activation status. Cells
isolated from the spleens and lymph nodes of BDC2.5 TCR transgenic NOD mice were
stimulated  with  the  BDC2.5  mimotope  (0.5  μg/mL)  with  or  without  increasing
concentrations of IC87114 (0.6–10 μM) for 72 hours, and then stained for CD25. A
histogram overlay of representative cultures gated on CD4+ cells (A, left) and a graph
showing all data (A, right). Cells isolated from the spleens and lymph nodes of G9C8
TCR transgenic NOD mice were stained with CFSE and stimulated with the insulinB
15–23 peptide (0.5 μg/mL) with or without increasing concentrations of IC87114 (0.6–
10μM) for 72 hours. A histogram overlay of representative cultures gated on CD8+ cells
(B,  left),  and a graph showing all  data  (B,  right).  Differences between groups were
tested using the student t-test.

S4  Fig.  Survival  of  MHC  mis-matched  islets  in  streptozotocin  induced  diabetic
recipients. Wt C57BL/6 mice, CD28 KO, PI3K p110D910A (D910A) and CD28-D910A
double deficient mice (DKO) were rendered diabetic through injection of streptozotocin.
Diabetic mice received a MHC mis-matched (Cba1-C57BL/6 F1 donor) islet graft under
the kidney capsule. Blood glucose was monitored in the recipient mice for up to 215
days.  Some  DKO  mice  that  remained  euglycemic  for  a  long  time  underwent
nephrectomy at the end of the experiment to ascertain that the graft was the cause of
the restored euglycemia. The difference in euglycemic survival  between wt recipient
mice and DKO recipient mice was assessed using the Log Rank survival test, resulting
in a p-value of 0.0027 (**).

S5 Fig.  Effects of  combination of  CTLA4-Ig and IC87114 on cytokine production in
BDC2.5 CD4+ T cells. Cells isolated from the spleens and lymph nodes of BDC2.5 TCR
transgenic NOD mice were stimulated with the BDC2.5 mimotope (0.5 μg/mL) in the
presence  of  CTLA4-Ig  (100  ng/mL)  with  or  without  increasing  concentrations  of
IC87114 (0.6–10 μM) for  48 hours.  Cytokines from supernatants  were assessed in
duplicate using a bead cytokine array, differences between groups were tested using
the student t-test.
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Autoimmune diseases result from an imbalance of pathogenic autoreactive effector T
cells (Teff) and protective regulatory T cells (Treg). Many of the autoimmune disorders
are T-cell driven and therefore therapies that initiate the deletion of autoreactive Teff
cells,  skew their  pro-inflammatory profile  or  induce a regulatory  phenotype in  auto-
antigen specific T cells, seem promising.
The research described in this thesis focuses on two approaches aimed to restore loss
of tolerance mechanisms during the course of T-cell driven autoimmune diseases. The
first  part  describes  the  regulatory  properties  of  a  peptide  derived  from heat  shock
protein of 60 kDa (HSP-60) in the context of rheumatoid arthritis (RA). The second part
focuses on the effect of the pharmacological inhibition of p110δ alone or in combination
with abatacept to restore the balance between Teff/Tregs cells in the context of diabetes
mellitus  type  1  (T1D).  In  the  following  paragraphs  the  results  will  be  put  into
perspective.

Antigen-specific therapies

The goal of antigen-specific therapies is to present known autoantigens to the immune
system in a way that a regulatory response can be triggered. The form in which antigen
is administered will impact such immune response [1]. Antigen in aggregated form, or
mixed  with  adjuvant  will  promote  a  strong  inflammatory  response,  while  soluble
monomeric antigens will induce T-cell tolerance. The mechanism behind the induction
of tolerance using soluble antigens is still under debate, but the process could involve
the induction of anergy, apoptosis or a regulatory phenotype in antigen-specific T cells
[2].  The lack of knowledge of  the T-cell  epitopes that are essential  to pathogenesis
supposes an obstacle to the use of antigen-specific therapies in human autoimmune
disorders. For some diseases, the autoantigens are relatively well known, such as the
acetylcholine receptor in myasthenia gravis [3] and thyroglobulin and thyroperoxidase in
autoimmune thyroid disease [4]. For other diseases candidate autoantigens have been
proposed but it is not possible to specify their real contribution to the disease. Another
factor  to  consider  is  epitope  spreading,  a  mechanism  by  which  the  inflammatory
response is propagated to new antigens due to tissue damage as the disease develops
[5]. The inflammatory response is then amplified in such a way, that the identity of the
original  trigger  becomes  irrelevant  for  clinical  practice.  Although  specific  disease-
inducing antigens are not known for RA, antigens that are specifically up-regulated at
the site of inflammation and with a strong antigenic potential (bystander antigens) are
interesting candidates for  antigen-specific  therapies [6].  As presented in  chapter  2,
HSPs are endowed with both these qualities.

Heat shock proteins as targets for antigen-specific therapies
The HSP family consists of several family members (HSP-10, 40, 60, 70, 90 and 100)
on the basis of their monomeric molecular weight. According to the new nomenclature,
these proteins are classified as: HSPE (HSP-10), DNAJ (HSP-40), HSPD (HSP-60),
HSPA (HSP-70),  HSPC  (HSP-90)  and  HSPH  (HSP-110)  [7].  HSPs  are  the  most
phylogenetically conserved proteins in all prokaryotes and eukaryotes. The proteins act
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as chaperones assisting the folding of newly synthesized or misfolded proteins. Cellular
stress  like  inflammation,  toxic  chemicals,  hypoxia  and  heat  can  affect  the  three-
dimensional  conformation  of  intracellular  proteins.  Therefore,  cells  upregulate  HSP
under stressful conditions in order to ensure a correct protein conformation and the
survival of cells [8,9]. Antigen presenting cells (APC) can take HSP via several routes
and degrade them into several  HSP-derived peptides that can be loaded into major
histocompability complex (MHC) molecules to be presented to T cells [reviewed in [10].
HSPs have been shown to be immunodominant antigens recognized by the immune
system.  The  latter  was  exemplified  by  the  analysis  of  T  cell  responses  in  mice
immunised  with  Mycobacterium  tuberculosis  where  10–20%  of  the  Mycobacterium
tuberculosis-specific T cells responded to HSP-60 [11]. Antibodies specific for HSP-60
of  Chlamydia  trachomatis  have been detected at  high titres in  the sera of  patients
infected  with  this  pathogen [12].  In  addition,  immunodominant  humoral  and cellular
responses to fungal HSP-60 have been reported as well [13]. It has been suggested
that the high homology between species together with their upregulated expression at
sites of inflammation and immuno-dominance properties lead to cross-reactive immune
responses  between  microbial  and  endogenous  HSPs  during  a  microbial  infection.
Although such responses could in theory increase the risk for autoimmunity, in several
cases they were seen to correlate with disease protection [14, 15].
One hypothesis proposed by van Eden et al. [16] is that exposure to microbial HSP by
contact  with  gut  commensal  microflora,  during  bacterial  infection,  or  after  artificial
immunization  with  HSPs  or  vaccination  with  whole-cell  vaccines  could  lead  the
activation  of  self-HSP-reactive  T  cells.  A  regulatory  T-cell  phenotype  could  be
developed  in  these  cells  after  their  exposure  to  HSPs  from  gut  microflora  in  the
mucosa-associated lymphoid tissue. These cells can migrate to the periphery where
further maintenance could take place after their exposure to self-HSPs displayed at the
surface of non-professional APCs in the absence of co-stimulation. In this way, HSP-
specific T cells could promote their regulatory effect when they are exposed to HSPs
that are upregulated at the site of inflammation. 
During periods of active arthritis, the inflammation in the joint provokes an up-regulated
expression of self-HSPs in the synovial fluid and tissue of RA patients [17,18]. There is
also evidence showing that HSPs are secreted from stressed cells in blood [19]. The
analysis of immune responses to HSPs in experimental  models and in patients has
shown their  capacity  to  induce regulatory  T-cell  responses.  For  instance, data  from
animal models indicate that cross-reactive regulatory T-cell responses to self-HSP have
an important role in disease protection [20, 21]. Furthermore, it has been shown that
self-HSP-60-specific  T  cell  responses  present  in  juvenile  idiopathic  arthritis  (JIA)
patients correlates with a benign course of the disease [22-24]. Self-HSP-specific T cell
responses have also been reported to have a regulatory role in RA [25] and juvenile
dermatomyositis  [26].  Low  concentrations  of  human  HSP-60  or  p277  (a  synthetic
human peptide derived from HSP-60) were able to increase the regulatory function of
CD25+ Treg cells from human peripheral  blood mononuclear cells (PBMC) [27, 28].
Another  study  confirmed  that  self  HSP-60  could  directly  induce  highly  suppressive
Foxp3+  Treg  cells  in  vitro [29].  In  addition,  initial  clinical  trials  in  patients  with
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autoimmune  diseases  confirmed  that  HSP-60  derived  peptides  can  induce  the
production of anti-inflammatory cytokines, which corroborates their immunoregulatory
potential [reviewed in chapter 2 and 30]. This capacity has not been seen for non-HSP
antigens, such as other relatively well conserved and immunogenic bacterial antigens
[31]. So, HSPs might have unique characteristics that endow them with the capacity to
regulate immune responses. In conclusion, HSPs are bystander antigens that can elicit
regulatory  responses in  human autoimmune diseases,  and are therefore interesting
targets for antigen-specific therapy.

Native peptides vs altered peptide ligands
T cells recognize short linear peptides presented by MHC molecules in the surface of
APC. The interaction is highly specific but with some grade of flexibility [32]. In fact, a T-
cell receptor (TCR) can recognize peptides slightly altered, however, their recognition
can lead to altered functional outcomes for cells. Peptides whose primary sequences
have been altered to affect either their affinity to MHC class II molecules or to the TCR
are known as altered peptide ligands (APLs). Based on their functional effect on T cells,
APLs are classified as agonists, partial/weak agonists, antagonists, or null compounds
[33]. In principle, an agonist induces all T-cell functions, like proliferation and cytokine
secretion. Partial agonists are APLs that induce only some, but not all T-cell functions.
Antagonism differs  from partial  agonism in  that  a stimulatory  agonist  (immunogenic
peptide,  superantigen or  alloantigen)  must  be simultaneously  present  with  the APL.
Finally, because the binding affinity of null  ligands is below the threshold to activate
TCR signaling their engagement to T cells has no functional consequences.
Studies to elucidate the biochemical mechanisms by which APLs stimulate T cells have
focused on the TCR/CD3 complex. The binding of the MHC-APL complex to the target
TCR might  produce  an  altered  phosphorylation  pattern  in  the  CD3  complex  which
affects  their  tyrosine  kinase  activity  and  in  turn  their  functional  outcome  [33].  The
altered  outcome might  include:  cytokine  production  in  the  absence  of  proliferation,
differential  cytokine  production,  anergy,  apoptosis,  Treg  induction  or  a  combination
thereof [33-36].
It has been proposed that the peptide used for an antigen-specific therapy should mimic
the  naturally  processed  epitope  [37].  However,  there  are  some  examples  in  the
literature where the efficacy of  soluble peptide therapy can be improved by making
some changes in the peptide sequence [reviewed in 37 and 38].
A  good  example  comes  with  the  APL  designed  by  Prakken  et  al.  from  the
immunodominant  epitope  of  human  HSP-60  (180-188).  This  APL  showed  after
intranasal administration a prophylactic and therapeutic effect greatly superior to that of
the native peptide in a model of adjuvant induced arthritis (AA). This APL bound the
MHC of rats (RT1B1) with higher affinity than the original epitope, inducing IL-10 Tr1
cells that controlled disease progression [39]. Furthermore, the major encephalitogenic
epitope of myelin basic protein (Ac1-9) is poor at inducing tolerance in experimental
autoimmune encephalomyelitis, a model for multiple sclerosis, compared to APLs with
increased affinities for class II molecules [40]. Although some preclinical results appear
to  suggest  that  improving  the  affinity  of  a  peptide  for  a  MHC molecule  creates  a
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stronger tolerogen, it seems that such a capacity cannot be explained solely by its MHC
binding affinity [39].
As  antecedent  of  the  work  presented  in  this  thesis,  we  evaluated  the  therapeutic
potential of two peptides derived from the N-terminal region of human HSP-60 (E18-3
and E18-12) in the context of RA [41,42]. These peptides have 100% similarity between
human,  rat  and  mouse.  APL-1  derived  from E18-3  peptide  outperformed  its  native
peptide during testing in the AA model where it  was able to reduce clinical signs of
arthritis and the histological damage of the joints associated with increased frequencies
of CD4+CD25highFoxp3+ Tregs [41].  On the other hand, APL-2 derived from E18-12
peptide was able to increase the production of the regulatory cytokine IL-10 in ex vivo
assays using peripheral blood mononuclear cells (PBMCs) from RA patients, whereas
its native peptide induced a pro-inflammatory profile [42]. Furthermore, APL-2 but not
the native peptide was able  to  reduce clinical  signs of  arthritis  and the histological
damage of the joints in two animal models of arthritis [42]. Interestingly, APL-1 derived
from the E18-12 peptide had a similar behaviour as the original epitope, except for the
fact that it was able to increase IL-10 in some patients, whereas APL-3 had no effect on
cytokine production at all [42]. The latter confirms that minor variations of the peptide
sequence may have profound impact in their  functional outcome as stated by other
groups [33,37,38]. Furthermore, results obtained working with APLs derived from E18-3
and E18-2 peptides and the immuno-dominant epitope of human HSP-60 (180-188)
support the notion that APLs derived from HSP-60 can selectively change the functional
outcome of pro-inflammatory T-cell responses and thereby be used to modulate such
responses in T cell-mediated autoimmune diseases.

Route of administration
The efficacy of  the peptides derived from E18-3 and E18-12 to reduce clinical  and
histological damage was successfully evaluated in AA and collagen induced arthritis
(CIA) models by using either the subcutaneous or intradermal routes [41,42]. However,
the  administration  route  to  induce  tolerance  is  under  a  critical  debate.  In  theory,
mucosal delivery would be a more appropriate choice because it simulates the natural
route  through  tolerance  is  induced [43].  Furthermore,  mucosal  delivery  of  antigens
appears to  be a safer route compared with subcutaneous administration where the
occurrence of systemic hypersensitivity reactions has been reported [44]. For instance,
two clinical  trials  using two peptides derived  from the immuno-dominant  HLA-DR2-
restricted T-cell epitope of myelin basic protein (residues 83-99) in patients with multiple
sclerosis were interrupted after the appearance of such reactions and the worsening of
disease  symptoms  in  some  patients  [45,  46].  The  latter  was  associated  with
subcutaneous administration of high doses of the peptide (50 mg) due to the expansion
of T-cell clones with a T-helper 1 (Th1) phenotype. However, the treatment was well
tolerated in patients receiving the lower dose (5 mg), suggesting that apart from the
route of administration, dosing schemes should be taken into account to reduce the
potential  risk  of  activating  pathogenic  T-cell  clones.  A good  example  is  the  use  of
DiaPep277, a 24-amino acid peptide derived from the 437–460 sequence of the human
HSP-60, in T1D patients. The administration of 1 mg of this peptide by subcutaneous
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route was safe and well tolerated in clinical trials phase I and II. Moreover, the treatment
preserved the function of pancreatic β cells and decreased the demand for exogenous
insulin when compared to the placebo groups [47]. The study of the T-cell populations
of patients treated with DiaPep277 but not with placebo showed a shift towards a Th2
phenotype characterized by reduced levels of interferon gamma (IFN-γ) and increased
expression  of  IL-4,  IL-10  and  IL-13  [48].  Thus,  peptides  can  be  administered
successfully  by  the  subcutaneous route  but  at  the  lowest  dosage still  producing  a
significant biological effect, in order to reduce the chances of cross- activate pathogenic
T-cell clones.

Targeting antigen-specific Treg cells in inflammatory arthritis

That  Treg  are  important  for  inducing  tolerance  in  humans  is  supported  by  the
association between mutations in Foxp3 and a severe recessive autoimmune disorder
in humans known as immunodysregulation,  polyendocrinopathy,  and enteropathy, X-
linked (IPEX) syndrome [49]. Foxp3 constitutes the most specific marker for these cells
and  is  to  some  extent  indispensable  to  develop  a  Treg  phenotype  and  for  their
suppressive function [50]. A deficiency in Treg numbers or function has been linked to
organ-specific  autoimmunity  in  humans,  although  not  all  studies  support  this
conclusion. Moreover, changes in the percentages of circulating Treg cells have been
detected  in  patients  according  to  their  DAS-28  score,  which  may  be  linked  to  the
relapsing/remission periods of RA [52]. In chapter 4 as well as in many other studies a
reduced circulating Treg percentage in RA patients compared to healthy controls has
been reported [51-53].  However,  a  reduced frequency of  Tregs in  the  blood  of  RA
patients with respect to healthy controls could only reflect a migration from the blood to
the site of inflammation. This is supported by analysis of synovial fluid from patients
with RA, which showed an increase in the frequency of Tregs compared to levels in
peripheral blood [53, 54].  Despite increased frequencies at the site of inflammation,
Treg  cells  fail  to  suppress  ongoing  inflammation.  The  latter  could  be  due  to  the
inhibition of their functions by pro-inflammatory cytokines or because of the increased
number of activated Teff cells [55, 56].
The importance of Treg cells suppressing autoimmunity in rodent models has also been
well established. Foxp3-mutant mice lack functional Treg cells and develop a severe
lymphoproliferative autoimmune syndrome which is similar to the IPEX syndrome in
humans [57].
Treg cells need to be first activated through TCR to become suppressive [58]. After
being  activated  by  their  cognate  antigen,  Treg  cells  start  to  produce  regulatory
cytokines or activate other mechanisms able to suppress the activation of Teff cells as
presented in chapters 1 and 2. Once activated, Treg cells can also suppress immune
responses of T cells with other specificities and APC in a process known as ‘bystander
suppression’ [59]. The ability of Treg cells to induce bystander suppression makes them
interesting candidates for the development of new therapeutic options. Since Treg cells
are activated in an antigen-specific way, there is a good reason for the use of their
cognate antigens to elicit  their  suppressive function. Several family members of the
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HSPs  can  activate  disease-suppressive  Treg  cells.  For  instance,  the  conserved
mycobacterial  HSP-70 epitope called B29 has its  mammalian homologs abundantly
present in murine and human MHC class II. The administration of B29 induces antigen-
specific Treg cells able to suppress disease in a mouse model of RA [60]. Furthermore,
disease was abolished after transferring B29-induced CD4+CD25+Foxp3+ T cells while
their in vivo depletion had the opposite effect. Another example comes with DiaPep277
that has been previously reported as a Treg inducing autoantigen able to increase the
suppressive functions of Treg cells [28]. Thus, the potential of HSP-specific Treg cells to
abolish immune responses makes them therapeutic targets of interest for autoimmune
diseases.
In a previous work, APL-1 derived from E18-3 was able to increase the frequency of
CD4+Foxp3+ Tregs whereas its native peptide seemed to recruit conventional CD4+ T
cells after inoculation to BALB/c mice [41]. In chapter 3, we showed that this APL was
able to increase the percentage of CD4+CD25highFoxp3+ Treg cells in  ex vivo assays
using PBMCs from RA patients irrespective to their clinical activity. Because this effect
was  seen  in  all  patients,  we  preliminarily  explored  whether  APL-1  could  trigger
activation of innate toll-like receptor (TLR) signalling pathways (chapter 3). In particular,
TLR2  and  TLR4  have  both  been  reported  to  interact  with  mammalian  HSPs  [61,
reviewed in 62]. The activation of TLR2 and TLR4 in Treg cells appears to enhance
their expansion and/or suppressive function [28, reviewed in 62]. However, using two
HEK 293 engineered cell  lines (HEK-BlueTM hTLR2 and HEK-BlueTM hTLR4),  we
showed  that  this  peptide  was  not  able  to  activate  these  pathways  at  any  of  the
concentrations tested. The other possibility is that APL-1 could have  the potential to
bind  a  diverse  range  of  MHC  molecules.  Antigen-specific  therapies  require  the
identification of epitopes that have such a potential due to the polymorphic nature of
MHC molecules. The latter, has impeded the identification of relevant epitopes in most
human autoimmune diseases. Computer algorithms able to predict potential epitopes
that bind to multiple allelic variants of the HLA-DR molecule (pan-DR epitopes) are now
available [63, 64]. Kamphuis et al. successfully used an algorithm to identify pan-DR-
binding HSP-60 epitopes [65]. The identified set of HSP-60 epitopes stimulated T-cell
responses  (proliferation  and/or  cytokine  production)  in  most  JIA  patients  and
irrespective of MHC genotype. In vitro MHC binding studies corroborated the ability of
these  epitopes  to  bind  to  multiple  class  II  molecules.  In  chapter  3,  we  analysed
potential binding motifs of APL-1 and E18-3 to HLA-DR molecules associated to RA
using the NetMHCIIpan algorithm. According to predictions, APL-1 contains an epitope,
whose core region contains the amino acid replacement, with higher affinity to all class
II molecules included in the study. As increased proportions of Treg cells were observed
after the culture of PBMCs with APL-1 in all RA patients but not with the native peptide
(chapters 3 and 4), we speculated that the amino acid modification created a T-cell
epitope which is able to be presented by several HLA-DR molecules to natural Treg
(nTregs) cells of RA patients. The next step was then to verify the direct effect of this
APL on activation of nTreg cells from these patients. For this purpose, in chapter 4 we
cultured highly purified nTreg cells (CD4+CD25highCD127-) isolated from RA patients
together with APC and with or without APL-1. Other groups have reported that dendritic
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cells (DC) or APC pulsed with peptide for 72 hours are capable of expanding antigen-
specific  Treg  cells  even  in  the  absence  of  exogenous  IL-2  [66].  Using  our  culture
system,  we  confirmed  that  APL-1  is  able  to  target  nTreg  cells  by  increasing  their
expression of CD25 which was associated with the activation of the STAT-5 pathway.
Among  the  signals  activated  via  CD25,  phosphorylation  of  STAT5  appears  to  be
particularly  important  for  expansion,  survival  and  stabilization  of  CD25  and  Foxp3
expression in Treg cells [67]. As argued in chapter 2, Treg cells express high levels of
the IL-2 alpha chain CD25, because like other cells, they use IL-2 for their differentiation
and survival. Treg cells have been considered to serve as an IL-2 sink [68], depriving
Teff  cells  from IL-2  and  limiting  thereby  their  survival  and  effector  function.  CD25
expression has been observed on Hsp-responsive Tregs in different studies [60,69,70],
so it is possible that depriving other cells from IL-2 serves as a suppressive mechanism
leading to the induction of apoptosis on Teff cells. In  chapter 4, we did not study the
ability  of  APL-1-responsive  Tregs  to  induce  apoptosis  on  Teff  cells.  However,  we
showed that Treg mediated suppression on Teff cells was enhanced twice in APL-1-
treated cells compared to non-stimulated cells or cells stimulated with a non-related
peptide. Interestingly, in chapter 3 we observed that APL-1 when cultured with PBMCs
from active RA patients  induced apoptosis  in  a large percentage of  cells.  Activated
CD4+T cells from active RA patients but not resting cells nor cells from inactive patients
(either activated or resting) were found as targets of APL-1-induced apoptosis. Thus, it
seems  that  only  activated  cells  within  an  inflammatory  context  are  targets  of  this
peptide, which is one of the main claims of the antigen-specific therapy. Supported by
the  increased  expression  of  CD25  expression  in  APL-1-responsive  Tregs  one
hypothesis  is  that  this  mechanism  could  be  mediated  at  least  in  part  by  Tregs.
Sakaguchi's group proposed a model in which two modes of Treg suppression can be
distinguished  depending  on  the  inflammatory  context  [71].  In  highly  inflammatory
environments, activated Treg cells are able to control excessive immune response by
killing or inactivating Teff cells and APCs, via a granzyme/perforin mechanism and IL-10
secretion. However, in the physiological and steady state, activation of naive T cells can
be suppressed by Tregs via deprivation of activation signals including CD28 signal from
antigen-reactive T cells keeping the latter in a naive state in lymphoid tissues. These
two modes of Treg suppression depending on the inflammatory context could explain
why we did not observe cells undergoing apoptosis in inactive RA patients after APL-1
ex vivo treatment  despite  increasing  numbers  of  Treg  cells  in  culture  (chapter  3).
However,  studies performed by Vercoulen et  al.  showed that  apoptosis  induction in
activated Teff cells do not appear to be important for human Treg-mediated suppression
[72].  In  any  case,  more  experimentation  will  be  necessary  to  understand  the
mechanism by which APL-1 induces apoptosis of only activated CD4+ Teff cells from
active RA patients and whether or not this is related to Treg induction. What is clear is
that  while  APL-1  drives  the  apoptosis  of  activated  CD4+CD25+ Teff  cells  from RA
patients, CD4+CD25highFoxp3+ Treg cells are able to survive and expand their numbers
ex vivo (chapters 3  and  4) and  in vivo as shown after inoculation of the peptide to
BALB/c mice [41]. 
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Another  hypothesis  that  remains  to  be  studied  is  that  APL-1  could  have  a  direct
apoptotic effect on activated CD4+ Teff cells from RA patients. Indeed, APL-1 besides
targeting Treg cells seems able to target by itself CD4+ Teff cells from RA patients. In
chapter 3, we showed that APL-1 had an anti-proliferative effect on CD4+ T cells when
CD4+CD25- T cells from RA patients were activated using phytohaemagglutinin (PHA).
APL-1 required antigen presentation through the HLA-DR molecule for decreasing the
proliferation of CD4+ T cells, confirming this peptide being an HLA-DR-restricted CD4+
T-cell epitope. On the other hand, these results suggest that this peptide could behave
like an antagonist peptide that was able to block TCR stimulation induced by PHA. The
specific  sites of  PHA:T-cell  interaction are poorly  defined.  However,  some literature
suggests that PHA exerts their action by crosslinking multiple cell surface glycoproteins
on the surface of T cells [73, 74] thereby leading to cell proliferation. Then, the effect of
APL-1 on CD4+ T-cell proliferation induced by PHA could only occur through the TCR
system and not due to MHC binding competence. Another evidence supporting a direct
effect of APL-1 on CD4+ Teff cells was shown in chapter 4. CD4+CD25-CD127+ T cells
cultured with APC and APL-1 produced 4 times less IL-17 than cells cultured without the
peptide  after  a  mitogenic  stimulus.  It  is  important  to  notice  that  here,  APL-1  was
cultured with CD4+CD25- T cells and APC for 4 days and then cells were washed and
stimulated with anti-CD3/CD28 beads. Thus, APL-1 was absent in the culture when T
cells became active and as expected no effect on cell viability was observed. However,
the  experiment  showed  that  APL-1  could  have  a  direct  effect  on  CD4+  Teff  cells.
Several attempts made to measure the diversity and specificity of the TCR repertoire
expressed by Treg cells have shown a considerable (10–70%) overlap between the
TCRs used by Treg cells and naive Th cells [75-78]. Thus, APL-1 might then be able to
target independently both Tregs and CD4+Teff cells from RA patients. Irrespective to
the specific mechanism, increasing Treg cell numbers together with the elimination by
apoptosis  of  activated  CD4+T cells  within  an inflammatory  context  may provide  an
opportunity  to  restore  the  proper  balance  of  Tregs  and  Teff  cells,  suggesting  the
potential of using APL-1 for the treatment of arthritic conditions.

Combined therapy as  a  means to  restore  the  proper  balance  between
Tregs and Teff cells

One of the main concerns about the efficacy of therapies targeting Tregs is the fact that
these  cells  could  have  an  altered  function  in  patients  with  chronic  inflammatory
diseases.  Treg  cells  are  inefficient  to  suppress  ongoing  inflammation  at  the  site  of
inflammation  perhaps  due  to  an  inhibition  of  their  functions  by  pro-inflammatory
cytokines, increased numbers of activated Teff cells and/ or resistance of Teff cells to
suppression [55,56,79]. Altered Treg function caused by the strong pro-inflammatory
environment suggests the need for a treatment combination as argued in  chapter 2.
The  combination  of  immunosuppressive  treatments  like  anti-tumour  necrosis  factor
alpha  (TNF-α)  therapy  or  anti-CD3  treatment  with  antigen-specific  therapies  could
create an appropriate environment for the expansion of antigen- specific Treg cells able
to migrate to the site of inflammation [80, 81]. 
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Another explored approach to attenuate an inflammatory environment is the inhibition of
key signalling enzymes involved in the activation and metabolism of T cells such as the
phosphoinositide 3-kinases (PI3K). PI3Ks constitute a family of enzymes involved in
cellular functions such as cell growth, proliferation, differentiation, motility, survival and
intracellular trafficking as presented in  chapter 1.  As it  is  known, the activation and
proliferation  of  T  cells  does  not  only  require  TCR  stimulation  but  also  a  second
costimulatory  signal  [82].  CD28,  the  most  prominent  costimulatory  receptor,  is
expressed on naive and activated T cells. CD28 signaling pathway is activated through
interaction with its ligands CD80 and CD86 expressed on activated APCs and at low
levels on long-term activated T cells. PI3K, which generates phosphatidylinositol 3,4,5-
trisphosphate (PIP3), is one of the key effectors downstream of CD28 that allows the
activation of PDK1 and the kinase Akt [reviewed in 83]. Akt in turn activates mechanistic
target of rapamycin (mTOR), that serves as a central control point of metabolism and
physiology in  mammals.  Interestingly,  the activation of  mTOR by the  PI3K-Akt  axis
inhibits the expression of Foxp3 and other Treg signature molecules, while the inhibition
of  mTOR with  rapamycin  or  in  response to limited essential  amino acid  availability
promotes Foxp3 expression and the differentiation of induced Tregs [84-86]. The main
negative regulator of PI3K is the lipid phosphatase and tensin homolog (PTEN), which
dephosphorylates PIP3. Treg cells, but not Teff cells, maintain high expression of PTEN
avoiding  the  downstream activation  of  PI3K  targets  upon  IL-2  stimulation  whereas
enabling further signaling via the JAK kinases and STAT transcription factors [87, 88]. In
addition, as presented in  chapter 1, hyperactivation of the PI3K/Akt pathway renders
Teff cells resistant to Treg-mediated suppression [89, 90]. Thus, there is a good reason
to believe that the inhibition of the PI3K axis may provide a new way to regulate the
balance between Treg cells and Teff cells in autoimmune conditions.
Most  of  the  studies  have  been focused on  p110δ and  p110γ,  which  are  the  main
isoforms of PI3K expressed in the immune system. In particular,  p110δ is the major
PI3K isoform controlling antigen-specific immune responses and is expressed at high
levels in leukocytes. Genetic inactivation of p110δ in mice results in impaired B-cell
development and function [91-93], diminished primary and secondary T-cell–dependent
immune responses [94, 95], failure of naive cells to differentiate to Th1 or Th2 subsets
[96], and altered antigen-induced trafficking of T cells [97], among others. 
In  chapter  5,  we explored the effects  of  targeting p110δ using the small  chemical
inhibitor IC87114 (IC) as a means to alleviate pathological inflammation in vivo in the
non-obese diabetic (NOD) mouse model. Because CD28 and p110δ act synergistically
to  provide  full  T-cell  stimulation,  we  hypothesized  that  a  combined  therapy  could
achieve  a  more  potent  alleviation  of  pathological  immune  responses  than  can  be
achieved with either inhibition alone. To test this hypothesis, we used IC and abatacept,
either alone or in combination, to inhibit signalling via p110δ, CD28 or both.
IFN-γ has been demonstrated to be of pivotal importance for CD4+ T cell  mediated
progression to diabetes in NOD mice, because blockade of this cytokine completely
abrogated disease induction by adoptive transfer both of Th1 and Th17 differentiated
BDC2.5  T  cells  [98].  Although  p110δ  inhibition  had  a  considerable  impact  on  the
production of IFN-γ and other pro-inflammatory cytokines  in vitro, it did not delay the
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onset of diabetes after the transfer of diabetogenic cells (either naive or activated islet
reactive  Th1  differentiated  BDC2.5  CD4+T  cells)  (chapter  5).  The  combination
treatment  with  abatacept  did  not  improve  the  efficacy  of  treatment,  but  instead
attenuated the protective effects seen with abatacept treatment alone. Interestingly, we
found that decreased expression of IL-10 by Treg cells in the presence of IC could
negate the anti-inflammatory effects of IC.  Production of anti-inflammatory cytokines
such as, IL-10 and TGF-β is known to suppress development of diabetes in NOD mice,
and it is not surprising that a reduction in the production of anti-inflammatory cytokines
could precipitate disease. In line with our results, Treg development, differentiation and
function were altered in p110δD910A mice which have a kinase-dead mutant of p110δ.
p110δD910A Treg cells were not able to suppress the proliferation of responder CD4+ T
cells,  secreted reduced levels  of  IL-10 and more importantly  they did  not  suppress
inflammation of the colon [99]. Consistent with this, p110δD910A mice spontaneously
develop  colitis  with  a  similar  severity  to  that  observed  in  IL-10-deficient  mice  [99].
Despite  their  impaired  function,  p110δD910A  Treg  cells  proliferated  normally  in
response to IL-2 in vitro [99]. We also observed in chapter 5 that although Treg cells
produced less IL-10 in the presence of IC, their capacity to proliferate in response to
exogenous IL-2 was normal. 
IC treatment could also have an indirect effect on Tregs through potent inhibition of IL-2
secretion by diabetogenic T cells.  As shown in chapter 5,  IC was able to suppress
different  pro-inflammatory cytokines in supernatants from peptide-stimulated BDC2.5
CD4+ T cells and insulin peptide-stimulated G9C8 CD8+ T cells. In particular, one of the
most prominent  effects on both cell  types was on IL-2 secretion.  The reduced IL-2
production by Teff cells in NOD mice appears to contribute to the progressive decrease
in the Treg:Teff ratio in inflamed islets leading to the development of diabetes [100].
Thus, by inhibiting IL-2 secretion, IC might accelerate progression to diabetes in NOD
mice. 
The correct  threshold of  PI3Kδ activity in Tregs seems to be critical  for  the normal
function of these cells. The requirement of PI3Kδ for Treg function was well exemplified
in a study showing that mice lacking functional PI3Kδ had an improved immune attack
on solid tumours [101]. In that study, the decrease in Treg function and enhanced killing
of  tumours  mediated by  cytotoxic  T lymphocyte  (CTL) was suggested to  exceed a
reduction  in  the  function  of  the  CTLs  themselves.  Similarly,  despite  reduced  Th1
responses, 110δD910A mice were more resistant to  Leishmania major that their wild-
type  counterparts  also possibly  due to  decreased effector  functions  of  Tregs [102].
Thus, a reduced activity of PI3Kδ seems to be detrimental to both Teff and Treg cells.
Altogether, these results support the notion that a proper balance between Treg cells
and Teff cells is essential to restore immune tolerance mechanisms in T cell-mediated
diseases.

Conclusions

A proper balance between Treg cells  and Teff  cells  is  important  to restore immune
tolerance  mechanisms  in  T cell-mediated  diseases.  The  research  described  in  this
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thesis shows that a peptide derived from human HSP-60 could modulate such balance
in the context of RA through different mechanisms including: Treg induction, apoptosis
of activated CD4+ Teff cells or a combination thereof. We believe that APL and related
therapeutic concepts using antigen-specific therapies for the modulation/polarization of
pathogenic  T-cell  responses  may  prepare  the  way  for  the  development  of  novel
treatments  in  the  future.  Although  viewed  by  many  as  the  best  chance  to  restore
immunological self- tolerance in autoimmune diseases, antigen-specific immunotherapy
still faces many challenges in its development. Defining the optimal dose for an antigen,
the frequency and route of administration, the use of adjuvants and the optimal disease
stage for a given therapy are some of the points needed to be considered closely when
applying  antigen-specific  therapy  into  a  human  setting.  Finally,  as  antigen-specific
therapy  in  humans  occurs  in  the  context  of  epitope  spreading  and  inflammatory
environment,  it  is  likely  that  the  treatment  of  autoimmune  diseases  will  require  a
combinatorial therapy to restore long-term tolerance and suppress disease. Available
data suggest that combining antigen-specific therapies with systemic treatments may
provide considerable clinical  benefits.  Such a combination could help to reduce the
dose of anti-inflammatory treatments and therefore side effects as well as provide long-
lasting tolerogenic effects. 
Currently, any immunomodulatory treatment has induced significant β-cell conservation
or long-lasting effects in T1D patients. Some studies indicate better control of glycemia
levels  with  early  treatment  but  none  of  them  have  achieved  insulin  freedom.  We
explored a systemic therapy based on the inhibition of the p110δ isoform of PI3K in the
context  of  T1D.  Although such  inhibition  profoundly  affected  the  production  of  pro-
inflammatory cytokines by Teff cells, it also affected the production of IL-10 by Tregs,
which appears to negate its anti-inflammatory effect in the NOD mouse model. Thus,
targeting the p110δ isoform of PI3K in vivo does not seem promising as a candidate for
the treatment of T1D, but it should be a feasible strategy for breaking tumour-specific
immune tolerance to achieve cancer immunotherapy.
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Auto-immuun  ziekten  en  onderdrukking  van  ongewenste  immuuun
responsen door regulatoire T cellen

Auto-immuunziekten zijn chronische condities die worden veroorzaakt door een verlies
van immunologische tolerantie voor zogenaamd zelf-antigeen. Klinische ziekte ontstaat
als  gevolg  van  schade  in  een  of  meer  orgaan  systemen  die  ontstaat  door  de
oneigenlijke activatie van immuun gemedieerde ontsteking.  Het exacte mechanisme
dat leidt tot auto-immuunziekten is meestal onbekend. De meest geopperde hypothese
zegt dat voor de ontwikkeling van een auto-immuunziekte, zowel in de muis als in de
mens, er een immuun response op gang komt tegen specifieke weefsel antigenen in
genetisch  daartoe  gevoelige  individuen.  Ten  tweede,  om  doelwit  cellen  te  kunnen
aanvallen,  moet  deze  responsen  een  sterkt  pro-inflammatoir  karakter  hebben.  Ten
derde, de regulatoire controle van de auto-immuun response moet ineffectief zijn zodat
de response chronisch wordt en doelwit cellen of weefsel beschadigt.
Er  is  een  veelheid  aan  controle  mechanismen  die  de  effector  responsen  van  het
immuunsysteem  in  het  gareel  houden  zodat  immuun  reacties  uitdoven  en  niet
buitensporig schade aanrichten.  Deze controle wordt  uitgeoefend door verschillende
regulatoire populaties van regulatoire T cellen (Treg) die in staat zijn auto-agressieve  T
en B cellen te onderdrukken. Deficiënties van dergelijke Treg zijn al voldoende om zelf-
tolerantie te verbreken in verder normale dieren. Verschillende studies hebben laten
zien dat  patiënten met  auto-immuunziekten minder of  minder  effectieve Treg cellen
hebben en er werd gesuggereerd dat dit een factor kan zijn in de ontwikkeling van de
ziekte.  Daarom  vormen  Treg  cellen  een  nieuw  focus  van  immuun  therapeutische
interventies voor auto-immuunziekten. 
Treg  cellen  moeten  eerst  worden  geactiveerd  via  de  T  cel  receptor  voordat  ze
suppressief worden. Activatie met het specifieke antigeen leidt tot productie van anti-
inflammatoire cytokines or andere mechanismen die leiden tot inactivatie van effector
cellen, leidende tot inhibitie van de ontstekingsreactie.  Geactiveerde Tregs kunnen ook
immuun responsen van T cellen met andere specificiteiten en antigeen presenterende
cellen (APC) onderdrukken. Dit proces is dan het gevolg van zogenaamde ‘bystander
suppression’. Omdat Treg cellen antigeen specifiek zijn, lijkt het goed deze cellen ook
met specifieke antigenen te stimuleren en te activeren.

Heat  shock eiwitten  als  doelwit  voor  antigeen specifieke  regulatoire  T
cellen

Antigeen  specifieke  immuno-therapie  met  antigenen  die  betrokken  zijn  bij
autoimmuniteit maken het mogelijk Tregs selectief te laten uitgroeien. Ook kunnen zo
effector  T cellen  worden  geëlimineerd  of  worden  beïnvloed  terwijl  de  rest  van  het
immuunsysteem intact blijft. Van oudsher wordt antigeen specifieke immuno-therapie
beschouwd  als  de  beste  mogelijkheid  tot  herstel  van  tolerantie  voor  ‘zelf’  bij
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autoimmuunziekten zonder de risico’s van algemene immuun-suppressie. Hoewel een
enkel ziekte inducerend antigeen bij reuma (RA) niet bestaat, er zijn meerdere studies
die laten zien dat heat shock eiwitten (HSP) kunnen worden gebruikt om een regulatoir
effect  in  T  cellen  op  te  wekken.  HSP peptiden  worden  beschouwd  als  ‘bystander’
antigenen, omdat ze zijn opgereguleerd op de plaats van ontsteking en de immuun
response tegen deze eiwitten dominant aanwezig is. In experimentele ziekte modellen
van artritis  kunnen HSPs ontsteking voorkomen of  stoppen,  en in klinische trials  in
patiënten  met  chronische  ziekten,  hebben  HSP60  peptiden  laten  zien  dat  ze  anti-
inflammatoire  cytokinen bevorderen,  dit  alles als  teken van hun immuno-regulatoire
potentie. Deze eigenschappen werden niet gezien bij andere relatief geconserveerde
en immunogene bacteriële eiwitten. Hiermee lijken HSPs over unieke eigenschappen te
beschikken die hen geschikt maken voor immuun-regulatie.

Remming  van  signaal  eiwitten  betrokken  bij  de  activatie  en  het
metabolisme van T cellen

Een punt van zorg bij de verwachte effectiviteit van tolerantie inductie therapie via Treg
in  de klinische  praktijk  is  het  feit  dat  deze cellen  veranderde  functionaliteit  kunnen
hebben in patiënten met autoimmuunziekten. De meeste studies laten zien dat Treg
niet deficiënt zijn, maar dat de functionaliteit afneemt in de pro-inflammatoire omgeving.
Veranderde  Treg functies  door pro-inflammatoire  stimuli  kan reden zijn  het  effectief
beïnvloeden van Treg te combineren met andere anti-inflammatoire interventies. 
Een  manier  om  de  inflammatoire  omgeving  te  mitigeren,  is  remming  van  signaal
eiwitten die betrokken zijn bij de activatie en het metabolisme van T cellen, zoals de
fosfoïnositide  3-kinases  (PI3K).  PI3Ks  zijn  een  familie  van  enzymen  betrokken  bij
cellulaire functies zoals celgroei,  proliferatie,  differentiatie, beweeglijkheid,  overleving
en intracellulair transport. De activatie van mTOR (mechanistic Target Of Rapamycin)
door PI3K-Akt remt de expressie van Foxp3 en andere Treg signaal moleculen, terwijl
de remming van mTOR met rapamycine of als reactie op aminozuur schaarste, Foxp3
expressie bevordert en ook de differentiatie van Tregs bevordert. Negatieve regulatie
van PI3K wordt geleverd door de lipide fosfatase en fosfatase en tensine homoloog
(PTEN), die de omgekeerde reactie van PI3K katalyseert. Treg, maar niet Teff, hebben
hoge  PTEN  expressie,  en  kunnen  dus  de  activatie  van  PI3K  na  IL-2  stimulatie
verhinderen, terwijl verdere signalering via JAK kinases en STAT transcriptie factoren
mogelijk  blijft.  Verder is het  zo, dat  hyperactivatie van PI3K/Akt Teff  cellen resistent
maakt  voor  Treg  gemedieerde  suppressie.  We  kunnen  daarom  aannemen  dat  de
inhibitie van de PI3K as een nieuwe manier kan zijn om de balans tussen Treg en Teff
cellen bij autoimmuniteit te reguleren. In het bijzonder , p110δ is het voornaamste PI3K
isoform  die  antigeen  geïnduceerde  immuun  responsen  controleert  en  komt  tot
expressie  op  hoog niveau in  leukocyten.  Genetische inactivatie  van  p110δ leidt  tot
geremde  B  cel  ontwikkeling  en  functie,  verminderde  primaire  en  secundaire  T  cel
afhankelijke immuun responsen, een defect in de differentiatie van naïeve cellen tot
Th1 en Th2 cellen, en een veranderde migratie van T cellen, onder andere.  Bovendien,
genetische  of  farmacologische  remming  van  p110δ  met  de  remmer  IC87114  (IC)
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onderdrukte de ernst van ziekte in preklinische knaagdier modellen voor RA, astma en
allergie.  Samengevat,  de resultaten suggereren dat  deze remmers gebruikt  kunnen
worden om immuun gemedieerde aandoeningen te bestrijden.

In dit proefschrift 

Herstel van Teff/Treg cel homeostase blijft een opwindende en nieuwe benadering van
de behandeling van autoimmuunziekten zoals RA en type I diabetes. Het doel van dit
proefschrift  was  de  evaluatie  van  de  therapeutisch  mogelijkheden  van  antigeen
specifieke therapie om de balans te herstellen bij  RA door middel van een peptide
afkomstig  van HSP60.  Bovendien,  onderzochten we het  effect  van farmacologische
remming van p110δ alleen of in combinatie met abatacept ter herstel van balans bij
type I diabetes. 
Een overzicht van de mechanismen die tolerantie voor zelf controleren met nadruk op
Tregs werd gegeven in hoofdstuk 2. Bovendien, bespraken we hier de mogelijkheden
en beperkingen van antigeen specifieke interventies bij de behandeling van chronische
ontstekingsziekten en de rationale  voor  het  benutten  van  HSP als  doelwit  bij  deze
benadering. 
In  hoofdstuk 3  hebben we de regulatoire mechanismen onderzocht van een HSP60
peptide in perifeer bloed van RA patiënten. We onderzochten  het vermogen van dit
peptide  om  het  percentage  van  CD4+CD25+Foxp3+  cellen  te  verhogen  en
geactiveerde CD4+ Teff te controleren door apoptose inductie. Het peptide induceerde
inderdaad apoptose in deze cellen bij actieve RA, terwijl de Treg bleken (ex vivo) te
overleven en te expanderen onder invloed van dit peptide.  Rustende CD4+ T cellen
van actieve RA patiënten en cellen van inactieve patiënten (geactiveerd of  rustend)
waren  niet  het  doelwit  van  dit  peptide.  Bovendien,  HLA-DR  restrictie  assays
bevestigden het karakter van dit peptide als een HLA-DR gerestricteerd CD4+ T cel
epitoop. 
In hoofstuk 4 hebben we bevestigd dat dit peptide in staat was direct effect te hebben
op Treg cellen van RA patiënten door in die cellen de expressie van CD25 te verhogen,
geassocieerd  met  activatie  van  de  STAT-5  route.  Bovendien,  Treg  gemedieerde
suppressie was hoger in kweek van cellen behandeld met dit peptide in vergelijking met
cellen  gekweekt  in  medium  of  met  een  niet  gerelateerd  peptide.  Ook  hebben  we
gevonden dat CD4+CD25- T cellen na een mitogene stimulus vier keer minder IL-17
produceerden indien vooraf gekweekt met peptide. 
In hoofdstuk 5 hebben we remmer IC alleen of in combinatie met abatacept gebruikt
om signalering via p110δ, CD28 of beiden te remmen en we hebben onderzocht of
deze combinatie de ontwikkeling van autoimmuun diabetes in het NOD muis model kon
remmen. We bestudeerden ook het  effect  van dergelijke remming op proliferatie en
productie  van  cytokinen  door  diabetogene  Teff  en  Treg  cellen  van  de  NOD  muis.
Alhoewel p110δ remming een duidelijk effect had op productie van interferon gamma
en  andere  pro-inflammatoire  cytokinen,  hett  vertraagde  niet  de  ontwikkeling  van
diabetes  na  transfer  van  diabetogene  cellen  (zowel  naïeve  als  geactiveerde  islet
reactieve  Th1  BDC2.5  CD4+  cellen).  De  combinatiebehandeling  met  abatacept
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verbeterde  niet  het  effect  van  behandeling,  maar  het  verzwakte  de  beschermende
effecten van abatacept alleen. Interessant genoeg, we vonden dat verlaagde expressie
van IL-10 door Treg in aanwezigheid van IC de anti-inflammatoire effecten van IC kon
neutraliseren. Een juiste drempelwaarde van PI3K activiteit bewaren, schijnt daarom
van belang te zijn voor een normale functie van Treg en Teff cellen.

Conclusie

Een  goede  balans  tussen  Treg  en  Teff  cellen  is  van  belang  wanneer  we
immuuntolerantie willen herstellen bij T cel gemedieerde ziekten.  Antigeen specifieke
therapie met een HSP60 peptide lijkt daartoe een goede keus om daarmee de balans
te moduleren door middel van Treg expansie, inductie van apoptose in Teff cellen of
een combinatie daarvan. Echter, p110δ inhibitie schijnt schadelijk te zien, omdat het
productie van IL-10 door Treg cellen beïnvloedt, terwijl deze productie van belang is
voor de onderdrukking van diabetes in NOD muizen. 
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