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Chapter 1 - General introduction

Human antigen presenting molecules 

The most well-known molecules that present antigens to T cells are the major 

histocompatibility complex (MHC) molecules1, 2. Processing of proteins derived from 

pathogens, such as viruses and bacteria, leads to the presentation of antigenic peptides 

by MHC. The peptide-MHC complex is recognized by T cells and subsequently leads 

to activation of the adaptive immune system. Two main classes of MHC molecules can 

be discriminated: MHC class I and MHC class II. MHC class I molecules are recognized 

by CD8 expressing T cells, while MHC class II activates CD4 expressing T cells. The 

genes encoding these so-called “classical MHC molecules” are highly polymorphic, 

effectively causing every individual to express a unique set of MHC molecules1, 2.  

A less well-known family of antigen presenting molecules, called cluster of 

differentiation (CD1), acts in a similar fashion but differs at key points. There are five 

human CD1 genes, encoding the five isoforms of CD1 glycoproteins that can be divided 

in three major groups: Group 1 (CD1a, CD1b, and CD1c), Group 2 (CD1d), and Group 3 

(CD1e)3. Group 1 and 2 CD1 proteins are expressed on the cell membranes of antigen 

presenting cells (APCs) where they present antigens, while CD1e remains intracellular 

where it assists with antigen loading4, 5. Instead of presenting peptide antigens like 

the classical MHC molecules do, CD1 proteins capture and present lipid antigens to 

both αβ and γδ T cells. CD4, CD8, and double negative T cells are able to recognize 

the lipid-CD1 complex3. In striking contrast with the classical MHC genes, CD1 genes 

are non-polymorphic3. Therefore, all human individuals possess the same set of CD1 

proteins, making this family of molecules an excellent target for diagnostic purposes 

and vaccine approaches. The four human CD1 antigen presenting molecules, CD1a, 

CD1b, CD1c, and CD1d, differ in their patterns of cellular expression, subcellular 

trafficking routes, and the configuration of their lipid binding clefts. In this thesis we 

focus on the Group 1 CD1 molecules CD1b and CD1c.   

Cellular expression of CD1 

The expression patterns of human CD1 proteins in APCs are very different. CD1d (Group 

2) is constitutively expressed on both hematopoietic and nonhematopoietic cells, while 

CD1a, CD1b, and CD1c (Group 1) are expressed by various professional APCs. CD1a 

can mostly be found on Langerhans cells and dendritic cells4, while CD1c proteins are 

constitutively expressed at high levels on the surface of two major antigen presenting 

cell populations: marginal zone or activated B cells and subsets of dendritic cells4, 6-9.  

Expression of CD1b in the periphery is limited to mature dendritic cells (DCs). However, 

CD1a, CD1b, and CD1c expression can rapidly be upregulated on monocytes in 

response to cytokines, such as GM-CSF or IL-1β4, 10-12. 
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1Cellular trafficking of CD1  

CD1 molecules use distinct pathways for trafficking and the exchange of lipid antigens. 

Upon translation in the endoplasmic reticulum CD1 molecules bind endogenous lipids 

for stabilization and follow the secretory pathway through the Golgi apparatus to the 

cell membrane (Figure 1, left). After trafficking to the plasma membrane CD1 proteins 

follow the endocytic pathway (Figure 1, right)13. Upon internalization of the CD1 

molecules, the lipids in the antigen binding cleft can be exchanged for exogenous or 

different endogenous antigens in compartments of the endocytic pathway, after which 

they return to the plasma membrane to present the acquired self or foreign lipids to 

T cells13. Upon reaching the early endosome, CD1 proteins follow different trafficking 

pathways determined by tyrosine-containing motifs present in the cytoplasmic tail of 

CD1b, CD1c, and CD1d molecules. Both CD1c and CD1d are internalized and recycle 

Figure 1. Subcellular pathways of lipid antigen loading onto human CD1 proteins. All four types of human CD1 

proteins bind endogenous lipids and follow the secretory pathway to the cell membrane. For CD1a exchange of 

lipids mainly occurs at the surface. CD1b, CD1c and CD1d proteins are recycled and exchange their lipid cargo in 

compartments of the endocytic pathway prior to their return to the surface for antigen presentation. AP: adaptor 

protein complex, ER: endoplasmic reticulum.  From Moody & Cotton, Current Opinion in Immunology 2017 13
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back to the cell surface from the late endosome14. CD1b traffics all the way to the 

lysosome where endogenous lipids are exchanged for lipid antigens that are acquired 

exogenously15, 16. For CD1a, lipid exchange in the antigen binding cleft predominantly 

occurs at the extracellular cell membrane, but recycling to the early endosome 

and back to the cell membrane has been shown even in the absence of a tyrosine 

containing motif13, 14.  

Configuration lipid binding cleft  

The antigen binding cleft of CD1 proteins is covered by a structure called the A’ roof 

creating a cavity with a defined molecular volume. The CD1a, CD1c, and CD1d antigen 

cleft consists of two pockets, the A’ and F’ pocket (Figure 2)13, 14. While the shape and 

interconnectedness of the A’ and F’ pockets differ, the overall volume of the clefts of 

CD1a, CD1c, and CD1d is similar and allows binding of lipids with an average total alkyl 

chain length of C36-C42. The architecture of CD1b is very different from the others, 

with the large antigen binding cleft being composed of three pockets: A’, F’, C’, and 

a T’ tunnel that interconnects the A’ and F’ pockets (Figure 2)13, 14. Due to the large 

antigen binding cleft CD1b is able to bind much larger foreign lipids than any other 

CD1 protein, with a chain length up to C8217, 18. All CD1 proteins contain an F’ portal, 

through which the lipid is able to protrude from the cavity for recognition by the T 

cell receptor (TCR). CD1c is also in possession of three so called accessory portals, 

Figure 2. CD1 antigen binding cleft architecture with pockets (black) and accessory portals (grey). Common 

features of CD1 proteins are the A’ roof, the F’ portal through which antigens protrude for TCR recognition and the 

A’ and F’ pockets. Some CD1 proteins also have accessory portals, that possibly allow lipids to protrude laterally from 

the cleft. From Moody & Cotton, Current Opinion in Immunology 2017 13  

Pockets

Accessory
Portals

Approximate
Capacity

CD1d CD1b

β2m

F’ A’A’
C’

T’

CD1c

F’A’

β2m

G’

D’ E’

β2m

F’

A’ pole

β2m

CD1a

A’ roof A’ pole

F’A’

2      2              2         4

0      0                         12 or 3 
Depending on ligand

C36         C42           C40     C72

C’ portal



11

1D’, E’, and G’, that allow the lipids in the antigen binding cavity to protrude laterally 

as well13, 14. The unique configuration of the lipid binding cleft of each CD1 molecule, 

together with their specific trafficking route within the APC, leads to a broad spectrum 

of structurally diverse lipids that are available for antigen presentation to T cells. 

Pathogen-derived lipid antigens presented by CD1b and CD1c 

Although the number of known MHC-presented peptide antigens is much higher19-38, 

numerous lipid antigens are presented by CD1b or CD1c to human T cells39-47. The 

cell wall of Mycobacterium tuberculosis (Mtb) contains many of these antigens. When 

presented by CD1, the mycobacterial lipid-specific T cells show a high specificity 

for the exposed hydrophilic headgroup of Mtb lipids, while the hydrophobic parts of 

the lipid that are buried in the antigen binding cleft are not typically contacted by 

the TCR18. However, parts of the alkyl chains that sit near the antigen exit portal or 

lie directly on the CD1 surface can contribute to T cell recognition and specificity, 

especially when they show distinguishing features like double bonds, hydroxylations, 

and methylations48. 

Because of the architecture of its lipid binding cleft, CD1b has been shown to 

present the greatest diversity of antigenic lipids among all CD1 proteins. Antigenic 

mycobacterial lipids presented by CD1b that have been described over the past years 

are lipids such as lipoarabinomannan39, diacyl sulfoglycolipid40, mycolic acid41, 42, 

glucose monomycolate (GMM)44, and glycerol monomycolate45. When comparing the 

structures of these antigens it is remarkable that the two alkyl chains inserted into 

CD1b range from very short (C12) to very long (C82) and likewise, the hydrophilic 

headgroups accessible for TCR recognition show great diversity in size.  

The pathogen-derived lipid antigens presented by CD1c molecules seem to be 

less diverse. CD1c proteins present a family of antigenic mycobacterial lipids called 

mycoketides that have a key chemical motif common: methylated alkyl chains. 

Members of the mycoketide family that are presented by CD1c to T cells are mannosyl 

phosphomycoketide43, 49 and phosphomycoketide47. 

Studying how mycobacterial cell wall components modulate the immune system 

using natural lipids purified from the Mtb cell wall could be hampered by insufficient 

amounts of individual lipids or contaminating bioactive lipids. A solution is the use of 

chemically synthesized lipids to study the immune response to individual components 

of the Mtb cell wall. This also allows us to study chemically modified forms (analogs) 

of a specific mycobacterial lipid. 
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Pathogen-derived lipids that stimulate innate immune receptors 

While this thesis focusses mostly on the presentation of mycobacterial lipids by CD1 

to T cells, several of the CD1-presented lipids have also been described as agonists 

for the innate macrophage inducible Ca2+-dependent lectin (Mincle) receptor. Mincle 

is a pattern recognition receptor mainly expressed in macrophages that belongs to 

the family of C-type lectin receptors (CLRs)50. Although structurally not related to 

CD1 molecules, Mincle and CD1 share a tendency to bind glycolipids. Trehalose-6,6'-

dimycolate (TDM), a highly abundant glycolipid in the mycobacterial cell wall, was the 

first known Mtb lipid to activate the murine and human Mincle receptor51, 52. Formation 

of lung granulomas and a robust elevation of inflammatory cytokines in sera by TDM in 

vivo has been shown to be fully dependent on activation of Mincle51. TDM is basically 

a dimer of GMM, a well-known CD1-presented antigen and GMM itself has also been 

reported to stimulate Mincle53. Since then, other mycobacterial lipids ligands for both 

the murine and human Mincle receptor have been described, including one of the 

mycobacterial lipids studied in this thesis: diacyl trehalose (DAT)54. Because of the 

partly overlapping ligand preference, a comparative study of lipid binding by CD1 and 

Mincle should be considered when studying immune responses to mycobacterial 

lipids.  

CD1-mediated T cell autoreactivity 

In addition to the recognition of exogenous lipid-CD1 complexes by T cells, CD1-

mediated T cell autoreactivity has been described over the past years. Rather than 

recognizing CD1 molecules loaded with unique bacterial lipid antigens, these TCRs 

bind to CD1 presenting endogenous lipids in their antigen binding cleft. Autoreactive 

T cells that recognize CD1b loaded with self-lipids, such as sphingolipids, gangliosides 

and sulfatides, are found in the blood of patients with multiple sclerosis54-56. T cell 

clones isolated from the blood of patients released cytokines after stimulation with 

gangliosides, suggesting a role for these cells in the pathogenesis of multiple sclerosis. 

Besides this, cross-reactivity between self and bacterial phospholipids, such as 

phosphatidylglycerol (PG), presented by CD1b has been described57, 58. PG is thought 

to be exclusively synthesized in mitochondria and present at low concentrations in 

healthy mammalian cells. Settings that cause mitochondrial stress might increase the 

availability of PG for presentation by CD1b, suggesting a role for PG-specific T cells in 

detection of both infection- and stress associated lipids57, 58. Another study showed that 

human T cells can be broadly autoreactive towards human membrane phospholipids, 

such as phosphatidylinositol, phosphatidylcholine, and phosphatidylethanolamine, 

which are all antigens that are presented by CD1b59. 

A screening of a library of T cell clones isolated from peripheral blood showed that the 

frequency of CD1c self-reactive T cells expressing diverse αβ TCRs is also unexpectedly 
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1frequent60. Some of these T cells recognize the methyl-lysophosphatidic acids 

(mLPAs), a class if self-lipids that are accumulated in leukemia cells. The ability of these 

human T cells to protect immunodeficient mice against CD1c-expressing human 

leukemia cells, suggests a protective role for these CD1c-mLPA reactive T cells in the 

pathogenesis of leukemia61. Besides CD1c-reactive αβ T cells, γδ T cells also showed 

highly specific binding of the TCR to untreated CD1c proteins carrying endogenous 

lipids62, 63. These CD1c-specific γδ T cells produced inflammatory cytokines and were 

able to kill CD1c expressing APCs. 

Thus, the so far published data suggests that CD1b and CD1c autoreactivity by T 

cells is dependent on recognition of endogenous lipids, which is also referred to as 

the CD1-lipid co-recognition model64. This is clearly shown by the crystal structure 

of the PG90 αβ TCR in complex with CD1b presenting the self-lipid PG. The PG90 

TCR contacts both the phosphoglycerol headgroup and the CD1b protein in a highly 

specific manner58. Crystal structures of TCRs in complex with CD1d presenting self-

lipids, such as phosphatidylinositol, lysophosphatidylcholine, sulfatide, and lyso-

sulfatide, show similarities in the mechanism of co-recognition of the headgroup of 

the lipid antigen and CD1d65-68.  

Another mechanism of binding of CD1b by TCRs is based on the crystal structure of 

the CD1b autoreactive TCR BC8B, where lipid head groups take a bent conformation, 

allowing the head group to exit laterally through a gap in the TCR59. The TCR does not 

significantly interact with the parts of the head group that enter the escape channel, 

but rather with the ‘neck’ region, consisting of the phosphate group, so this can still be 

considered a form of CD1-lipid co-recognition. This phosphate is present in all major 

self-phospholipids, which explains the cross-reactivity of the TCR to a range of lipids 

with absent, small or large head groups. Phospholipids with extremely large head 

groups, such as phosphatidylinositol dimannoside, likely cannot traverse the escape 

channel based on its measured width and therefore would inhibit binding of the TCR59. 

In contrast to the co-recognition of CD1 and a specific lipid headgroup or a common 

feature of a group of lipids, the crystal structure of CD1a contacting the autoreactive 

BK6 TCR shows direct recognition of CD1a rather than the lipid carried69. For the 

BK6 TCR the mechanism of interaction of the BK6 TCR with CD1a loaded with 

lysophosphatidylcholine (LPC) can be described as left-shifted binding: the lipid is not 

completely buried in the cleft, with the phosphocholine headgroup sticking out to the 

far right of CD1a, while the TCR binds to the left side of the A’ roof without making 

any contact with the headgroup of LPC64, 69. The CD1a-TCR co-crystal suggests that 

instead of TCR interaction with the hydrophilic headgroup of the lipid protruding from 

the antigen binding cleft, autoreactivity towards CD1 might involve contact of the TCR 
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with CD1 alone. A crystal structure of the 9C2 γδ TCR recognizing CD1d loaded with 

endogenous lipids shows a similar binding mechanism70. The TCR binds left-shifted to 

CD1d through germline encoded regions of Vδ1, while the lipid presented is contacted 

only somewhat via the CDR3γ loop (9C2) of the TCR. 

So, besides co-recognition of CD1 and the presented lipid, recognition of CD1 

molecules might be direct in the absence of interference by a big lipid headgroup. 

The TCR could either be docking left-shifted on the A’ roof or bind a platform created 

when small and hydrophobic lipids are buried within the CD1 cleft, without direct 

recognition of the lipid antigen. It is unknown whether this absence of interference 

model also applies to CD1b- and CD1c-reactive T cells. 

Tetramers 

Most of the early lipid antigens were discovered after expansion of antigen-specific T 

cells by stimulation with lysate from whole bacteria, often for multiple cycles. This was 

then followed by cloning of antigen-specific T cells and purification and identification 

of the antigen, using antigen-specific cytokine production or proliferation of a 

particular T cell clone as a readout. The development of CD1 tetramers has advanced 

the discovery of CD1-reactive T cell clones. Both CD1b and CD1c tetramers have 

been developed to study the recognition of known mycobacterial lipid antigens, such 

as MA, GMM, SGL, and PM by polyclonal T cells42, 47, 59, 63, 71-73. Loading of CD1 with 

a lipid of interest, followed by tetramerization and use in flow cytometry makes it 

possible to directly identify T cells within the blood that recognize antigenic lipids 

of interest. Based on the size of the binding cleft, size of the lipids, and previously 

discovered antigens it is possible to predict which CD1 protein is likely to bind the lipid 

and develop tetramers. For example, longer and more complex lipids are more likely 

to be loaded into the larger antigen binding cavity of CD1b than CD1c. However, each 

tetramer consisting of a new CD1-antigen combination needs to be tested, verified, 

and optimized. There are two big differences between old antigen discovery methods 

and tetramer-based discovery methods. The first difference is that the old methods 

are based on functional T cell responses, which can be caused by relatively low affinity 

interactions, while the tetramer method selects for the highest affinity interactions, 

but not necessarily for T cell functionality. The second difference is that tetramer-

based methods are much less sensitive to contaminants by non-specific immune-

stimulatory compounds or contaminating antigens in the antigen preps. Therefore, 

tetramer-based T cell identification using candidate mycobacterial lipid antigens is 

an excellent technique to prove their antigenicity. In vitro T cell stimulation can then 

subsequently be used to validate the tetramer-based findings. 
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1Central question of this thesis 

This thesis centers around the question what the biological function is of the CD1 

isoforms CD1b and CD1c in T cell immunity. Are CD1b and CD1c primarily antigen 

presenting molecules that stimulate antibacterial T cells? Or do these CD1 proteins 

have a function in pathogen-independent T cell recognition? 

Part I of this thesis explores how the CD1b and CD1c isoforms present mycobacterial 

lipid antigens to antibacterial T cells. In chapter 3 we addressed this by using synthetic 

versions of the mycobacterial lipid DAT instead of whole bacteria, that were tailor-made 

and characterized for this purpose in chapter 2. In chapter 3 I sought to determine 

whether the synthetic DAT can serve as an antigen that is able to elicit a response by T 

cells. In chapter 4 we addressed the bacterial lipid antigen presenting function of CD1 

again, but this time with synthetic MPM and MPM analogs. Even though MPM has been 

shown previously to elicit a T cell response, it breaks down within APCs. Therefore, we 

designed three MPM analogs with chemical features that would protect them against 

breakdown and I sought to determine the recognition of these stabilized MPM analogs 

by T cells. Thus, both chapters 3 and 4 directly focused on the antigen presentation 

function of CD1.  

Part II of this thesis describes research on lipid antigen-independent recognition of 

CD1, also known as CD1 autoreactivity. CD1-mediated T cell autoreactivity has been 

shown previously but it is unclear whether that represented a rare event revealed 

by the methods used in the past, or whether autoreactivity is common in the CD1 

system. In chapters 5 and 6 I used tetramers to study CD1 autoreactivity patterns of T 

cells. In chapter 5 I discovered and looked into the reactivity and binding mechanisms 

of CD1b-autoreactive γδ T cells. CD1c autoreactive T cells have been detected in 

blood previously, but our understanding of the reactivity of these cells is still lacking. 

Therefore, we investigated CD1c-TCR binding mechanisms and autoreactivity of 

CD1c-specific T cells in chapter 6. 

In conclusion, this thesis focuses on recognition of the antigen presenting molecules 

CD1b and CD1c by the human immune system. Two types of T cell-CD1 interaction 

are covered here: 1) recognition of CD1 presented mycobacterial lipids by human T 

cells and 2) the recognition of the CD1 itself, independent of the lipid presented. Some 

chapters are interdisciplinary and contain chemical synthesis and NMR analysis of the 

lipid antigens used in this research (chapter 2 and 4), mass spectrometry (chapter 2, 

3, 4 and 6), or protein crystallography (chapter 4 and 6) contributed by collaborators 

as indicated to improve our understanding of the immunological findings.  
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OUTLINE OF THIS THESIS 

Part I Lipid antigen-dependent recognition of CD1: 

Chapter 2 describes the total synthesis of three mycobacterial DAT lipids. The small 

differences in the chemical structure of the lipidic parts of DAT1, DAT2, and DAT3 led 

to drastic differences in binding by the innate immune receptor Mincle, which could 

only be activated by DAT3.  

Chapter 3 describes the discovery of recognition of mycobacterial DAT lipids by 

human T cell receptors. Whereas the Mincle receptor only recognizes DAT3, T cells 

follow a different pattern as observed by binding of DAT1- and DAT2- treated CD1b 

tetramers, but not DAT3- treated CD1b tetramers. 

Chapter 4 describes the immunological recognition of three different synthetic 

mycobacterial MPM analogs designed to withstand hydrolysis to PM. One analog, 

MPM-3, was hydrolysis-resistant and recognized by human T cells that are cross-

reactive to natural MPM.  

 Part II Lipid antigen-independent recognition of CD1: 

Chapter 5 describes the discovery that CD1b is recognized by several human Vδ1 γδ T 

cell receptors and stimulates autoreactive responses. The different γδ T cell receptors 

interacted with different surfaces of CD1b and had different requirements for lipid 

antigens and co-recognition of butryophilin-like proteins. 

Chapter 6 describes the recognition of CD1c itself by human T cells. Tetramer binding 

and autoreactivity occurred with CD1c in complex with numerous, chemically diverse 

self-lipids that were fully seated within the antigen binding cleft, suggesting that the 

small lipid size is a determinant of autoreactive T cell responses via CD1c. 

 

The main findings of the research described in this thesis will be summarized and 

discussed in chapter 7.  



17

1 REFERENCES 

1. La Gruta, N. L., Gras, S., Daley, S. R., Thomas, P. G. & Rossjohn, J. Understanding the drivers of 
MHC restriction of T cell receptors. Nat. Rev. Immunol. 18, 467-478 (2018). 

2. Rock, K. L., Reits, E. & Neefjes, J. Present Yourself! By MHC Class I and MHC Class II Molecules. 
Trends Immunol. 37, 724-737 (2016). 

3. Brigl, M. & Brenner, M. B. CD1: Antigen presentation and T cell function. Annu. Rev. Immunol. 22 
(2004). 

4. Dougan, S. K., Kaser, A. & Blumberg, R. S. CD1 expression on antigen-presenting cells. Curr. Top. 
Microbiol. Immunol. 314, 113-141 (2007). 

5. De La Salle, H., Mariotti, S., Angenieux, C., Gilleron, M., Garcia-Alles, L. -., Malm, D., Berg, T., 
Paoletti, S., Maître, B., Mourey, L., Salamero, J., Cazenave, J. P., Hanau, D., Mori, L., Puzo, G. & De 
Libero, G. Immunology: Assistance of microbial glycolipid antigen processing by CD1e. Science 
310, 1321-1324 (2005). 

6. Weller, S., Braun, M. C., Tan, B. K., Rosenwald, A., Cordier, C., Conley, M. E., Plebani, A., Kuma-
raratne, D. S., Bonnet, D., Tournilhac, O., Tchernia, G., Steiniger, B., Staudt, L. M., Casanova, J. -., 
Reynaud, C. -. & Weill, J. -. Human blood IgM “memory” B cells are circulating splenic marginal 
zone B cells harboring a prediversified immunoglobulin repertoire. Blood 104, 3647-3654 (2004). 

7. Roura-Mir, C., Wang, L., Cheng, T. -., Matsunaga, I., Dascher, C. C., Peng, S. L., Fenton, M. J., 
Kirschning, C. & Moody, D. B. Mycobacterium tuberculosis regulates CD1 antigen presentation 
pathways through TLR-2. J. Immunol. 175, 1758-1766 (2005). 

8. Allan, L. L., Stax, A. M., Zheng, D. -., Chung, B. K., Kozak, F. K., Tan, R. & Van Den Elzen, P. CD1d and 
CD1c expression in human B cells is regulated by activation and retinoic acid receptor signaling. 
J. Immunol. 186, 5261-5272 (2011). 

9. Dzionek, A., Fuchs, A., Schmidt, P., Cremer, S., Zysk, M., Miltenyi, S., Buck, D. W. & Schmitz, J. 
BDCA-2, BDCA-3, and BDCA-4: Three markers for distinct subsets of dendritic cells in human 
peripheral blood. J. Immunol. 165, 6037-6046 (2000). 

10. Yakimchuk, K., Roura-Mir, C., Magalhaes, K.G., De Jong, A., Kasmar, A.G., Granter, S.R., Budd, R., 
Steere A., Pena-Cruz, V., Kirschning, C., Cheng, T., & Moody D.B. Borrelia burgdorferi infection re-
gulates CD1 expression in human cells and tissues via IL1-β. Eur. J. Immunol. 41, 694-705 (2011). 

11. Sallusto, F. & Lanzavecchia, A. Efficient presentation of soluble antigen by cultured human dend-
ritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 
and downregulated by tumor necrosis factor α. J. Immunol. 200, 887-896 (2018). 

12. Porcelli, S., Brenner, M.B., Greenstein, J.L., Terhorst, C., Balk, S.P. & Bleicher, P.A. Recognition of 
cluster of differentiation 1 antigens by human CD4-CD8- cytolytic T lymphocyte. Nature 341, 
447-450 (1989). 

13. Moody, D. B. & Cotton, R. N. Four pathways of CD1 antigen presentation to T cells. Curr. Opin. 
Immunol. 46, 127-133 (2017). 

14. Barral, D. C. & Brenner, M. B. CD1 antigen presentation: How it works. Nat. Rev. Immunol. 7, 929-
941 (2007). 

15. Sugita, M., Van Der Wel, N., Rogers, R. A., Peters, P. J. & Brenner, M. B. CD1c molecules broadly 
survey the endocytic system. Proc. Natl. Acad. Sci. U. S. A. 97, 8445-8450 (2000). 

16. Briken, V., Jackman, R. M., Watts, G. F. M., Rogers, R. A. & Porcelli, S. A. Human CD1b and CD1c 
isoforms survey different intracellular compartments for the presentation of microbial lipid anti-
gens. J. Exp. Med. 192, 281-287 (2000). 



18

Chapter 1 - General introduction

17. Gadola, S. D., Zaccai, N. R., Harlos, K., Shepherd, D., Castro-Palomino, J. C., Ritter, G., Schmidt, R. 
R., Jones, E. Y. & Cerundolo, V. Structure of human CDIb with bound ligands at 2.3 Å, a maze for 
alkyl chains. Nat. Immunol. 3, 721-726 (2002). 

18. Gras, S., Van Rhijn, I., Shahine, A., Cheng, T, Bhati, M., Tan, L.L., Halim, H., Tuttle, K.D., Gapin, L., Le 
Nours, J., Moody D.B., Rossjohn, J. T cell receptor recognition of CD1b presenting a mycobacte-
rial glycolipid. Nat Commun 7, 13257 (2016). 

19. Coppola, M. & Ottenhoff, T. H. Genome wide approaches discover novel Mycobacterium tuber-
culosis antigens as correlates of infection, disease, immunity and targets for vaccination. Semin. 
Immunol. 39, 88-101 (2018). 

20. Lewinsohn, D. M., Zhu, L., Madison, V. J., Dillon, D. C., Fling, S. P., Reed, S. G., Grabstein, K. H. & 
Alderson, M. R. Classically restricted human CD8+ T lymphocytes derived from Mycobacterium 
tuberculosis-infected cells: Definition of antigenic specificity. J. Immunol. 166, 439-446 (2001). 

21. Geluk, A., Van Meijgaarden, K. E., Franken, K. L. M. C., Drijfhout, J. W., D’Souza, S., Necker, A., 
Huygen, K. & Ottenhoff, T. H. M. Identification of major epitopes of Mycobacterium tuberculosis 
AG85B that are recognized by HLA-A*0201-restricted CD8+ T cells in HLA-transgenic mice and 
humans. J. Immunol. 165, 6463-6471 (2000). 

22. Mohagheghpour, N., Gammon, D., Kawamura, L. M., Van Vollenhoven, A., Benike, C. J. & Engle-
man, E. G. CTL response to Mycobacterium tuberculosis: Identification of an immunogenic 
epitope in the 19-kDa lipoprotein. J. Immunol. 161, 2400-2406 (1998). 

23. Oftung, F., Geluk, A., Lundin, K. E. A., Meloen, R. H., Thole, J. E. R., Mustafa, A. S. & Ottenhoff, T. H. 
M. Mapping of multiple HLA class II-restricted T-cell epitopes of the mycobacterial 70-kilodalton 
heat shock protein. Infect. Immun. 62, 5411-5418 (1994). 

24. Lewinsohn, D. A., Winata, E., Swarbrick, G. M., Tanner, K. E., Cook, M. S., Null, M. D., Cansler, M. E., 
Sette, A., Sidney, J. & Lewinsohn, D. M. Immunodominant tuberculosis CD8 antigens preferenti-
ally restricted by HLA-B. PLoS Pathog. 3, 1240-1249 (2007). 

25. Lewinsohn, D. A., Swarbrick, G. M., Park, B., Cansler, M. E., Null, M. D., Toren, K. G., Baseke, J., Zal-
wango, S., Mayanja-Kizza, H., Malone, L. L., Nyendak, M., Wu, G., Guinn, K., McWeeney, S., Mori, 
T., Chervenak, K. A., Sherman, D. R., Boom, W. H. & Lewinsohn, D. M. Comprehensive definition of 
human immunodominant CD8 antigens in tuberculosis. npj Vaccines 2 (2017). 

26. Tang, S. T., Van Meijgaarden, K. E., Caccamo, N., Guggino, G., Klein, M. R., Van Weeren, P., Kazi, F., 
Stryhn, A., Zaigler, A., Sahin, U., Buus, S., Dieli, F., Lund, O. & Ottenhoff, T. H. M. Genome-based in 
silico identification of new Mycobacterium tuberculosis antigens activating polyfunctional CD8+ 
T cells in human tuberculosis. J. Immunol. 186, 1068-1080 (2011). 

27. Geluk, A., Van Meijgaarden, K. E., Franken, K. L. M. C., Drijfhout, J. W., D’Souza, S., Necker, A., 
Huygen, K. & Ottenhoff, T. H. M. Identification of major epitopes of Mycobacterium tuberculosis 
AG85B that are recognized by HLA-A*0201-restricted CD8+ T cells in HLA-transgenic mice and 
humans. J. Immunol. 165, 6463-6471 (2000). 

28. Joosten, S. A., Van Meijgaarden, K. E., Van Weeren, P. C., Kazi, F., Geluk, A., Savage, N. D. L., 
Drijfhout, J. W., Flower, D. R., Hanekom, W. A., Klein, M. R. & Ottenhoff, T. H. M. Mycobacterium 
tuberculosis peptides presented by HLA-E molecules are targets for human CD8+ T-cells with 
cytotoxic as well as regulatory activity. PLoS Pathog. 6 (2010). 

29. Agrewala, J. N. & Wilkinson, R. J. Influence of HLA-DR on the phenotype of CD4+ T lymphocytes 
specific for an epitope of the 16-kDa α-crystallin antigen of Mycobacterium tuberculosis. Eur. J. 
Immunol. 29, 1753-1761 (1999). 

30. Harris, D. P., Vordermeier, H. -., Arya, A., Moreno, C. & Ivanyi, J. Permissive recognition of a my-
cobacterial T-cell epitope: Localization of overlapping epitope core sequences recognized in 
association with multiple major histocompatibility complex class II I-A molecules. Immunology 
84, 555-561 (1995). 



19

1
31. Harris, D. P., Vordermeier, H. M., Friscia, G., Roman, E., Surcel, H. -., Pasvol, G., Moreno, C. & Ivanyi, 

J. Genetically permissive recognition of adjacent epitopes from the 19-kDa antigen of Mycobac-
terium tuberculosis by human and murine T cells. J. Immunol. 150, 5041-5050 (1993). 

32. Brett, S. J., Lamb, J. R., Cox, J. H., Rothbard, J. B., Mehlert, A. & Ivanyi, J. Differential pattern of 
T cell recognition of the 65-kDa mycobacterial antigen following immunization with the whole 
protein or peptides. Eur. J. Immunol. 19, 1303-1310 (1989). 

33. Lindestam Arlehamn, C. S. & Sette, A. Definition of CD4 immunosignatures associated with MTB. 
Front. Immunol. 5 (2014). 

34. Arlehamn, C. S. L., Paul, S., Mele, F., Huang, C., Greenbaum, J. A., Vita, R., Sidney, J., Peters, B., Sal-
lusto, F. & Sette, A. Immunological consequences of intragenus conservation of Mycobacterium 
tuberculosis T-cell epitopes. Proc. Natl. Acad. Sci. U. S. A. 112, E147-E155 (2015). 

35. Coscolla, M., Copin, R., Sutherland, J., Gehre, F., De Jong, B., Owolabi, O., Mbayo, G., Giardina, 
F., Ernst, J. D. & Gagneux, S. M. tuberculosis T cell epitope analysis reveals paucity of antigenic 
variation and identifies rare variable TB antigens. Cell Host and Microbe 18, 538-548 (2015). 

36. Geluk, A., van Meijgaarden, K. E., Joosten, S. A., Commandeur, S. & Ottenhoff, T. H. M. Innovative 
strategies to identify M. tuberculosis antigens and epitopes using genome-wide analyses. Front. 
Immunol. 5 (2014). 

37. Lindestam Arlehamn, C. S., Lewinsohn, D., Sette, A. & Lewinsohn, D. Antigens for CD4 and CD8 T 
cells in tuberculosis. Cold Spring Harbor Perspect. Med. 4 (2014). 

38. Ivanyi, J. Function and potentials of M. tuberculosis epitopes. Front. Immunol. 5 (2014). 

39. Sieling, P. A., Chatterjee, D., Porcelli, S. A., Prigozy, T. I., Mazzaccaro, R. J., Soriano, T., Bloom, B. R., 
Brenner, M. B., Kronenberg, M., Brennan, P. J. & Modlin, R. L. CD1-restricted T cell recognition of 
microbial lipoglycan antigens. Science 269, 227-230 (1995). 

40. Gilleron, M., Stenger, S., Mazorra, Z., Wittke, F., Mariotti, S., Böhmer, G., Prandi, J., Mori, L., Puzo, 
G. & De Libero, G. Diacylated Sulfoglycolipids Are Novel Mycobacterial Antigens Stimulating CD-
1-restricted T Cells during Infection with Mycobacterium tuberculosis. J. Exp. Med. 199, 649-659 
(2004). 

41. Beckman, E. M., Porcelli, S. A., Morita, C. T., Behar, S. M., Furlong, S. T. & Brenner, M. B. Recognition 
of a lipid antigen by CD1-restricted αβ+ T cells. Nature 372, 691-694 (1994). 

42. Van Rhijn, I., Iwany, S. K., Fodran, P., Cheng, T. -., Gapin, L., Minnaard, A. J. & Moody, D. B. CD1b-
-mycolic acid tetramers demonstrate T-cell fine specificity for mycobacterial lipid tails. Eur. J. 
Immunol. 47, 1525-1534 (2017). 

43. Moody, D. B., Ulrichs, T., Mühlecker, W., Young, D. C., Gurcha, S. S., Grant, E., Rosat, J. -., Brenner, 
M. B., Costello, C. E., Besra, G. S. & Porcelli, S. A. CD1c-mediated T-cell recognition of isoprenoid 
glycolipids in Mycobacterium tuberculosis infection. Nature 404, 884-888 (2000). 

44. Moody, D. B., Reinhold, B. B., Guy, M. R., Beckman, E. M., Frederique, D. E., Furlong, S. T., Ye, S., 
Reinhold, V. N., Sieling, P. A., Modlin, R. L., Besra, G. S. & Porcelli, S. A. Structural requirements for 
glycolipid antigen recognition by CD1b- restricted T cells. Science 278, 283-286 (1997). 

45. Layre, E., Collmann, A., Bastian, M., Mariotti, S., Czaplicki, J., Prandi, J., Mori, L., Stenger, S., De 
Libero, G., Puzo, G. & Gilleron, M. Mycolic Acids Constitute a Scaffold for Mycobacterial Lipid 
Antigens Stimulating CD1-Restricted T Cells. Chem. Biol. 16, 82-92 (2009). 

46. de Jong, A., Arce, E. C., Cheng, T. -., van Summeren, R. P., Feringa, B. L., Dudkin, V., Crich, D., 
Matsunaga, I., Minnaard, A. J. & Moody, D. B. CD1c Presentation of Synthetic Glycolipid Antigens 
with Foreign Alkyl Branching Motifs. Chem. Biol. 14, 1232-1242 (2007). 



20

Chapter 1 - General introduction

47. Ly, D., Kasmar, A. G., Cheng, T. -., de Jong, A., Huang, S., Roy, S., Bhatt, A., van Summeren, R. P., 
Altman, J. D., Jacobs Jr., W. R., Adams, E. J., Minnaard, A. J., Porcelli, S. A. & Moody, D. B. CD1c 
tetramers detect ex vivo T cell responses to processed phosphomycoketide antigens. J. Exp. Med. 
210, 729-741 (2013). 

48. Garcia-Alles, L. F., Collmann, A., Versluis, C., Lindner, B., Guiard, J., Maveyraud, L., Huca, E., Im, J. 
S., Sansano, S., Brando, T., Julien, S., Prandi, J., Gilleron, M., Porcelli, S. A., De La Salle, H., Heck, A. 
J. R., Mori, L., Puzo, G., Mourey, L. & De Libero, G. Structural reorganization of the antigen-binding 
groove of human CD1b for presentation of mycobacterial sulfoglycolipids. Proc. Natl. Acad. Sci. 
U. S. A. 108, 17755-17760 (2011). 

49. de Jong, A., Arce, E. C., Cheng, T. -., van Summeren, R. P., Feringa, B. L., Dudkin, V., Crich, D., 
Matsunaga, I., Minnaard, A. J. & Moody, D. B. CD1c Presentation of Synthetic Glycolipid Antigens 
with Foreign Alkyl Branching Motifs. Chem. Biol. 14, 1232-1242 (2007). 

50. Yamasaki, S., Ishikawa, E., Sakuma, M., Hara, H., Ogata, K. & Saito, T. Mincle is an ITAM-coupled 
activating receptor that senses damaged cells. Nat. Immunol. 9, 1179-1188 (2008). 

51. Ishikawa, E., Ishikawa, T., Morita, Y. S., Toyonaga, K., Yamada, H., Takeuchi, O., Kinoshita, T., Akira, 
S., Yoshikai, Y. & Yamasaki, S. Direct recognition of the mycobacterial glycolipid, trehalose dimy-
colate, by C-type lectin Mincle. J. Exp. Med. 206, 2879-2888 (2009). 

52. Schoenen, H., Bodendorfer, B., Hitchens, K., Manzanero, S., Werninghaus, K., Nimmerjahn, F., Ag-
ger, E. M., Stenger, S., Andersen, P., Ruland, J., Brown, G. D., Wells, C. & Lang, R. Cutting Edge: 
Mincle is essential for recognition and adjuvanticity of the mycobacterial cord factor and its syn-
thetic analog trehalose-dibehenate. J. Immunol. 184, 2756-2760 (2010). 

53. Tima, H. G., Al Dulayymi, J. R., Denis, O., Lehebel, P., Baols, K. S., Mohammed, M. O., L’homme, 
L., Sahb, M. M., Potemberg, G., Legrand, S., Lang, R., Beyaert, R., Piette, J., Baird, M. S., Huygen, K. 
& Romano, M. Inflammatory Properties and Adjuvant Potential of Synthetic Glycolipids Homo-
logous to Mycolate Esters of the Cell Wall of Mycobacterium tuberculosis. J. Innate Immun. 9, 
162-180 (2017). 

54. Decout, A., Silva-Gomes, S., Drocourt, D., Barbe, S., Andre, I., Cueto, F. J., Lioux, T., Sancho, D., 
Perouzel, E., Vercellone, A., Prandi, J., Gilleron, M., Tiraby, G. & Nigou, J. Rational design of ad-
juvants targeting the C-type lectin Mincle. Proc. Natl. Acad. Sci. U. S. A. 114, 2675-2680 (2017). 

55. Shamshiev, A., Donda, A., Prigozy, T. I., Mori, L., Chigorno, V., Benedict, C. A., Kappos, L., Sonnino, 
S., Kronenberg, M. & De Libero, G. The αβ T cell response to self-glycolipids shows a novel me-
chanism of CD1b loading and a requirement for complex oligosaccharides. Immunity 13, 255-264 
(2000). 

56. Shamshiev, A., Donda, A., Carena, I., Mori, L., Kappos, L. & De Libero, G. Self glycolipids as T-cell 
autoantigens. Eur. J. Immunol. 29, 1667-1675 (1999). 

57. Van Rhijn, I., Van Berlo, T., Hilmenyuk, T., Cheng, T., Wolf ,B.J., Tatituri ,R.V.V., Uldrich ,A.P., Napo-
litani ,G., Cerundolo, V., Altman, J.D., Willemsen, P. , Huang, S., Rossjohn, J., Besra, G.S., Brenner, 
M.B., Godfrey, D.I., & Moody D.B. Human autoreactive T cells recognize CD1b and phospholipids. 
Proc. Natl. Acad. Sci. U. S. A. 113, 380-385 (2016). 

58. Shahine, A., Van Rhijn, I., Cheng, T.-Y., Iwany, S., Gras, S., Branch Moody, D. and Rossjohn, J. A 
molecular basis of human T cell receptor autoreactivity toward self-phospholipids. Sci. Immunol. 
2 (2017). 

59. Shahine, A., Reinink, P., Reijneveld, J.F., Gras, S., Holzheimer, M., Cheng, T., Minnaard, A.J., Altman, 
J.D., Lenz, S., Prandi, J., Kubler-Kielb, J., Branch Moody, D. and Rossjohn, J., Van Rhijn, I. A T-cell 
receptor escape channel allows broad T-cell response to CD1b and membrane phospholipids. 
Nat. Commun. 10 (2019). 



21

1
60. De Lalla, C., Lepore, M., Piccolo, F. M., Rinaldi, A., Scelfo, A., Garavaglia, C., Mori, L., De Libero, G., 

Dellabona, P. & Casorati, G. High-frequency and adaptive-like dynamics of human CD1 self-reac-
tive T cells. Eur. J. Immunol. 41, 602-610 (2011). 

61. Lepore, M., de Lalla, C., Gundimeda, R., Gsellinger, H., Consonni, M., Garavaglia, C., Sansano, S., 
Piccolo, F., Scelfo, A., Häussinger, D., Montagna, D., Locatelli, F., Bonini, C., Bondanza, A., Forcina, 
A., Li, A., Ni, G., Ciceri, F., Jenö, P., Xia, C., Mori, L., dellabona, P., Casorati, G. & de Libero, G. A 
novel self-lipid antigen targets human T cells against CD1c+ leukemias. J. Exp. Med. 211, 1363-
1377 (2014). 

62. Spada, F. M., Grant, E.P., Peters, P.J., Sugita, M., Melián, A., Leslie, D.S., Lee, H.K., Van Donselaar, E., 
Hanson, D.A., Krensky, A.M., Majdic, O., Porcelli, S.A., Morita, C.T. & Brenner, M.B. Self-recognition 
of CD1 by γ/δ T cells: Implications for innate immunity. J. Exp. Med. 191, 937-948 (2000). 

63. Roy, S., Ly, D., Castro, C. D., Li, N. S., Hawk, A. J., Altman, J. D., Meredith, S. C., Piccirilli, J. A., 
Moody, D. B. & Adams, E. J. Molecular Analysis of Lipid-Reactive Vdelta1 gammadelta T Cells 
Identified by CD1c Tetramers. J. Immunol. 196, 1933-1942 (2016). 

64. Cotton, R. N., Shahine, A., Rossjohn, J. & Moody, D. B. Lipids hide or step aside for CD1-autoreac-
tive T cell receptors. Curr. Opin. Immunol. 52, 93-99 (2018). 

65. Mallevaey, T., Clarke, A., Scott-Browne, J., Young, M., Roisman, L., Pellicci, D., Patel, O., Vivian, J., 
Matsuda, J., McCluskey, J., Godfrey, D., Marrack, P., Rossjohn, J. & Gapin, L. A molecular basis for 
NKT cell recognition of CD1d-self-antigen. Immunity 34, 315-326 (2011). 

66. López-Sagaseta, J., Kung, J. E., Savage, P. B., Gumperz, J. & Adams, E. J. The Molecular Basis for 
Recognition of CD1d/α-Galactosylceramide by a Human Non-Vα24 T Cell Receptor. PloS Biol. 
10 (2012). 

67. Patel, O., Pellicci, D. G., Gras, S., Sandoval-Romero, M. L., Uldrich, A. P., Mallevaey, T., Clarke, A. 
J., Le Nours, J., Theodossis, A., Cardell, S. L., Gapin, L., Godfrey, D. I. & Rossjohn, J. Recognition 
of CD1d-sulfatide mediated by a type II natural killer T cell antigen receptor. Nat. Immunol. 13, 
857-863 (2012). 

68. Luoma, A. M., Castro, C. D., Mayassi, T., Bembinster, L. A., Bai, L., Picard, D., Anderson, B., Scharf, 
L., Kung, J. E., Sibener, L. V., Savage, P. B., Jabri, B., Bendelac, A. & Adams, E. J. Crystal Structure of 
Vδ1T Cell Receptor in Complex with CD1d-Sulfatide Shows MHC-like Recognition of a Self-Lipid 
by Human γδ T Cells. Immunity 39, 1032-1042 (2013). 

69. Birkinshaw, R. W., Pellicci, D.G., Cheng, T., Keller, A.N., Sandoval-Romero, M., Gras, S., De Jong, 
A., Uldrich, A.P., Moody, D.B., Godfrey, D.I. & Rossjohn, J. αβ T cell antigen receptor recognition of 
CD1a presenting self lipid ligands. Nat. Immunol. 16, 258-266 (2015). 

70. Uldrich, A. P. Le Nours, J., Pellicci, D.G., Gherardin, N.A., Mcpherson, K.G., Lim, R.T., Patel, O., Bed-
doe, T., Gras, S., Rossjohn, J. & Godfrey, D.I. CD1d-lipid antigen recognition by the γδ TCR. Nat. 
Immunol. 14, 1137-1145 (2013). 

71. Ly, D., Kasmar, A. G., Cheng, T. -., de Jong, A., Huang, S., Roy, S., Bhatt, A., van Summeren, R. P., 
Altman, J. D., Jacobs Jr., W. R., Adams, E. J., Minnaard, A. J., Porcelli, S. A. & Moody, D. B. CD1c 
tetramers detect ex vivo T cell responses to processed phosphomycoketide antigens. J. Exp. Med. 
210, 729-741 (2013). 

72. Van Rhijn, I. & Moody, D. B. Donor unrestricted T cells: A shared human T cell response. J. Immu-
nol. 195, 1927-1932 (2015). 

73. James, C. A., Yu, K. K. Q., Gilleron, M., Prandi, J., Yedulla, V. R., Moleda, Z. Z., Diamanti, E., Khan, 
M., Aggarwal, V. K., Reijneveld, J. F., Reinink, P., Lenz, S., Emerson, R. O., Scriba, T. J., Souter, M. 
N. T., Godfrey, D. I., Pellicci, D. G., Moody, D. B., Minnaard, A. J., Seshadri, C. & Van Rhijn, I. CD1b 
Tetramers Identify T Cells that Recognize Natural and Synthetic Diacylated Sulfoglycolipids from 
Mycobacterium tuberculosis. Cell Chem. Biol. 25, 392-402.e14 (2018).





Lipid antigen-dependent 
recognition of CD1

PART I



24



25

2
Asymmetric total synthesis of 
mycobacterial diacyl trehaloses 
demonstrates a role for lipid structure in 
immunogenicity

CHAPTER 2

Mira Holzheimer1, Josephine F. Reijneveld1,2,3,‡, Alexandrea K. Ramnarine2,‡, 

Georgios Misiakos1, David C. Young2, Eri Ishikawa4,5, Tan-Yun Cheng2, Sho Yamasaki4,5, 

D. Branch Moody2, Ildiko van Rhijn2,3 and Adriaan J. Minnaard 1 

‡ These authors contributed equally to this work

Published in ACS Chemical Biology, https://doi.org/10.1021/acschembio.0c00030

1Stratingh Institute for Chemistry, University of Groningen, Nijenborgh 7, 9747 AG Groningen, The Netherlands. 
2Brigham and Women’s Hospital Division of Rheumatology, Immunology and Allergy and Harvard Medical School, 

Boston, MA, 02115, USA.  
3Department of Infectious Diseases and Immunology, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 1, 

3584 CL, Utrecht, The Netherlands. 
4Department of Molecular Immunology, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, 

Japan. 
5Laboratory of Molecular Immunology, Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan 



26
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The first asymmetric total synthesis of three structures proposed for mycobacterial 

diacyl trehaloses, DAT1, DAT2, and DAT3 is reported. The presence of two of these 

glycolipids, DAT1 and DAT3, within different strains of pathogenic M. tuberculosis 

was confirmed, and it was shown that their abundance varies significantly. In mass 

spectrometry, synthetic DAT2 possessed almost identical fragmentation patterns 

to presumptive DAT2 from Mycobacterium tuberculosis H37Rv, but did not coelute 

by HPLC, raising questions as the precise relationship of the synthetic and natural 

materials. The synthetic DATs were examined as agonists for signaling by the C-type 

lectin, Mincle. The small differences in the chemical structure of the lipidic parts of 

DAT1, DAT2, and DAT3 led to drastic differences of Mincle binding and activation, with 

DAT3 showing similar potency as the known Mincle agonist trehalose dimycolate 

(TDM). In the future, DAT3 could serve as basis for the design of vaccine adjuvants 

with simplified chemical structure. 

INTRODUCTION 

Mycobacterium tuberculosis (Mtb), which is the causative agent of the disease 

tuberculosis (Tb), is responsible for the largest number of deaths worldwide by a 

single pathogen, killing an estimated 1.3 million people annually. The ability of Mtb 

to survive and persist in the host is estimated to result in billions of latently infected 

individuals worldwide, with a high incidence of undiagnosed cases.1 After infection 

of macrophages, Mtb is able to survive and replicate in host phagosomes, while 

withstanding the hostile acidic environment. The mycobacterial cell envelope is one 

factor that contributes to the resilience of Mtb within host cells.2 It is a multilayered 

barrier, composed of many complex lipids, glycolipids, and glycoproteins, many of 

which are unique to Mtb.3−5 In the last decades, it has been shown that many of these 

cell wall components have antigenic properties and/or possess immunomodulatory 

functions. One class of these mycobacterial cell wall components, which consists 

of diacylated and polyacylated trehaloses, is suggested to be located on the outer 

part of the mycobacterial cell wall.6 These trehalose-based glycolipids are esterified 

with palmitic or stearic acid at the 2- and 2'-position, as well as with the Mtb specific 

multimethyl-branched acyl residues phthioceranic acid, hydroxyphthioceranic acid, 

mycosanoic acid, mycolipanolic acid, and mycolipenic acid. Important examples 

are Ac
2
SGL,7−9 Sulfolipid-1,10−12 trehalose monomycolate and dimycolate,13,14 diacyl 

trehaloses (DAT),15−17 and pentaacyl trehaloses (PAT).15,18 Because of the chemical 

diversity of DAT and the potential for contamination of even small amounts of 

bioactive molecular variants, testing natural DAT compounds on cells for immune 

response is not reliable. To establish the molecular structure of these compounds and 

enable further biological studies, several of the compounds have been the target of 

total synthesis. In DAT and PAT, both of which have escaped total synthesis until now, 
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the trehalose core is acylated with the methyl-branched fatty acids mycosanoic acid, 

mycolipanolic acid, and mycolipenic acid (see Figure 1).17,18 

DAT was first isolated in 1989 by Daffé et al. and was initially named SL-IV (Sulfolipid-

IV), since the structure was first assigned as 2,3-diacyl-trehalose-2′-sulfate.15,16 The 

structure of this family of acyl trehaloses was eventually revisited and corrected to 

be 2,3-diacyl-trehalose, and depending on the nature of the 3-O-acyl group, were 

termed DAT1, DAT2, or DAT3 (see Figure 1A). In the following reports, these compounds 

were often referenced as just DAT, presenting a family of mycobacterial glycolipids 

rather than defined molecular structures.17 Many studies have asserted the antigenic 

properties of DAT glycolipids by ELISA, but these were tested mainly as mixtures rather 

than pure compounds. It was demonstrated multiple times that anti-DAT antibodies 

are present in blood sera of Tb patients but not of healthy controls.17,19−22 This raised 

great interest in using DAT for the detection and diagnosis of Tb in patients. The 

reports utilizing ELISA for the detection of anti-DAT antibodies, however, showed a 

huge variation in sensitivity and specificity, depending on assay design.23 

In recent years, research has focused on elucidating the biosynthesis of DAT and 

unravelling its effect on the immune system.24−27 It was shown that DAT partially inhibits 

the proliferation of murine T-cells, suggesting a role in immunosuppression and T-cell 

hyporesponsiveness associated with Tb.28 Mtb mutants incapable of synthesizing 

Figure 1. (A) Chemical structures of the mycobacterial diacyl trehaloses DAT1, DAT2, and DAT3. (B) Retrosynthetic 

analysis.
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mycolipenic acid, and therefore deficient in DAT and PAT, show aggregation in liquid 

culture, because of defects in capsule attachment, indicating that one of the functions 

of DAT and PAT is anchoring the hydrophilic capsule to the hydrophobic mycolic 

acid layer of the mycobacterial cell envelope.24,29−31 However, in aerosol infection 

mouse models using DAT/PATdeficient mutants, there were no observed differences 

in growth, compared to wild-type compounds, suggesting that DAT/PAT itself is not 

necessary for Mtb survival.29 

Recently, Mtb cell wall components, such as trehalose dimycolate (TDM, also known 

as cord factor), have been identified as high-affinity ligands for macrophage-inducible 

C type lectin (Mincle).32−34 The activation of Mincle results in downstream expression of 

cytokines, chemokines, and growth factors and leads to recruitment of inflammatory 

cells to the site of activation as a central part of the innate immune response to Mtb.33 

Several other Mtb cell wall glycolipids have been identified as Mincle activators,34,35 and 

there is growing interest in using these Mincle ligands for the development of novel 

vaccine adjuvants.36  

In 2017, it was demonstrated that a DAT-containing extract from Mtb also activated 

Mincle.35 We realized that, apart from minute amounts of contaminants in natural 

isolates that can influence the results, the activation of Mincle could very well be 

dependent on the precise structure of the DAT. Therefore, we sought to synthesize 

three different DATs with precisely defined molecular structure and stereochemistry 

to study their Mincle activating properties and to assess the influence of the acyl 

substituents on Mincle binding. Furthermore, we aimed to confirm the presence of 

these three DATs in different strains of Mtb, including clinical isolates. 

Scheme 1. Asymmetric Synthesis of Mycosanic Acid (2), Mycolipanolic Acid (3), and Mycolipenic Acid (4) 
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RESULTS AND DISCUSSION 

Synthesis 

DAT1, DAT2, and DAT3 differ in their chiral acyl group esterified with the 3-OH of the 

trehalose core. Therefore, our synthesis plan involved the preparation of suitably 

protected 2-palmitoyl trehalose 1 and the three mycobacterial lipids 2, 3, and 4 as key 

intermediates necessary to construct the target diacyl trehaloses. Trehalose 1 could 

be obtained starting from α,α-trehalose by a desymmetrization approach previously 

applied in the synthesis of trehalose-based sulfoglycolipids.37,38 The mycobacterial 

lipids, on the other hand, can be traced back to the common precursor 5 (Figure 

1B). The synthesis of mycolipanolic and mycolipenic acid was previously reported by 

us and involves copper-catalyzed asymmetric conjugate addition (Cu-cat. ACA) and 

an Evans’ aldol reaction to introduce the stereocenters.39 We sought to improve the 

current synthetic procedures to arrive at an efficient, high-yielding total synthesis.  

The synthesis of the chiral enantiopure lipids 2, 3, and 4 (see Scheme 1) commenced 

with Cu-cat. ACA of methylmagnesium bromide to α,β-unsaturated thioester 5 giving 

6 in 81% yield and 98% enantiomeric excess (ee). Reduction to the corresponding 

aldehyde, followed by Horner-Wadsworth-Emmons reaction, produced another α,β-

unsaturated thioester 7. The second methyl stereocenter was again introduced by Cu-

cat. ACA in excellent yield and diastereomeric ratio (dr). Double DIBAL-H reduction, 

followed by tosylation, gave 9 in 88% yield over three steps. Tosylate 9 was subjected 

to a Grignard cross-coupling in the presence copper(I) to install the linear alkyl tail 

of 10. Removal of the silyl protecting group, followed by Dess-Martin oxidation, 

gave aldehyde 11 in an excellent yield of 97% over two steps. From 11, all three 

mycobacterial lipids could be synthesized in a limited number of steps. Mycosanoic 

acid 2 was obtained in 92% yield after Pinnick oxidation of aldehyde 11. Mycolipenic 

acid 4 was prepared by first subjecting 11 to a Wittig reaction, followed by alkaline 

ester hydrolysis. To install the two remaining stereocenters present in 3, an Evans’ aldol 

reaction was performed, giving 13 in good yield and excellent dr. The aldol product 

13 was finally hydrolyzed to give mycolipanolic acid 3. Compared to the previous 

syntheses of 3 and 4, the yields could be significantly improved by careful optimization 

of the reactions. For mycosanoic acid, mycolipanolic acid, and mycolipenic acid, 

excellent overall yields were obtained with 53% over 10 steps, 47% (previously 2%) 

over 11 steps, and 46% (previously 5%) over 11 steps, respectively, making the synthesis 

of these chiral lipids highly efficient. In the synthesis of mycolipenic acid, oxidation, 

Wittig reaction, and ester hydrolysis were significantly improved, whereas in the case 

of mycolipanolic acid, the Evans’ aldol reaction and the removal of the chiral auxiliary 

were optimized to give high yields.39  
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With the enantiopure acids 2-4 in hand, the esterification of palmitoylated trehalose 1 

was achieved by following the Yamaguchi procedure. In the case of mycosanoic acid 

and mycolipenic acid, the corresponding diacylated products were obtained in good 

yields; however, in order to reach that result for mycolipanolic acid, the esterification 

procedure needed to be carefully optimized to avoid acyl migration and elimination 

of the β-hydroxyl of 3. By limiting the number of equivalents of base and keeping the 

time for acid activation at a minimum, synthesis of 14b could achieved in good yield. 

Notably, in the case of 14a and 14c, no acyl migration was observed, indicating that 

the β-hydroxyl in 3 might play a role in acyl migration. Removal of the silyl protecting 

group of 14a-14c under buffered conditions gave the corresponding diols 15a-15c in 

good to excellent yields. 

Scheme 2. Completion of the Total Synthesis of the Mycobacterial Glycolipids DAT1, DAT2, and DAT3
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The final deprotection, the removal of the benzylidene protecting group, was achieved 

by applying a procedure that was reported by Guiard et al.,37 using aqueous sulfuric 

acid (DAT1 and DAT3) or by palladium hydrogenolysis (DAT2, to prevent β-hydroxyl 

elimination) and provided the three di-O-acyl trehaloses DAT1, DAT2, and DAT3 in 

moderate to good yields. (See Scheme 2.) The spectral data of DAT1 matched the 

reported NMR data of isolated DAT1a.17 Besra’s report describes the 1H NMR signals of 

the anomeric protons of DAT1 at 5.25 and 5.05 ppm for the acylated and nonacylated 

glucose unit, respectively. The spectrum of synthetic DAT1 shows these two anomeric 

signals at 5.24 and 5.06 ppm, which is in good agreement. Furthermore, H-2 and H-3 

(at the positions bearing the acyl moieties) in natural DAT1 appear at 4.83 and 5.40 

ppm, respectively, and in synthetic DAT1 at 4.82 and 5.39 ppm, respectively. The 13C 

signals of the anomeric carbons in natural DAT1 are reported at 95.0 and 92.0 ppm. In 

the synthetic material, these signals can be found 94.6 and 91.7 ppm, again in good 

agreement. In addition, the carbonyl carbon signals in synthetic DAT1 resonate at 173.5 

and 177.6 ppm and the corresponding signals in natural DAT1 can be found at 173.8 

and 177.8 ppm. All in all, these data leave us confident that the structure of synthetic 

DAT1 is identical to that of natural DAT1, as described by Besra (for more detailed NMR 

signal comparison, see the Supporting Information). As for synthetic DAT2 and DAT3, 

the structural identity is beyond reasonable doubt, because the structures of the lipid 

components have been previously established39 and the nuclear magnetic resonance 

(1H NMR and 13C NMR) and mass spectra showed patterns very similar to those of 

synthetic and natural DAT1.  

Detection of DAT1, DAT2, and DAT3 in Mtb Strains.  

Having completed the total synthesis of DAT1, DAT2, and DAT3 with structures as 

described in the literature,17 we sought to determine if the synthesized glycolipids match 

the structures of natural products present in virulent strains of Mtb. Mycobacterial 

lipid extracts of the reference strain H37Rv and three clinical isolates j257, j011, and 

j117 were analyzed by means of LC-MS. The extracted-ion chromatograms (Figure 2A) 

suggest that all three DATs are produced by the laboratory strain H37Rv. Ions consistent 

with DAT1 and DAT2 were only reliably detected in the H37Rv strain, whereas DAT3 

could be detected in all four strains. The corresponding mass spectra of the detected 

natural DATs matched the calculated m/z of each compound within the expected 

experimental error of 3−4 ppm. Collision-induced fragmentation (see the data given 

in the Supporting Information) of the natural and synthetic DATs yielded interpretable 

cleavages (Figure 2C, H-transfers not shown) that supported the general structures 

and connectivity. Co-injection (Figure 2B) of synthetic standards and natural lipid 

mixtures showed a chromatographic match for DAT1and DAT3. However, synthetic 

DAT2 eluted more than a minute earlier than the natural compound. Thus, whereas 

the identity of DAT1 and DAT3 can be considered to have been established beyond 
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Figure 2. Detection of DAT variants in M. tuberculosis 

strains. Lipid extracts from four different M. tuberculosis 

strains were analyzed via high-performance liquid 

chromatography−mass spectroscopy (HPLC-MS): 

laboratory strain H37Rv, and three clinical isolates named 

j257, j011, and j117. Extracted ion chromatograms of ions 

corresponding with the ammonium adduct of DAT1 

(calculated m/z = 948.733), DAT2 (m/z = 1006.775), and 

DAT3 (m/z = 988.764) showed m/z values consistent 

with those expected from DATs. (B) Comparison with 

synthetic standards showed chromatographic coelution 

for DAT1 and DAT3 but not for DAT2, indicating that 

synthetic DAT2 is not identical to natural DAT2. (C) 

CID analysis of the standards and natural compounds 

(see data given in the Supporting Information) yielded 

fragmentation patterns diagnostic for the known 

structures.
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a reasonable doubt, we conclude that material with the structure of synthetic DAT2 

does not occur in the H37Rv strain. This may mean that an isomer of the proposed 

structure of DAT2 is present in this strain, or that the structure of natural DAT2 has been 

incorrectly assigned.15 

Mincle Activation by DAT1, DAT2, and DAT3.  

We decided to assess the Mincle activating properties of the synthetic DATs as well 

(see Figure 3), keeping in mind that our synthetic DAT2 was not present in the studied 

Mtb strains. Mincle activation was compared to the known Mincle-agonist TDM, 

which is highly potent. Previous studies have identified various lipidlike trehaloses that 

activate Mincle, so we expected that all three forms of DAT, which differ in small ways 

in their alkyl chains, were good candidate activators. Prior to the functional assays, TLC 

analysis of synthetic DAT1, DAT2, and DAT3 was performed to exclude the presence 

of glycolipid degradation products and quantification errors (Figure 3A). Mincle 

activation requires the adaptor protein FcRγ. Therefore, functional Mincle-activation 

assays were performed by treatment of NFAT-GFP reporter cells expressing murine 

Mincle and FcRγ (Figure 3B) or human Mincle and FcRγ (Figure 3C) with the synthetic 

DAT variants and TDM. In both assays, DAT3 was able to activate Mincle. In the case 

of human Mincle, DAT3 showed similar potency to the highly potent agonist TDM. 

DAT2 and, remarkably, DAT1 only weakly activated murine Mincle. When using human 

Mincle expressing cells, DAT2 showed moderate activation, whereas DAT1 again barely 

induced Mincle stimulation. In an independent experiment, an ELISA-based technique 

was applied that was dependent not on cellular activation but only on the detection 

of physical interaction between DAT and soluble Mincle proteins (Figure 3D). Strong 

binding of murine Mincle to DAT3 was observed, but only minimal binding to DAT1 and 

DAT2, thereby confirming the results obtained in the cellular activation assay. These 

results provide evidence that the chemical structure of the 3-O-acyl substituent (either 

mycosanoic acid, mycolipanolic acid, or mycolipenic acid) strongly influences Mincle 

binding and activation. 

CONCLUSIONS 

In this study, we have accomplished the first total synthesis of three structurally related 

mycobacterial DATs. These synthetic DATs were used as a reference in the detection of 

natural DATs in Mtb by liquid chromatography-mass spectroscopy. This showed that 

the presence and abundance of DAT1 and DAT3 differs strongly, dependent on the Mtb 

strain. This has important consequences for the potential use of DATs as markers for 

Tb infection. In addition, it might explain a posteriori the irreproducibility observed in 

the many attempts to reliably detect DAT by ELISA. It also showed that the proposed 

structure of DAT2 does not occur in the studied strains, including the H37Rv strain.
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Figure 3. Synthetic DAT3 is recognized by human and mouse Mincle. (A) Before functional assays, DAT1, DAT2, and 

DAT3 were analyzed by thin-layer chromatography for relative quantification and the presence of major breakdown 

products. (B and C) NFAT-GFP reporter cells expressing mouse Mincle + FcRγ or human Mincle + FcRγ were 

stimulated with the indicated amount of DAT1, DAT2, DAT3, or TDM. After 24 h, induction of NFAT-GFP was analyzed 

by flow cytometry. (D) ELISA-based detection of DAT1, DAT2, DAT3, or TDM by mouse Mincle-human Ig Fc (mMincle-

hIg) fusion proteins. Bound protein was detected with antihuman Ig-horse radish peroxidase (HRP), followed by the 

addition of a colorimetric substrate and measurement. 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

hIg
mMincle-hIg

no lipid DAT1 DAT2 TDMDAT3

0

0.
00

6

0.
06 0.

6

0.
00

6

0.
06 0.

6

0.
00

6

0.
06 0.

6

0.
00

6

0.
06 0.

6

O
D

45
0

A B

D

ng/well

GMM
DAT 1

DAT 2
DAT 3

C

mouse Mincle + FcRg

0 200 400 600
0

20

40

60

80

100

DAT1
DAT2
DAT3

TDM

lipids (ng/well)
N

FA
T-

G
FP

 %
human Mincle +FcRg

0 200 400 600
0

20

40

60

80

100

DAT1
DAT2
DAT3

TDM

lipids (ng/well)

N
FA

T-
G

FP
 %

origin

solvent
front



35

2

An alternative explanation is that the structure of DAT2 has been assigned incorrectly, 

since, because of the lack of literature NMR data, a comparison with our synthetic 

material was not possible. This will be further investigated.

 

We found that small changes in the structure of the branched acyl chain in DAT 

lead to large differences in recognition by Mincle. It has been shown previously by 

Decout et al. that one of the molecular requirements for Mincle recognition, besides 

the trehalose or glucose scaffold, is the presence of two alkyl chains, either as two 

separate esters or as one fatty acid ester with an alkyl chain branched α to the carbonyl. 

Moreover, it was previously demonstrated that the lipid chains can be significantly 

shorter than the C80 lipids present in TDM. For instance, the synthetic Mincle ligand 

GlcC14C18, a glucose esterified at the 6-position with a C18 alkyl tail with a C14 alkyl 

branch on the α-position, shows even higher potency than TDM.35 In addition, in a 

previous report, Mincle activation by β-glucosylceramide, which also contains an 

unsaturation in the lipid chain, was demonstrated.40 Here, we show that the presence 

of the α,β-unsaturation in DAT3 enhances Mincle activation drastically, compared to 

the saturated counterpart DAT1. This leads us to speculate that the double bond either 

serves as a point of interaction (such as π-π-stacking) with parts of the Mincle binding 

pocket or induces a specific conformation beneficial for binding. All in all, one might 

conclude that DAT3 could be an alternative starting point for adjuvant design for TDM, 

given the higher complexity and lipophilicity of the latter. For future development of 

Mtb vaccine adjuvants, even simpler DAT analogues could be designed without chiral 

methyl branches or based on glycose rather than trehalose.
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The cell wall of Mycobacterium tuberculosis is composed of diverse glycolipids 

which potentially interact with the human immune system. To overcome 

difficulties in obtaining pure compounds from bacterial extracts, we recently 

synthesized three forms of mycobacterial diacyltrehalose (DAT) that differ in their 

fatty acid composition, DAT1, DAT2, and DAT3. To study the potential recognition of 

DATs by human T cells, we treated the lipid-binding antigen presenting molecule 

CD1b with synthetic DATs and looked for T cells that bound the complex. DAT1- and 

DAT2-treated CD1b tetramers were recognized by T cells, but DAT3-treated CD1b 

tetramers were not. A T cell line derived using CD1b-DAT2 tetramers showed that 

there is no cross-reactivity between DATs in an IFN-γ release assay, suggesting that 

the chemical structure of the fatty acid at the 3-position determines recognition by 

T cells. In contrast with the lack of recognition of DAT3 by human T cells, DAT3, but 

not DAT1 or DAT2, activates Mincle. Thus, we show that the mycobacterial lipid DAT 

can be both an antigen for T cells and an agonist for the innate Mincle receptor, 

and that small chemical differences determine recognition by different parts of the 

immune system. 

INTRODUCTION 

Infection with Mycobacterium tuberculosis (Mtb) in humans elicits a T cell response. 

Detection of T cell responses to peptide antigens from Mtb, presented by major 

histocompatibility complex (MHC) proteins, forms the basis of the most reliable 

diagnostic assay for infection with Mtb1. In addition to peptide antigens, cell wall lipids 

of Mtb have been shown to be presented by MHC class I-like proteins CD1a, CD1b, 

CD1c, and CD1d to T cells2-10. The non-polymorphic nature of CD1 molecules makes 

lipids presented by CD1 proteins ideal targets for vaccine approaches and diagnostic 

purposes11. 

Among the many cell wall lipids of Mtb, some are present in most actinomycetes, 

whereas others exist among mycobacteria only, and some are strictly specific for 

the species Mtb. Mycobacterial lipids, such as mannosyl phosphomycoketide2,4, 

phosphomycoketide6, glucose monomycolate5, mycolic acid8, glycerol 

monomycolate7, diacyl sulfoglycolipid (Ac
2
SGL)9, and dideoxymycobactin3 have 

been shown to induce T cell responses via presentation by CD1 proteins. Contrary 

to the broad cross-reactivity against self and bacterial phospholipids12,13, individual 

mycobacterial lipid-specific T cell clones show high specificity for the hydrophilic 

headgroup of Mtb lipids, while the hydrophobic parts of the lipid that are buried deep 

in the CD1 cleft are not typically recognized by the T cell receptor through direct 

contact14. Parts of the fatty acids that lie on the CD1 surface or sit near the antigen 

exit portal, might contribute to T cell recognition and specificity, especially when they 
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show distinguishing features like double bonds, hydroxylations, and methylations. 

Not all Mtb (glyco)lipids have been studied as T cell antigens. We propose that if a 

lipid binds sufficiently to a CD1 molecule, and it has clear features that distinguish it 

from common self-lipids like phospholipids and sphingolipids, it may be specifically 

recognized by T cells. Because CD1 interacts with lipid antigens via hydrophobic 

interactions, any glycolipid with one, two, or three hydrophobic tails and a suitable 

size might bind to CD1. One of these candidate lipids is diacyl trehalose (DAT). DAT 

is suggested to be part of the external surface of the mycobacterial cell wall15 and 

belongs to the family of trehalose-based glycolipids, which includes lipids such as 

Ac
2
SGL. Although known as a biological substance for decades, DAT had not been 

chemically synthesized until recently16. 

Besides functioning as lipid antigens for T cells, some mycobacterial lipids induce an 

innate response through pattern recognition receptors, such as the family of C-type 

lectin receptors (CLRs). The macrophage inducible Ca2+-dependent lectin (Mincle) 

receptor is one of the human CLRs. Trehalose-6,6′-dimycolate, a highly abundant 

glycolipid in the mycobacterial cell wall, was the first known Mtb lipid to activate 

the murine and human Mincle receptor17. Since then several natural and synthetic 

mycobacterial lipids have been shown to act as agonists for both the murine and 

human Mincle receptor, including DAT isolated from Mtb18. There has been growing 

interest in using Mincle ligands as adjuvants to promote a Th1 and Th17 immune 

response to subunit vaccines19,20. 

Here, we took advantage of precisely defined synthetic forms of DAT to discover 

receptor mediated human cellular responses. Three synthetic DATs were tested 

for their potential as Mincle and T cell receptor (TCR) ligands. We developed CD1b 

tetramers loaded with synthetic DAT to study recognition of DAT by T cells ex vivo in 

both healthy individuals and tuberculosis patients. 

RESULTS 

Validation of synthetic diacyl trehalose 

Natural DAT isolated from the cell wall of M. tuberculosis (Mtb) is a mixture of compounds 

that has immunomodulatory properties21. We recently synthesized three forms of DAT: 

DAT1, DAT2, and DAT3, that differ in the fatty acyl unit esterified to the 3-position of 

the glucose moiety in trehalose, where DAT1 carries mycosanoic acid, DAT2 carries 

mycolipanolic acid, and DAT3 carries mycolipenic acid16. Synthetic DAT1 and DAT3 

were previously demonstrated to be identical to natural products, but synthetic DAT2 

possessed identical fragmentation patterns to natural product, but did not co-elute by 
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HPLC, suggesting that the two molecules are stereoisomers16. As a validation of the 

synthesized compound structure and quality after storage, high-performance liquid 

chromatography-mass spectrometry (HPLC–MS) analysis was performed (Fig. 1A–C). 

All three compounds yielded molecular ions with m/z values that, within experimental 

error, were consistent with the ammoniated synthesized target structures (m/z 

948.735, 1006.776, and 988.766 for DAT1, DAT2, and DAT3 respectively). Each synthetic 

compound gave a single major chromatographic peak, consistent with isomeric purity. 

Retention times in the reversed phase method are expected to increase with molecular 

size but decrease with increasing polarity of groups, such as the hydroxy group on the 

hydrocarbon chain, and the relative retention times of the synthetic DATs matched this 

prediction as DAT2 was  <  DAT1, with DAT3 showing the longest retention time. Thus, 

the compounds showed high purity, correct mass and the expected retention times, 

allowing biological investigations of the antigenicity of DAT. 

Diacyl trehalose acts as a Mincle ligand 

Both natural mixed and synthetic forms of DAT can be ligands for macrophage-

inducible C-type lectin (Mincle), a receptor of the innate immune system and activator 

of macrophages that responds to several types of trehalose containing glycolipids16,18. 

To confirm that the stored synthetic lipids are bioactive, we tested their ability to 

activate Mincle by measuring the activation of NFAT-GFP in reporter cells expressing 

murine Mincle and its signaling subunit, the FcRγ chain. Synthetic DAT3 acts as an 

agonist for Mincle, while stimulation of Mincle by DAT1 and DAT2 was not much 

higher than background even at the highest concentrations tested (Figs. 1D and S1), 

consistent with the previously reported pattern16. These results confirm that the 

chemical structure of DAT influences recognition by Mincle and that DAT3 is a strong 

activator of Mincle. 

Identification of CD1b-DAT tetramer-specific T cells 

Regardless of their capacity to stimulate the innate immune system, it is possible that 

DAT1, DAT2, or DAT3 can function as foreign lipid antigens presented by CD1 proteins 

for human T cells. Among human CD1 proteins, CD1b can present lipids with the 

longest and most alkyl chains22. The  ~ C42 forms of DAT studied here were somewhat 

larger than most lipids presenting by other CD1 isoforms, so we hypothesized that 

DAT could be presented by CD1b molecules to activate CD1b reactive T cells. To 

test this, we enriched T cells from healthy donor peripheral blood mononuclear 

cells (PBMCs) by depleting non-T cells using magnetic selection and stained them 

with CD1b tetramers that were treated with either synthetic DAT1, synthetic DAT2, 

or synthetic DAT3. Some T cells recognize ‘CD1b-endo’ complexes, which are so 

named because they carry endogenous self-phospholipids from the mammalian CD1 

protein expression system. Such T cells recognize CD1b-phosholipid or bind the CD1b 
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protein itself independent of the lipid bound12,13. Therefore, we stained the T cells 

simultaneously with a phycoerythrin (PE)-labeled synthetic DAT-treated CD1b tetramer 

and an allophycocyanin (APC)-labeled untreated CD1b tetramer (CD1b-endo). For 

quantification, residual non-T cells and auto-fluorescent cells were gated out, as well 

as CD1b-endo positive cells to determine true CD1b-DAT tetramer binding cells (Fig. 

S2A). CD1b-DAT tetramer+ cells were detected in all eight donors tested (Fig. 2A). 

Binding of CD1b-DAT1 tetramers was the highest, with frequencies ranging from 0.031 

to 0.007% of total T cells, followed by CD1b-DAT2 (0.021–0.003%) and CD1b-DAT3, 

which was the lowest (0.009–0.001%). Visualization of double staining of T cells with 

CD1b-DAT- and CD1b-endo tetramers, not gating CD1b-endo tetramer+ cells out (Fig. 

S2B), showed that most CD1b-DAT tetramer-binding cells fail to bind CD1b-endo, as 

Figure 1. Synthetic DAT is a Mincle ligand. Synthetic DAT1 (A), DAT2 (B), and DAT3 (C) were analyzed by via high-

performance liquid chromatography–mass spectroscopy (HPLC–MS). Extracted ion chromatograms were generated 

for the ammoniated molecular ions. The mass spectra at the elution time of the ammoniated ions contained the 

expected molecular ions with H+, NH4+, and Na+adducts. Loss of hexose due to in-source fragmentation (calculated 

m/z 751.645 for DAT1 and 791.676 for DAT3) and sodium formate adduction with the Na+ adducted molecular ion 

(calculated m/z 1021.677 for DAT1, 1079.719 for DAT2, and 1061.708 for DAT3) accounted for additional small peaks. 

Differences between the three forms of DAT are indicated in red in the structural formula, and the numbering of the 

trehalose carbons is shown in blue. (D) NFAT-GFP reporter cells expressing mouse Mincle + FcRγ were stimulated 

with the indicated amount of DAT1, DAT2, DAT3, or TDM. After 24 h the induction of NFAT-GFP was analyzed by flow 

cytometry as shown in histogram and overlay flow cytometry histograms. Bar graphs represent three independent 

experiments. Values of each experiment are shown as symbols. Error bar represents standard deviation. 
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illustrated by dot plots from donor 49 (Fig. 2B) or the other donors (Fig. S3). Together 

these results suggest that synthetic DAT1 and synthetic DAT2 are T cell antigens, while 

we could not convincingly detect CD1b-synthetic DAT3 binding TCRs. Although we 

expect the three forms of DAT to load with comparable efficiency onto CD1b, we 

cannot formally exclude the possibility that DAT3 was less efficiently loaded. Therefore, 

our inability to detect CD1b-DAT3 binding T cells can be due to their absence in blood, 

or a failure to load tetramers with DAT3. 

Figure 2. Identification of CD1b-DAT binding human T cells. (A) Percentages of CD1b-DAT1, -DAT2, and 

-DAT3 tetramer+ T cells of total T cells enriched from PBMC by column purification (n = 8 PBMC samples) are shown. 

(B) Flow cytometry dot plots show CD1b-endo, -DAT1, -DAT2, and -DAT3staining on T cells from one of the healthy 

donors. (C) A T cell line was generated by sorting peripheral blood mononuclear cells from Healthy Donor 1 (HD1) 

based on expression of CD3 and binding to CD1b tetramers treated with DAT2 or mock treated (CD1b-mock), 

followed by expansion in vitro after each sort. Numbers next to or in the outlined red areas indicate percent cells in 

gate. (D) Flow cytometry dot plots show anti-CD1b-and anti-Vβ13.2 (TRBV6-2) staining on HD1A cell line. (E) TCR β 

chain sequence of HD1A TCR determined using a multiplex PCR and Sanger sequencing-based approach. 

Figure 2 
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To enable functional studies of T cell response, we stained PBMC from a healthy blood 

bank donor (HD1) with anti-CD3 and CD1b-synthetic DAT2 tetramer. After two rounds 

of sorting and expansion of cells that were positive for CD3 and tetramer, we obtained 

an oligoclonal T cell line that, upon flow cytometric analysis, was demonstrated to 

consist mainly of T cells that stained double positive for mock treated CD1b (CD1b-

mock) and CD1b-DAT2 tetramer. The approximately 3% of the cells in the cell line that 

stained brightly with CD1b-DAT2 tetramer but were negative for CD1b-mock tetramer 

were sorted and expanded further (Fig. 2C, third sort) to generate the 98% pure cell line 

HD1A (Fig. 2C, right panel). A 1.3% contamination of CD1b-mock+ cells was detected, 

which was not surprising because it formed the majority of the cells before the third 

sort. We further characterized line HD1A by staining with a panel of 24 Vβ antibodies 

(Fig. S4) and identified that it was an Vβ T cell line that stained with anti-Vβ13.2, which 

stains the TRBV6-2 gene product (Fig. 2D). Expression of TRBV6-2 was confirmed by 

a multiplex PCR approach (Fig. 2E). Thus, we were able to detect CD1b-DAT tetramer-

binding T cells ex vivo and derived a TRBV6-2+ synthetic DAT2-specific αβT cell line. 

Figure 3. Line HD1A is reactive to DAT2. (A) 

Flow cytometry histogram of line HD1A 

stained with DAT1-, DAT2-, or DAT3-, or mock-

treated CD1b tetramers (CD1b-mock). (B) 

IFN-γ ELISPOT of line HD1A stimulated with 

monocyte-derived dendritic cells treated with 

DAT1, DAT2, or DAT3, with or without anti-

CD1b antibody or Isotype control. Error bars 

represent standard error of the mean (SEM) of 

triplicate wells. One representative experiment 

of three is shown.
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Primary CD1b-DAT recognizing T cells show functional responses to antigen 

For some CD1b-presented lipid antigens, the exact composition of the lipid tail does 

not matter for T cell recognition5. However, for other CD1b antigens, such as Ac
2
SGL, 

mycolic acid, and mannosyl phosphomycoketide, the length and configuration of 

the acyl tail influences T cell activation2,23-25. For these three lipids it was shown that 

differences in the structure of the acyl tails, such as length of the acyl chain and the 

number or pattern of C-methyl branched groups changes recognition by the TCR. We 

wondered whether the diversity in the acyl chains of the three synthesized DATs could 

influence recognition by T cells. Therefore, we asked whether T cell line HD1A that 

was sorted with CD1b-synthetic DAT2 tetramers would be cross-reactive to the other 

synthetic DATs. Line HD1A, which stained strongly with CD1b tetramers treated with 

DAT2, did not stain with DAT1-treated tetramers more than the background obtained 

with mock-treated tetramers (Fig. 3A). CD1b-DAT3-treated tetramers showed a weak 

staining. 

Tetramer staining suggests that the T cells would be responsive to the lipid antigen 

loaded onto the tetramers, but not all tetramer-binding T cells show functional 

responses upon presentation of antigen by antigen-presenting cells. To investigate 

functional responses to cellular presentation of synthetic DATs, we tested whether 

HD1A cells are functionally reactive to monocyte-derived dendritic cells, which 

represent in vitro generated primary APCs26, treated with synthetic DATs. DAT2 induced 

secretion of interferon-γ (IFN-γ) by HD1A T cells, while APCs treated with DAT1, DAT3 or 

medium alone, did not (Fig. 3B). Production of IFN-γ was almost completely blocked 

by anti-CD1b antibodies, indicating that CD1b is necessary for the activation of the 

HD1A by antigen, but not by other receptors present on the APCs, including CD1a, 

CD1c, or CD1d. Of note, synthetic DAT3, which supported low CD1b tetramer staining, 

did not lead to IFN-γ responses, which is most likely due to low potency of DAT3 as 

an antigen for HD1A. Thus, the HD1A cell line shows CD1b-dependent, highly specific 

functional responses to synthetic DAT2 presented by APCs, which is likely caused by 

TCR recognition of the CD1b-DAT2 complex. The lack of functional responses to 

DAT1 and DAT3 suggests that the chemical differences among DATs, consisting of the 

differing fatty acyl units at C3 of trehalose (Fig. 1A), influence recognition by T cells and 

prevents cross-reactivity. 

CD1b-DAT2 binding T cells in Peruvian cohort 

Next, we wanted to measure the frequency of DAT2-reactive T cells in a cohort of 

150 human subjects27,28 to determine if there is an Mtb infection or disease-associated 

expansion of DAT-specific T cells. PBMCs were isolated from 50 Peruvian individuals 

with active tuberculosis (TB) before the start of anti-TB drug treatment. In addition, 

PBMCs were isolated from 50 patients with latent TB infection and 50 household 
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contacts with Mtb exposure, but no documented infection (uninfected), based on 

IFN-γ release assay results27,28. To generate adequate numbers of T cells for the tetramer 

analysis, we expanded an aliquot of PBMCs by stimulation with anti-CD3 antibody 

and feeder cells, as previously described28. CD1b-synthetic DAT2 binding T cells were 

observed in subjects across all three groups, although in low frequencies. Comparing 

the median tetramer staining rate among the three groups based on TB disease 

Figure 4
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status, the frequencies of CD1b-DAT2 tetramer positive T cells did not significantly 

differ among active TB patients, latently infected patients, and uninfected subjects 

as determined by the Kruskall-Wallis test (Fig. 4A). Staining patterns of expanded 

PBMCs with CD1b-synthetic DAT2 vary from broad smear of tetramer positive cells as 

illustrated by three subjects with tetramer-binding T cells (subjects 115-7, 149-4, and 

63-1) to smaller high affinity populations, as seen for subject 206-0 (Fig. 4B). Thus, 

synthetic DAT2 is recognized by T cells in the blood, but frequencies of these cells did 

not increase after infection with Mtb. 

DISCUSSION 

Here we have characterized the antigenicity of DAT for the human immune system 

and show that synthetic DATs are able to act as both an innate and an adaptive agonist. 

Small differences in chemical structure between the three synthetic forms of DAT 

had strong effects on stimulation of innate versus adaptive receptors. We determined 

that DAT3, but not DAT1 or DAT2, behaved as a highly potent activator of the innate 

receptor Mincle, while DAT1was by far the most potent compound recognized by 

polyclonal, ex-vivo T cells across multiple donors. 

As predicated, DAT could be presented by CD1b and act as an antigen for T cells. 

Across multiple healthy donors we observed T cell binding to CD1b-DAT tetramers 

with frequencies similar to binding of CD1b-GMM and mycolic acid tetramers28. 

The highest percentage of CD1b-DAT tetramer+ cells was observed using synthetic 

DAT1 treated tetramers, followed by synthetic DAT2 treated CD1b tetramers, while 

the percentage CD1b-synthetic DAT3 tetramer+ T cells was extremely low. These 

results suggest that the composition of methyl-branched fatty acids of DAT strongly 

influences recognition by CD1b-reactive T cells. 

Among the trehalose-based glycolipids that are made by Mtb, DAT is one of the 

smallest and simplest. Whereas sulfoglycolipids are sulfated on the 2′-position of 

the trehalose core and can carry up to four alkyl chains9, DAT is not sulfated and by 

definition carries two alkyl chains16. DAT carries an esterified unbranched saturated 

fatty acid on the 2-position of trehalose and a branched fatty acid on the 3-position: 

mycosanoic (DAT1), mycolipanolic (DAT2) or mycolipenic acid (DAT3)16. Thus, although 

sulfoglycolipids can carry longer and more complex branched fatty acids at the 2- 

and 3-position, Ac
2
SGL is the closest relative of DAT. The binding mechanism of 

Ac
2
SGL to CD1b is known and shows that CD1b presents Ac

2
SGL to T cells with the 

participation of endogenous spacer lipid that is simultaneously bound in the cleft29. 

The presence of these spacers in addition to Ac
2
SGL leads to rearrangement of the 

lipid-binding groove, allowing accommodation for bulky antigens. At the same time 
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this rearrangement reduces the capacity of the A’ pocket of CD1b to accomodate 

the phthioceranoyl chain of Ac
2
SGL, forcing the first three methyl groups of the fatty 

acyl chain to remain exposed above the CD1b surface for recognition by TCR29. Since 

Ac
2
SGL and DAT show structural similarities, DAT might be presented by CD1b in a 

similar way, with the methyl branched motif exposed on the outer surface of CD1b. If 

that is true, differences in the exposed residues that are available for TCR recognition, 

such as the presence of the extra hydroxy group in the acyl chain of DAT2 and the a,b-

unsaturation in DAT3, might explain the observed lack of cross-recognition by TCRs, 

such as HD1A. In addition, the differences in the number of C-methyl groups on the 

fatty acid of DAT1 (2 groups) and DAT2 and DAT3 (3 groups) could play a role in lack of 

cross-reactivity. However, the opposite effect was observed for Ac
2
SGL: an increased 

number of methyl-branched carbons led to an increase in the ability of the synthetic 

Ac
2
SGLs to stimulate T cells, which was true for up to four methyl groups24. Thus, the 

nature of the effect of methyl-branched fatty acids of DAT on T cell recognition by 

CD1b-reactive T cells can only be fully understood by additional analyses, including 

protein crystallography of the trimolecular complex of CD1b-DAT-TCR. 

The Peruvian TB cohort data shows that synthetic DAT2 is recognized by T cells in 

people with active TB, healthy latently Mtb-infected, and uninfected controls. However, 

a difference in frequencies of CD1b-DAT binding T cells among highly exposed groups 

that differed in their IGRA status was not observed, similar to other CD1 tetramer 

studies in cohorts28,30. Also, the range of percentage of CD1b-DAT2 tetramer+ T cells 

of Peruvian subjects was similar to the Boston healthy donors. Together, these data 

suggest that CD1b-DAT2-specific T cells do not expand upon Mtb exposure, or, if 

they do, it is not detectable among T cells that circulate in the blood. Recent studies 

have suggested that total blood MR1-reactive T cells can stay unchanged or fall in the 

setting of infection or antigen-stimulation27,31,32,33. Thus, a more general perspective to 

emerge from these studies is that blood-based quantification is not a reliable measure 

of total body T cell dynamics. Nevertheless, these studies provide proof of principle 

for DAT specific T cells response and point to DAT1 as the T cell antigen with highest 

response. 

In conclusion, our results show that the mycobacterial lipid DAT is an antigen for T cells  

as well as a stimulating ligand for the Mincle receptor, but the structural differences 

in the fatty acyl chains of the different forms of DAT strongly influence the type of 

biological response they elicit. 
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MATERIAL AND METHODS 

HPLC–MS of synthetic DAT 

Diacyl trehaloses were synthesized as previously published16. The synthetic DAT 

compounds were analyzed on an Agilent Technologies 6530 Accurate-Mass Q-TOF 

HPLC–MS system. Reversed phase liquid chromatography (LC) used a C-18 HPLC 

column (Agilent Poroshell 120, 2.7 mm, 4.6 mm × 100 mm) and a gradient method with 

7:3 methanol:water (solvent A) and 85:15 1-propanol:cyclohexane (solvent B). Both 

solvents contained 2.0 mM ammonium formate. 0.1% water was added to solvent B 

to aid dissolution. The solvent gradient used a 0.5 mL/min flowrate throughout and 

started at 60% solvent B, increased linearly starting at 1.0 min and ending at 100% 

solvent B at 10.0 min, and finally holding at 100% B until 15.0 min. Runs were initiated 

with 10 µL injections of the synthetic compounds at a concentration of 20 ng/mL 

in starting mobile phase. Detected ions were analyzed using Agilent Technologies 

MassHunter Qualitative Analysis B.07.00 software.

Mincle activation assay 

For the cellular Mincle assays DAT1, DAT2, and DAT3 were dissolved in chloroform/

methanol at 1 mg/mL, diluted in isopropanol to appropriate concentrations and added 

to a 96-well plate at 20 µL/well. After evaporation of the isopropanol, 30,000 2B4-

NFAT-GFP reporter cells expressing mouse Mincle were added to each well in 100 µL 

medium. After incubation at 37 °C for 24 h the expression of NFAT-GFP was analyzed 

by flow cytometry. 

Human subjects 

The Brigham and Women’s Hospital Specimen Bank, Boston, provided de-identified 

leukoreduction filters from local blood bank donors for PBMC isolation. Subjects with 

pulmonary TB disease and their household contacts were recruited through Socios En 

Salud, an affiliate of Partners in Health, based in Lima, Peru27,28. We enrolled 50 patients 

with culture confirmed pulmonary TB and 100 of their asymptomatic household 

contacts of whom 50 had positive IGRA tests, as determined by the QuantiFERON 

TB-Gold In-Tube assay (Qiagen) and 50 subjects were IGRA negative (classified as 

“exposed but uninfected”). Participants were at least 14 years old and had a negative 

HIV serology test. Peripheral blood mononuclear cells (PBMC) were isolated from 

50 mL of blood and cryopreserved at 5 × 106 cells per aliquot. 

The Institutional Review Board of the Harvard Faculty of Medicine and Partners 

Healthcare, and the Institutional Committee of Ethics in Research of the Peruvian 

Institutes of Health approved this study protocol. All adult study participants and parents 

or legal guardians of minors had to provide informed consent, while minors provided 
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assent. All methods were performed in accordance with the relevant guidelines and 

regulations. 

Tetramers 

For lipid loading, WT CD1b monomers were obtained from the NIH tetramer facility. 

In a 10 mm wide glass tube, 16 µg of dry lipid was sonicated at 37 °C for 1 h in 45 µL 

of 0.5% CHAPS 50 mM sodium citrate buffer pH 4.5 for DAT-treated tetramers, as 

previously described for other lipid ligands28. For CD1b-mock no lipid was added to the 

tube. Subsequently, CD1b monomers (10 µg) were added to the tubes and incubated 

overnight at 37 °C. The next day the solution of the monomers was neutralized to pH 

7.4 by adding 5 µL 1 M Tris pH 8. Monomers were tetramerized using streptavidin-APC 

(Molecular Probes) or streptavidin-PE (Invitrogen). 

T cell lines and T cell assays 

For generation of T cell lines, total PBMC or PBMC-derived T cells were stained with 

CD1b-DAT tetramer and anti-CD3. PBMCs were sorted for double positive staining of 

CD3 and tetramer. Expansion of sorted cells was performed by plating cells at 100–700 

cells/well in round-bottom 96-well plates containing 2.5 × 105 irradiated allogeneic 

PBMCs, 5 × 104 irradiated Epstein Barr Virus transformed B cells, and 30 ng/mL anti-

CD3 antibody (clone OKT3) per plate as described previously28. The next day human 

IL-2 was added to the wells. After 2 weeks, sorting and expansion procedure was 

repeated as needed. For ELISPOT assays, cocultures of 4 × 104 APCs (G4 monocytes) 

pre-incubated with DAT for 30 min 37 °C and 1 × 103 T cells were incubated for 16 h in a 

Multiscreen-IP filter plate (96 wells; Millipore) coated according to the manufacturer’s 

instructions (Mabtech). For blocking, APCs were preincubated for 1 h at 37 °C with 

anti-CD1b blocking antibody BCD1b3.1 or control IgG P3 (10 µg/mL) before adding 

T cells. 

Staining protocol 

T cells were enriched by depletion of non-T cells using the Pan T cell Isolation Kit 

(Miltenyi Biotec) according to manufacturer’s protocol. Human enriched T cells 

and T-cell lines were stained with tetramers at 2 µg/mL in PBS containing 1% BSA 

and 0.01% sodium azide. Cells and tetramer were incubated for 10 min at room 

temperature in the dark, followed by addition of cell surface antibodies for 10 min at 

room temperature as described previously27,28. Subsequently, cells were treated with 

unlabeled OKT3 antibody and incubated for 20 min at 4 °C. Cells were analyzed using 

the BD LSRFortessa flow cytometer and FlowJo software. For staining of PBMCs from 

Peruvian participants ~ 3 × 106 cells were stained with a “live-dead” fixable blue cell stain 

(Molecular Probes), then treated with tetramer in for 10 min at room temperature, 

followed by cell surface antibodies for 5 min. Subsequently, cells were treated with 
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unlabeled OKT3 antibody and incubated for 5 min at room temperature, followed by 

10 min at 4 °C. Cells were fixed in fresh 2% paraformaldehyde (Electron Microscopy 

Sciences) in PBS for 20 min. Antibodies that were used: CD3-BV421 (UCHT1; 

Biolegend), CD3-FITC (SK7; BD Bioscience). 

TCR sequencing 

TCR sequences were determined by isolating RNA from bulk sorted T cell populations 

using the RNeasy kit (QIAGEN), followed by complementary DNA synthesis using the 

QuantiTect Reverse Transcription Kit (QIAGEN). TCR transcripts were amplified using a 

multiplex approach12, followed by direct Sanger sequencing of the PCR product. 
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Figure S1. Gating strategy for Figure 1d. NFAT-GFP expression in reporter cells expressing murine Mincle and it 

signaling subunit FcεRγ chain, after stimulation with DAT3.
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Figure S1. Gating strategy for Figure 1d. NFAT-GFP expression in reporter cells expressing murine Mincle 
and it signaling subunit Fc R  chain, after stimulation with DAT3. 

Figure S2. Examples of gating strategy of T cells enriched from PBMC by column purification from healthy donors. 

(A) pre-gating in CD3+CD1b-endo- T cells. (B) pre-gating on CD3+ T cells.
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Figure S3. Flow cytometry dot plots of T cells enriched from PBMC by column purification from 8 healthy donors 

stained with CD1b-endo, -DAT1, -DAT2, and -DAT3 tetramers after pre-gating on CD3+ T cells.
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Figure S4. Flow cytometry dot plots of line HD1A stained with CD1b-DAT2 tetramer and 24 different anti-Vβ antibodies 

after pre-gating for CD3+ T cells.
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The ability of T cells to respond to peptides presented by major histocompatibility 

complex (MHC) proteins is more widely known than their ability to respond to MHC class 

I-like CD1 proteins. Whereas mice only express CD1d, humans express a functionally 

diverse family of CD1 antigen presenting molecules, namely CD1a, CD1b, CD1c, and 

CD1d 1. Unlike MHC genes, CD1 genes are essentially monomorphic so all individuals 

express an identical set of CD1 genes. The non-polymorphic nature of CD1 proteins 

likely enables them to present an identical set of antigens in all individuals, which makes 

ligands of CD1 proteins attractive candidates for subunit vaccine development and 

diagnostic purposes. Several lipid antigens that are presented by CD1 and recognized 

by T cells are found in the cell wall of Mycobacterium tuberculosis. Here we focus on 

mycoketides, a class of mycobacterial lipids presented by CD1c. CD1c proteins are 

constitutively expressed on the surface of marginal zone and mantle zone B cells in 

spleen and lymph nodes, activated B cells in blood 2-4, and it is a defining marker of 

subsets of dendritic cells 5,6. CD1c expression can also be induced on monocytes after 

exposure to activating signals or the cytokines IL-4 and GM-CSF or IL-1β 7,8.  

Binding of mycoketides in the antigen binding cleft of CD1c requires the unique 

mycobacteria-specific lipid branching patterns that are introduced by the enzyme 

polyketide synthase 12 (Pks12) 9. The Pks12 enzyme and other proteins in the 

biosynthetic pathway are present in mycobacterial pathogens and absent in mammalian 

INTRODUCTION

W
hereas proteolytic cleavage is crucial for peptide presentation by 

classical major histocompatibility complex (MHC) proteins to T cells, 

glycolipids presented by CD1 molecules are typically presented in an 

intact, unmodified form. However, the mycobacterial lipid antigen mannosyl-β1-

phosphomycoketide (MPM) is sensitive to hydrolysis in antigen presenting cells 

whereby mannose and phosphomycoketide (PM) are formed. Because MPM is a 

CD1c-presented antigen for human T cells and of potential value in vaccination or 

diagnostic strategies against tuberculosis, we aimed to create hydrolysis-resistant 

MPM variants that retain their antigenicity. Here, we design and provide versatile 

synthetic strategies to the generation of three different stabilized MPM analogs. 

Crystallographic studies of CD1c complexes with three MPM analogs showed 

anchoring of the lipid tail and phosphate group that is highly comparable to 

nature-identical MPM, with significant conformational flexibility for the mannose 

head group. MPM-3, a difluoro methylene modified version of MPM is resistant to 

hydrolysis and elicits T cell responses that are cross-reactive with nature-identical 

MPM, fulfilling important requirements for potential clinical value. 
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species. The C30-34 alkyl chains in mycoketides have methyl branches every fourth 

carbon, starting at C4 9-11. Two structurally related mycoketides are antigenic to T 

cells, mannosyl-β1-phosphomycoketide (MPM) and phosphomycoketide (PM) 10-14. 

Although present in small quantities in the M. tuberculosis cell wall, MPM is a potent 

inducer of T cell activation 10. T cell responses to MPM require both a phosphate and 

a β-linked mannose unit 12, which protrude from the ligand binding groove of CD1c 
14. Thus MPM-specific T cells, like many other glycolipid-specific T cells, are highly 

specific for small molecular details of the headgroup of their cognate antigen.  

Interestingly, the human T cell line DN6 15 responds to PM and MPM, but only to the 

latter when presented by CD1c on live antigen presenting cells, including monocyte-

derived dendritic cells (MDDCs). However, bypassing the cellular component of 

antigen presentation, using plate-bound CD1c, it was shown that the T cell receptor 

(TCR) was specific for PM, and not MPM 12. These studies suggested that PM was 

generated from MPM in the cellular CD1c antigen presentation machinery, raising basic 

questions about whether lipid antigen processing by antigen presenting cells occurs 

normally. Newly synthesized CD1 molecules follow the secretory pathway to the cell 

membrane, after which they undergo internalization to endocytic compartments and 

recycle to the surface 16. Exogenous lipids can be loaded into the CD1c hydrophobic 

cleft in compartments of the endocytic pathway, after which they return to the plasma 

membrane to present the lipids to T cells 17,18. The endocytic pathway concentrates 

antigens, has an increasingly low pH, and contains proteases, glycosidases, and 

lipases, which typically lead to efficient antigen processing and presentation, but it can 

also destroy antigenic epitopes. Whether MPM is degraded in the endocytic pathway 

by enzymes, non-enzymatically, facilitated by low pH, or by other mechanisms is 

unknown. 

The ability of MPM to induce strong T cell responses invites a new phase of research 

in which CD1c-presented lipid antigens are developed as immunogens. The relevance 

of processing of intact molecules into recognized epitopes is poorly understood in the 

CD1 system and the processing of MPM to PM by antigen presenting cells like dendritic 

cells might reduce the availability of MPM in vivo. The glycosidic linkage between 

mannose and phosphate is the most likely point of degradation by loss or substitution 

of the phosphate group. Thus, upon in vivo administration, MPM would most likely 

elicit responses dominated by PM instead of MPM. To remedy this, we designed and 

synthesized three MPM analogs with modifications that allow for improved stability 

of MPM towards enzymatic and chemical hydrolysis and tested these compounds for 

antigenicity and their cross-reactivity with nature-identical MPM.  
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RESULTS 

Design and synthesis of stabilized MPM analogs 

Enzymatic or non-enzymatic hydrolysis of the antigen MPM destroys it and gives 

rise to a different antigen, PM (Fig. 1a) 12. Here we set out to generate MPM analogs 

with improved stability by creating hydrolysis-resistant bonds between the sugar 

and phospholipid moiety. Previously, through the first stereoselective total synthesis 

of a b-D-mannosyl phosphomycoketide, we have shown the importance of the 

stereochemistry of the lipid moiety in phosphomycoketides for T cell response 19. 

The synthetic mycoketide lipid moiety was used here to generate three stabilized 

MPM analogs. These synthetic analogs comprise a carba-mannose, where the ring 

oxygen is replaced by a methylene group (MPM-1), and two C-mannosides, where the 

anomeric oxygen is replaced by a methylene group or a difluoro methylene moiety 

(MPM-2 and MPM-3, respectively) (Fig. 1b). Altering the structure of the mannose 

moiety of MPM to generate the more stable glycomimetic might impact CD1c-binding 

and T-cell recognition, but it is difficult to predict how the different modifications 

will affect the interaction with both binding partners. Replacing the acetal linkage 

Figure 1. Synthesis of stabilized MPM analogs. (A) Natural MPM contains a β-glycosidic bond which may be sub-

ject to hydrolysis in the presence of enzymes or strong acids, leading to formation of PM. (B) Synthetic approach 

to generation of carba-mannose (MPM-1) and two C-mannosides (MPM-2 and MPM-3), which can be considered 

glycomimetics of MPM. Structural modifications, responsible for improved stability towards chemical and enzymatic 

hydrolysis, are highlighted in green. Key intermediates are highlighted in blue. 
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by an ether functionality will result in conformational changes of the key exocyclic 

phosphate substituent as the exo-anomeric effect that determines the orientation of 

the exocyclic substituent is missing in all three stabilized analogs. The overall dipole 

of the molecules will also be different as well as hydrogen bonding and accepting 

properties. Finally, the pKa of the phosphate in the analogs will differ from the parent 

compound. These effects should be minimized in C-mannoside MPM-3, since the 

difluoro methylene has most similar electronic properties compared to those of the 

anomeric oxygen, present in the naturally occurring MPM 20. 

The synthetic strategies for the MPM-analogs were designed to avoid the use of 

and formation of PM during reaction or purification steps. Thus, for the generation 

of MPM-1, a phosphoramidite chemistry approach was chosen to couple lipid 6 to 

β-carba-mannopyranoside 5, which in turn was obtained from key pseudo-glucal 

intermediate 4. The two C-glycosides MPM-2 and MPM-3 were synthesized starting 

from D-mannose via lactone 7, which was converted to phosphonates 8 and 9 via 

exo-glycal and lactol intermediates, respectively. Inspired by previous work on glucose 
21, we implemented a hydrophosphonylation reaction to synthesize the desired β-C-

mannoside 8, of which we demonstrated the intended stereochemical outcome. 

Coupling reaction between phosphonate 8 or 9 and lipid 6 yielded the desired analogs 

MPM-2 and MPM-3. Our method for coupling of difluoro-C-mannoside 9 to the lipid 

required the use of an excess of lipid 6 to prevent pyrophosphate formation. All products 

were validated by NMR and MS. The purification steps for sensitive intermediates and 

final products were performed avoiding acidic conditions, and compounds were 

stored dry at -20 °C. Even upon long term storage, chemical hydrolysis of the two 

C-mannopyranoside analogs (MPM-2 and MPM-3) can never lead to formation of PM, 

as lipid 6 would be the hydrolysis product. The expected stability of all three analogs 

towards mannosidase enzymes is based on the mechanism of action by which these 

enzymes remove mannosides from their substrates. Glycosidase-induced hydrolysis 

is effected through reactions proceeding with significant oxocarbenium ion character 
22, the formation of which is not possible once the carbohydrate acetal is replaced by 

the ether functionality in our carba- and C-glycosides. It is however not possible to 

exclude hydrolysis of the anomeric phosphodiester induced by phosphatases in the 

setting of in vitro antigen-presentation experiments with dendritic cells. This would 

lead to formation of PM from carba-analog MPM-1, or lipid 6 for C-mannopyranoside 

analogs MPM-2 and MPM-3. Thus, depending on the active pathways of degradation 

in antigen presenting cells, one or more MPM analogs may be resistant to degradation.

  

MPM-3 withstands processing to PM 

To study the occurrence of antigen modification by antigen presenting cells, we 

made use of two established human T cell lines, DN6 and CD8-1 15,23. The DN6 TCR 
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is specific for PM and responds to natural or nature-identical synthetic MPM after 

cellular processing to PM. The β-mannose unit is neither required nor permissive 

for activation of the DN6 cell line 12. MPM-3 did not induce an interferon-γ (IFNγ) 

response, as expected based on its inability to give rise to PM due to the stabilized 

bond between sugar and lipid. However, MPM-1 and MPM-2 were both able to activate 

DN6 T cells, albeit with low potency (Fig. 2a). Because traces of PM, which could have 

been introduced by cross-contamination or hydrolysis during storage, could activate 

DN6, we performed high-performance liquid chromatography-mass spectrometry 

(HPLC–MS) analysis of our MPM stocks. We did not detect PM in our stock solutions of 

MPM or MPM analogs. To be able to explain the activation of DN6 cells, we considered 

enzymatic generation of PM by antigen presenting cells, or cross-reactive recognition 

of the intact compounds by the TCR as alternative explanations for the activation of 

DN6 by MPM-1 and MPM-2. For MPM-2, the likely mechanism of recognition by DN6 is 

cross-reactivity, while the formation of PM from MPM-1 can account for the activation 

of the DN6 cells. MPM-3 does not cross-react with the PM-specific TCR DN6. 

 

Antigenic equivalence of natural MPM, MPM-2, and MPM-3 

The CD8-1 TCR is highly specific for the β-linked mannose headgroup of MPM 10,12. 

For the stabilized MPM analogs to be useful in future applications like diagnostics or 

vaccines, it is crucial that they cross-react with natural MPM, despite the chemical 

changes in the headgroups. Therefore, we tested response of the CD8-1 T cell line 

to the stabilized MPM analogs. Both MPM-2 and MPM-3 elicited a response similar 

to nature-identical MPM, indicating that the chemical modification did not influence 

recognition by the TCR (Fig. 2b). Recognition of MPM-1, however, was reduced as 

Figure 2. MPM-3 withstands hydrolysis and cross-reacts with natural MPM. (A) IFNγ production by PM-specific DN6 

T cells co-cultured with MDDCs in the presence of natural MPM and MPM analogs. (B) IFNγ production by MPM-

specific CD8-1 T cells co-cultured with MDDCs in the presence of natural MPM or MPM analogs. Data are mean ± 

SD of triplicate measurements representative of three experiments.
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seen by a reduction in IFNγ expression by CD8-1 T cells. Overall, these results show 

that the analog MPM-3 is able to withstand processing to PM, while its antigenicity 

remains unchanged. 

Molecular detail of MPM analog presentation by CD1c 

To determine the mechanism of epitope display, binary structures of CD1c-MPM-1, 

-MPM-2, and MPM- 3 were determined at 1.7, 2.0, and 2.1 Å, respectively. In addition to 

electron density corresponding to the MPM analogs, electron density corresponding 

to two putative spacer lipids were observed in the F’ pocket (Fig. 3a), which were 

analogous to those seen in the published CD1c-endogenous lipid-3C8 TCR ternary 

structure and binary CD1c structures 24,25. Accordingly, we modelled this ‘spacer’ 

density as monoacyl glycerol, as this single tail lipid has been previously observed in the 

CD1c binding pocket (Fig. 3a). 25. The density in the A’ pocket unambiguously indicated 

the mycoketide tail of the MPM analogs, with clear electron density present for each 

of the branched methyl groups positioned and conserved in all three structures (Fig. 

3a-b). In contrast, the conformational flexibility of the headgroups led to relatively 

poorly resolved electron density presumably due to its protrusion out of the binding 

cleft, consistent with the published native MPM structure (3OV6) (Fig. 3c). Aligning 

with the native MPM structure (3OV6) 14 revealed that the position of the phosphate 

group of the MPM analogs was conserved, although being slightly re-oriented (Fig. 

3d). The phosphate group was sandwiched between a hydrophobic cluster including 

Leu69 and Phe72 of the α1 helix and Val155 and Thr158 of the α2 helix (Fig. 3b-c). 

The phosphate was unable to establish stabilizing interactions with CD1c, except for 

hydrogen bond formation with the Thr158 Oγ atom. This was observed in the MPM-1 

and MPM-2 structures (Fig. 3b-c), which accounted for its reorientation within this 

region. 

Of the three MPM-analogs, MPM-3’s headgroup appeared to be best stabilized, 

through an interaction with Phe72. To accomplish this stabilization, Phe72 adopted a 

g+ conformation (torsion angle of 89.6°), compared to trans in the other two analogs 

(171.3° and 181.0° for MPM-1 and MPM-2, respectively). This suggests that Phe72 

played a role in the orientation and presentation of these ligands to TCRs. 

We also observed a significant movement of the CD1c α1 helix in the CD1c-MPM-1 

and CD1c- MPM-2 structures compared to the CD1c-MPM-3 and native CD1c-MPM 

structures, with up to 2.1 Å difference at Leu74 Cα (Fig. 3e), which appears to be ligand-

induced. These structures provide evidence that CD1c is subject to conformational 

alterations upon ligand binding that may impact antigen presentation to T cells. Of the 

CD1c-MPM analogue binary structures, the structure of CD1c-MPM-3 most closely 

resembled that of CD1c-native MPM.   
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Detection of MPM-specific T cells after in vitro immunization with MPM-3 

Because of its desirable characteristics, we next tested whether we could expand 

MPM-specific T cells by stimulating peripheral blood mononuclear cells ex vivo with 

the analog MPM-3, a process which is called in vitro immunization. For four healthy 

donors (HD), plastic non-adherent lymphocytes were stimulated with autologous 

MDDCs that were incubated with either MPM-3 or the unrelated mycobacterial lipid 

glucose monomycolate (GMM) as a negative control (Fig. 4a). After two rounds of 

antigen stimulation, we performed an initial screen for MPM-3 recognition by ELISPOT. 

We observed an MPM-3-dependent response in a T cell line from healthy donor 56 

immunized in vitro with MPM-3 (HD56-MPM-3) that was not seen in the cell line 

immunized with GMM (HD56-GMM)(Fig. 4b). This initial positive result prompted us to 

develop CD1c-MPM tetramers, using the HD56-MPM-3 cell line as a positive control 

for staining. Although CD1c tetramers loaded with PM 12, acylated cholesteryl β-D-

galactoside 24, or endogenous mammalian lipids 25 have been developed previously, 

CD1c-MPM tetramers have not been previously reported. Using a CD1c loading 

protocol based on previously published PM loading, we observed a CD1c-MPM-3 

tetramer positive population in the T cell line HD56-MPM-3 that was not present in the 

cell line derived from the same donor by stimulation with GMM (HD56-GMM, Fig. 4c), 

indicating that the in vitro immunization with MPM-3 was needed for the expansion 

of MPM-3-specific cells. In the cell lines from the other three donors, we could not 

detect MPM-3-tetramer positive cells. Thus, we were able to detect MPM-3 tetramer 

positive cells in the HD56-MPM-3 cell line by ELISPOT and tetramer staining after in 

vitro immunization.  

Next, we tested whether the T cells that recognize MPM-3 cross-react with natural 

MPM by staining cells with both CD1c-MPM-3 and CD1c-MPM tetramers. The 

tetramer positive population in the HD56-MPM-3 cell line recognized both natural 

MPM and MPM-3 (Fig. 4d). Of note, the two tetramers stained double positive cells 

with equivalent intensity, even when fluorophores were swapped, suggesting that the 

TCR has comparable affinity for natural MPM and MPM-3. Other T cells have been 

reported that recognize CD1c complexes carrying endogenous phospholipids (CD1c-

endo) from the mammalian CD1 protein expression system. Such T cells recognize 

CD1c-phosholipid or bind the CD1c protein itself 25,26. Therefore, we also stained 

the T cells simultaneously with an untreated CD1c tetramer (CD1c-endo) and a 

mock treated CD1c tetramer (CD1c-mock), which showed that most CD1c-MPM-3 

tetramer-binding cells fail to bind CD1c-endo (Fig. 4d). Therefore, the MPM-tetramer 

positive cells we detected are specific toward the antigen loaded in CD1c and not the 

protein itself. 

To gain more insight in the CD1c-MPM binding cells we analyzed their TCR type and 
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Figure 3. Binary structures of CD1c with MPM analogs. (A) Front view of CD1c with MPM analogs. Electron densities 

of ligands are contoured at 0.75s. Cartoon representation is coloured as salmon, blue, and green for structure 

with MPM-1, MPM-2, and MPM-3, respectively. MPM analog models are depicted as sticks with balls coloured with 

aquamarine, yellow, and pink for MPM-1, MPM-2, and MPM-3, respectively. Spacer lipids are in white. (B) Top views 

of CD1c with MPM analogs show the positions of MPM analogs’ headgroups. Colour codes are same as in (A). (C) 

Side view of CD1c with MPM analogs from A’ pocket is showing the orientation of MPM analogs’ headgroup. Colour 

codes are same as in (A) and (B). (D) Superposition of MPM analogs with native MPM (3OV6). The three MPM analogs 

are depicted as sticks with the same colour codes in (A), (B) and (C). The native MPM is depicted as marine-blue stick, 

while its spacer lipid is coloured in hot-pink. (E) Superposition of CD1c binary structures together with native MPM 

structure (white, 3OV6) is showing the movement of helices upon ligand binding. 
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CD4 or CD8 expression. The MPM-tetramer positive cells stained positive for αβTCR 

and CD4 (Fig. 4e). Some antigen-specific T cells show a bias towards TRAV and TRBV 

usage. Therefore, we stained the cells for TRBV20-1, which is the Vβ chain used by the 

CD8-1 T cell line that is specific for MPM. The tetramer binding cells did not express 

TRBV20-1 (Fig. 4e). Thus, in vitro immunization with MPM-3 generates αβ T cells that 

cross-reactively recognize MPM, and these cells express a TCR that is different from 

the established CD8-1 clone.  

Figure 4. Cross-recognition of MPM and MPM-3 by human T cells after in vitro immunization with MPM-3. (A) 

Schematic representation of stimulation of T cells from healthy donors with MDDCs incubated with either MPM-3 

or negative control (GMM) lipids. (B) IFN-γ ELISPOT screen of healthy donor-derived (HD) cell lines stimulated with 

K562.CD1c cells in the presence of MPM-3 or GMM. Error bars represent the SEM of triplicate wells of one experiment. 

(C) Flow cytometry dot plots of CD1c-MPM-3 tetramer staining of lines HD56-MPM-3 and HD56-GMM. (D) Flow 

cytometry dot plots of double tetramer staining on line HD56-MPM-3. CD1c-MPM and CD1c-MPM-3 tetramers were 

both used in an APC as well as a PE-labeled version. CD1c-MPM-3 tetramers are shown plotted against CD1c-endo 

or CD1c-mock tetramers. (E) Flow cytometry analysis of expression of αβTCR, CD4, and TRBV20-1 by tetramer-

positive and -negative cells in line HD56-MPM-3. TNTC: too numerous to count. 

PBMC
healthy
donor non-adherent cells

(T cells)

monocyte-derived 
dendritic cells Stimulation with:

- MPM-3
- GMM

A

C

CD
1c

-M
PM

-3
-P

E 
 

0 103 104 105

0
103

104
105

CD3

HD56-MPM-3

0 103 104 105

HD56-GMM

0.030

D

CD
1c

-M
PM

-3
-P

E 
 

0
103

104
105

CD1c-MPM-APC

CD
1c

-M
PM

-P
E 

 

CD1c-MPM-3-APC

CD
1c

-M
PM

-3
-P

E 
 

0 103 104 105

CD1c-endo-APC

CD
1c

-M
PM

-3
-P

E 
 

0 103 104 105

0
103

104
105

CD1c-mock-APC

0.23 0.051

0.02299.7

0.43 0.052

0.03199.5

0.23 0.004

0.02099.7

0.26 0

0.01599.7

0 103 104 105 0 103 104 105

0
103

104
105

0
103

104
105

E

0 10 10 10

N
or

m
al

iz
ed

 To
 M

od
e

0
20
40
60
80

100

CD4-BV421
0 103 10 4 105

0
20
40
60
80

100

αβTCR-APC
0 103 10 4 105

0
20
40
60
80

100

TRBV20-1-FITC

3 4 5

tetramer- cells
tetramer+ cells

0

100

200

300

400

500

IF
N

γ 
sp

ot
s

B
K562.CD1c or CD1b

K562.CD1c + MPM-3

HD54
MPM-3

HD54
GMM

HD55
MPM-3

HD55
GMM

HD56
MPM-3

HD56
GMM

HD57
MPM-3

HD57
GMM

Donor:
In vitro

immunogen:

TN
TC

TN
TC



73

4

MPM is less potent than MPM-3 in a 

cellular antigen presentation assay

Although tetramer staining of HD56-

MPM-3 suggested equivalent affinity of 

the antigen-specific T cells for MPM and 

MPM-3, we wanted to compare responses 

against natural MPM, its breakdown 

product PM, and the three MPM analogs 

in a cellular antigen presentation assay. 

HD56-MPM-3 T cells stimulated with the 

line K562 transfected with CD1c (K562.

CD1c) and MPM-3 secreted IFNγ. Nature-

identical MPM induced IFNγ release, but 

to a lesser extent (Fig. 5a). MPM-1 and 

MPM-2 also induced a response, with 

MPM-1 eliciting the lowest response, 

similar to that of natural MPM, and MPM-

2 showing an intermediate response 

between MPM-1 and MPM-3. PM was 

not recognized above background levels, 

and K562.CD1b cells treated with MPM-

3 did not stimulate, making clear that the 

mannose unit and CD1c were required. 

Activation by MPM-3 and K562.CD1c 

was strongly inhibited by anti-CD1c (77% 

inhibition), indicating that activation of 

the T cells is mediated by CD1c.  

Despite highly similar binding of CD1c-

MPM and CD1c-MPM-3 tetramers (Fig. 4d), we expected a lower stimulation by MPM in 

cellular assays because of the known hydrolysis of MPM into PM in antigen presenting 

cells. An alternative explanation for the observed different performance at a fixed 

concentration is an inaccuracy of quantification or toxicity of lipids at 15 μg/ml, which 

is considered high in this type of assay. However, a comparison of dose response 

curves of HD56-MPM-3 cells stimulated with MPM or MPM-3 (Fig. 5b) demonstrates 

that MPM is less antigenic at every concentration tested, so less potent than MPM-3 

in a cellular antigen presentation assay. This finding is consistent with the conclusion 

that hydrolysis of MPM to PM reduces the amount of available antigen, while MPM-3 

is not sensitive to hydrolysis.  

Figure 5. HD56-MPM-3 T cells produce IFNγ after 

stimulation with MPM-3 and nature identical MPM. 

(A) IFN-γ ELISPOT of the HD56 cell line stimulated with 

K562.CD1c or K562.CD1b cells in the presence of the 

indicated lipid antigens. Error bars represent the SEM of 

triplicate wells. One representative experiment of three 

is shown. (B) Dose response curves of HD56 stimulated 

with K562.CD1c and lipid antigens. 
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DISCUSSION 

Here we applied rational antigen design to create a compound that stimulates human 

T cell responses against the M. tuberculosis-derived glycolipid MPM. Two factors were 

considered in the design: stability of the antigen and its ability to generate a response 

that cross-reacts with the natural lipid. For peptides, such studies are typically performed 

by systematically mutating amino acids in a peptide sequence using standard peptide 

synthesis technology. For lipids, the possible variations are only confined by the 

limitations of chemical synthesis, for which a method has to be developed for each 

desired type of modification. For the lipids at hand, we developed effective routes 

of synthesis to assembly the three types of analogs. We focused exclusively on the 

hydrophilic head and phosphate neck region of MPM because changes in the tails of 

lipid antigens have previously been shown destabilize the complex between lipid and 

CD1 27, or diminish antigenicity 11, while we did not expect improved chemical stability 

by lipid tail modifications. This is the first time that neck and headgroup modifications 

for CD1c-presented antigen have been designed, synthesized, and tested.  

What sets MPM apart as a lipid antigen is that it is sensitive to enzymatic digestion 12. 

Once the mannose has been removed, the lipid loses it antigenicity for a T cell line 

that is specific for intact MPM. We designed modifications in the neck and headgroup 

that we expected to confer resistance to mannosidase or other cellular hydrolysis 

mechanisms that attack the phosphate ester, realizing that the modifications could 

also destroy antigenicity because T cells can be extremely sensitive to minor molecular 

details of an antigen. Of the three MPM analogs that we designed and synthesized, 

MPM-3 was completely insensitive to degradation, and it was fully cross-reactive 

with natural MPM by several criteria, while the other two analogs had intermediate 

characteristics. Protein crystallography demonstrated that the phosphate group of 

MPM-3 was highly stabilized in a configuration comparable to natural MPM, which 

was supported by the difluoro methylene group. The difluoro methylene itself was 

turned away from the CD1c surface, which may be the reason that it does not interfere 

with TCR docking. In addition, the difluoro methylene causes no significant change in 

pKa of the molecule so that it carries a negative charge under physiologic conditions, 

like natural MPM.  

The lipid tails and phosphate of all three MPM analogs were anchored to the CD1c 

protein. Despite this, the mannose headgroup of all three MPM analogs showed 

considerable positional freedom leading to imperfect overlap with the mannose of 

natural MPM. Surprisingly, despite the limited overlap, the antigenicity of natural MPM 

and MPM-3 is highly comparable. A potential explanation for this observation is that 

TCR docking may stabilize the headgroups. The anchoring of phosphates to CD1c is 
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different from how phospholipids are presented by CD1b, where phosphate groups 

are not stabilized by interactions with CD1b, but rather by the TCR, in the so-called 

“anionic cup” in the TCR 28,29. In both CD1b and CD1c the phospholipid headgroups are 

flexible in the binary CD1-lipid structure and in the case of CD1b it was demonstrated 

that the headgroup was remodeled and anchored by the TCR upon TCR docking 29.  

Overall, the work presented here has provides detailed insights into presentation of 

MPM by CD1c. This work has three additional key outputs. First, we have developed 

a CD1c-MPM tetramer that can be used to detect human MPM-specific T cells in 

people infected with M. tuberculosis. It was previously demonstrated that T cell 

responses against MPM are stronger in infected people compared to uninfected 10. 

Tetramers will enable us to analyze TCR repertoire and immunophenotype of these 

cells and assess their contribution to protection against tuberculosis. Second, we 

provide versatile synthetic strategies to obtain stabilized analogs of b-mannoses 

which can now be employed to generate either carba-mannose, C-mannoside and 

difluro-C-mannoside for virtually any natural β-mannose with a phosphate in the 

anomeric position. Last, we have created an MPM analog, MPM-3, that is as antigenic 

as natural MPM, but not susceptible to enzymatic cleavage. MPM-3 can now be used 

in preliminary immunization studies in CD1c-expressing species, such as human CD1c 

transgenic mice or guinea pigs that naturally express several CD1c genes. If these 

studies demonstrate immunogenicity of MPM-3 in vivo, they will be followed up by 

immunization-challenge experiments with M. tuberculosis, ultimately paving the way 

for its use in (subunit) vaccines.  

MATERIAL AND METHODS  

Synthesis of MPM analogs

For C-mannosyl-1-phosphomycoketide (MPM-1) pseudo-glucal intermediate was 

prepared from peracetylated D-glucal using a similar approach to that published by 

Gao et al. 30. A benzylidene was installed and the olefin was then epoxidized to give an α : 

β mixture of epoxides (1 : 17). Both epoxides reacted with hydroxide to give the desired 

pseudo-mannoside configuration. The obtained α-mannopyranoside was converted 

to β-mannopyranoside via an oxidation/reduction procedure. After protecting groups 

manipulation, the carbasugar phosphoramidite was synthesized. Coupling to lipid 

alcohol followed by final deprotection steps resulted in the synthesis of the desired 

final product with a 1.4% yield over 19 steps starting from peracetylated D-glucal. 

For Mannose-1-C-phosphonate mycoketide (MPM-2), manno-lactone intermediate 

was prepared from D-mannose as described by Waschke et al. 31, and subjected to 

Petasis reaction for the generation of key intermediate exoglycal. This intermediate 

was used in a UV-assisted radical hydrophosphonylation reaction 21 followed by 
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deprotection of the newly synthesized phosphonate. NMR analysis, including NOESY 

measurements on the C-mannosyl methyl-deprotected phosphonate, was used to 

confirm β-stereochemistry of the product formed by radical hydrophosphonylation. 

The coupling of benzyl-protected C-mannosyl phosphonate with lipid alcohol was 

followed by hydrogenation to remove benzyl-protecting groups, resulting in the desired 

final product with an overall yield of 6.7% over 10 steps starting from D-mannose. 

For mannose-1-C-difluorophosphonate mycoketide (MPM-3), manno-lactone 

intermediate (see 31) was subjected to nucleophilic addition, followed by removal of the 

newly formed anomeric hydroxyl via formation of intermediate methyloxalate, which 

was subsequently reduced using Bu
3
SnH. As for the C-mannoside analog, β-product 

formation was confirmed by analysis of NOESY-NMR after phosphonate deprotection. 

With the free phosponate acid available, a coupling reaction in the presence of tri-

iso-propylphenylsulfonyl chloride was performed. Final debenzylation yielded desired 

C-mannopyranoside with an overall yield of 15% over 6 steps starting from manno-

lactone.  

Cell lines 

PBMCs were obtained from leukoreduction collars provided by the Brigham and 

Women’s Hospital Specimen Bank, as approved by the Partners Healthcare Institutional 

Review Board. MDDCs were obtained from human PBMC by adherence to plastic 

after 1 hour, followed by treatment with 300 IU/ml granulocyte-macrophage colony-

stimulating factor and 200 IU/ml IL-4 for 72-96 hours. The non-adherent fraction 

containing T cells was frozen as well. For antigen stimulation, the non-adherent T 

cells were stimulated with autologous MDDCs (2:1) in the presence of MPM-3 or GMM 

(2 μg/ml). The next day IL-2 was added to the culture. After 2 weeks, cell lines were 

analyzed for response to lipid. Expansion of derived cell lines after 2 rounds of antigen 

stimulation was performed by culturing 0.5-1x106 T cells in a T25 flask containing 

25x106 irradiated allogeneic PBMCs, 5x106 irradiated Epstein–Barr virus transformed 

B cells, and 30 ng/mL anti-CD3 antibody (clone OKT3). The next day human IL-2 

was added to the culture. After 3 weeks, the stimulation or expansion procedure was 

repeated as needed. 

Functional T Cell Assays

The CD1c-MPM reactive T cell line CD8-1 23 and CD1c-PM reactive cell line DN6 15 were 

tested for IFNγ release by enzyme-linked immunosorbent assay (ELISA). 5x104 T cells 

were incubated with 5x104 APCs in 96-well culture plates (0.2 ml/well) with titrating 

concentrations of synthetic lipid for 24 h (37°C, 5% CO2). Corning 96-well Clear Flat 

Bottom Polystyrene High Bind Microplates were coated with IFNγ coating antibody 

(2G1, Invitrogen, 2 μg/ml) overnight and blocked with 1%BSA. Supernatant was added 

to plates and incubated for 1 hour at room temperature (RT) followed by detection 
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with biotinylated IFNγ antibody (B133.5, Invitrogen, 0.1 μg/ml) and streptavidin-HRP. 

The reaction was visualized by the addition of ABTS and absorbance was measured 

at 405nm using an ELISA plate reader. For enzyme-linked immune absorbent spot 

(ELISPOT) assays, cocultures of 2x104 APCs and 5x104 T cells were incubated with 

MPM or GMM (15 μg/ml) for 20 hours in a Multiscreen-IP filter plate (96 wells; Millipore) 

coated and developed according to the manufacturer’s instructions (Mabtech). For 

blocking of CD1c, the APCs were pre-incubated with anti-CD1c (F10.21A3) for 15 

minutes at 37°C before addition of T cells. 

Tetramers

For tetramer assays, biotinylated WT CD1c monomers were obtained from the National 

Institute of Health Tetramer Core Facility. CD1c monomers were loaded with MPM at a 

50-fold molar excess of lipid to protein. In a 10 mm wide glass tube CD1c monomers 

were incubated with natural MPM or MPM-3 in phosphate buffered saline pH 7.4 for 

18-24h at 37°C. For CD1c-mock tetramers the treatment was the same, but no lipid 

was added to the tube. For CD1c-endo tetramers, the monomers were diluted in PBS 

(0.2 mg/mL) and tetramerized. Monomers were tetramerized using streptavidin-APC 

(Molecular Probes) or streptavidin- PE (Invitrogen). 

Flow cytometry

Human T-cell lines were stained with tetramers at 2 µg/mL in PBS containing 1% BSA 

and 0.01% sodium azide. Cells were pre-incubated with unlabeled CD36 antibody for 

10 minutes at RT. Tetramer was added and incubated for 10 min at RT in the dark, 

followed by addition of cell surface antibodies for 10 min at RT. Subsequently, cells 

were treated with unlabeled OKT3 antibody for 5 minutes at RT followed by 15-20 

min at 4 °C. Cells were analyzed using the BD LSRFortessa flow cytometer and FlowJo 

software. Antibodies that were used: CD3-BV421 (UCHT1; Biolegend), αβTCR-APC 

(IP26; Biolegend), CD4-BV421 (OKT4, Biolegend), TRBV20-1-FITC (MPB2D5, Beckman 

Coultier). 

Antigen processing assay

To determine processing of MPM analogs, we incubated 2x106 MDDCs for 24 hours 

in 2 mL medium supplemented with 300 IU/ml granulocyte-macrophage colony-

stimulating factor, 200 IU/ml IL-4 and 20 μM lipid (PM, MPM, MPM-1, MPM-2, or 

MPM-3). Cells were resuspended, pelleted, washed twice with PBS, and transferred 

to glass tubes before extraction with chloroform/methanol 1:2 for 2 hours followed 

by chloroform/methanol 2:1 for another 2 hours. Two sequential extractions were 

combined and dried under nitrogen. Quarter of the lipid extracts (equivalent to 5x106 

x cells) were redissolved in the starting HPLC mobile phase and subjected to mass 

spectrometry negative mode analysis using an Agilent 6546 Accurate-Mass Q-TOF 
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and 1260 series HPLC system with a normal phase Inertsil Diol column (150 mm × 2.1 

mm, 3 µM; GL Sciences) and a guard column (10 mm × 3 mm, 3 µM; GL Sciences), 

running at 0.15 ml/min as the published method (Huang et al., 2011). 

CD1c expression for crystallization

For crystallization, a CD1c chimera construct was designed according to the previous 

method of Scharf et al. 14 in which the α3 domain of CD1c was swapped with that of 

CD1b, and 4 putative glycosylated asparagine sites, except for Asn20, were mutated 

to glutamine. Optimized coding sequence of the chimeric CD1c ectodomain was 

fused linked to β2m with P2A self-cleaving peptide and cloned into pHLSEC vector. 

The N-terminal IgK leading sequence was utilized to facilitate the expression of the 

construct in Hek293S cells, while C-terminal 6xHis-tag to facilitate the purification, 

as previously described 25. Secreted CD1c associated with β2m was harvested and 

proceeded to serial purification steps including Nickel affinity, ion exchange and size-

exclusion chromatography. Final purified product was buffer exchanged into 10 mM 

Tris and 150 mM NaCl, pH 8.0. For lipid loading, native MPM and its three analogs 

were dissolved in 10 mM HEPES and 150 mM NaCl, pH 7.4 supplemented with 0.5% 

tyloxapol. Prior to loading with target lipids, CD1c was treated with an additional 

1% tyloxapol for 1 hour at 37⁰C. The desired lipid was then added to the protein at 

molar ratio 10:1 for 16 hours at 37⁰C. Excess lipid and tyloxapol were removed by 

anion exchange chromatography, and lipid loading into CD1c validated by isoelectric 

focusing electrophoresis (IEF). 

Crystallization and structure determination

Chimeric CD1c loaded with lipid was treated with thrombin to remove its C-terminal 

6xHis-tag and Endo Hf to deglycosylate the Asn20. The protein samples were 

concentrated to 5 µg/ml for hanging drop crystallization in 0.1 M CHES pH 9.4, 1 M 

trisodium citrate and 25 mM triglycine at 20⁰C. Optimal crystals were cryoprotected 

in 50% sodium malonate then flash-frozen in liquid nitrogen before being diffracted 

at MX2 beamline at the Australian Synchrotron, part of ANTSO, and made use of the 

Australian Cancer Research Foundation (ACRF) detector 32.Data processing, space 

group determination, merging and scaling were carried out using XDS 33, Pointless, 

Aimless, and C-truncate 34,35. Molecular replacement was proceeded using Phaser 36 

(Phenix suite) with CD1c-MPM structure (PDB ID: 3OV6) 14 as reference model. MPM 

analog models were generated using JLigand 37 and phenix.elbow 38. After manual 

building in Coot 39, structures were proceeded to several rounds of refinement using 

phenix.refine 40, validated using MolProbity 41 and deposited to the Protein Data Bank 

under codes 7MX4, 7MXF and 7MXH
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γ δ T cells form an abundant part of the human cellular immune system, where 

they respond to tissue damage, infection, and cancer. The spectrum of known 

molecular targets recognized by Vδ1-expressing γδ T cells is becoming 

increasingly diverse. Here we describe human γδ T cells that recognize CD1b, a 

lipid antigen-presenting molecule, which is inducibly expressed on monocytes and 

dendritic cells. Using CD1b tetramers to study multiple donors, we found that many 

CD1b-specific γδ T cells use Vδ1. Despite their common use of Vδ1, three CD1b-

specific γδ T cell receptors (TCRs) showed clear differences in the surface of CD1b 

recognized, the requirement for lipid antigens, and corecognition of butryophilin-

like proteins. Several Vγ segments were present among the CD1b-specific TCRs, 

but chain swap experiments demonstrated that CD1b specificity was mediated by 

the Vδ1 chain. One of the CD1b-specific Vδ1– TCRs paired with Vγ4 and shows dual 

reactivity to CD1b and butyrophilin-like proteins. αβ TCRs typically recognize the 

peptide display platform of MHC proteins. In contrast, our results demonstrate the 

use of rearranged receptors to mediate diverse modes of recognition across the 

surface of CD1b in ways that do and do not require carried lipids. 

INTRODUCTION 

In all species with T cells, two major lineages can be distinguished based on T cell 

receptor (TCR) gene usage, αβ T cells and γδ T cells. In humans, the γδ T cell population 

comprises ~4% of circulating T cells1, of which the Vδ1- and Vδ2-expressing subsets 

are the two most abundant. Semi-invariant Vγ9Vδ2 T cells form the most prominent 

γδ T cell population found in the circulation, while the highly diverse Vδ1 T cells form 

the majority in tissues, such as intestine and spleen2,3. 

The mechanism of antigen recognition by αβ T cells has been well established to 

involve TCR contact with the membrane distal surface of MHC I and II, where peptide 

antigens are exposed4. Much less is known about the identities and nature of molecular 

targets of γδ T cells. γδ TCRs have been implicated in sensing molecular signals of 

microbial and nonmicrobial stress via recognition of cellular proteins, soluble proteins, 

or small molecules, suggesting a role for these cells in stress surveillance. The Vγ9Vδ2 

population is stimulated by small phosphorylated metabolites in a butyrophilin (BTN) 

2A1-, BTN3A1-, and BTN3A2-dependent way5-7. Colonic Vγ4+ T cells respond to 

gut epithelial cells by binding to butyrophilin-like (BTNL) 3 and BTNL8 heterodimers 

through the Vγ4 chain8-10. Human Vδ1 T cells recognize an array of proteins, including 

annexin A2, phycoerythrin, MR1, CD1c, and CD1d proteins11-21. Knowing how αβ T 

cells depend on a large number of highly diverse V(D)J joints to recognize almost 

every imaginable peptide bound to major histocompatibility complex (MHC) proteins, 

it seems counterintuitive that γδ T cells would use the same diversity-generating 
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mechanisms to generate millions of unique TCRs for recognition of only a handful of 

nonpolymorphic targets that do not present an antigen. 

The CD1 family of proteins (CD1a, CD1b, CD1c, and CD1d) consists of nonpolymorphic 

MHC class I–like molecules encoded outside the MHC that present self- and pathogen-

derived lipid antigens to T cells. CD1d is constitutively expressed on both hematopoietic 

and nonhematopoietic cells, while CD1a and CD1c are expressed by professional 

antigen-presenting cells (APCs), such as Langerhans cells (CD1a), B cells (CD1c), and 

dendritic cells (CD1a and CD1c)22. Expression of CD1b in the periphery is limited to 

mature dendritic cells (DCs). However, CD1a, CD1b, and CD1c expression can rapidly 

be up-regulated on monocytes in response to cytokines23-26. The first study describing 

the interaction of CD1 molecules with γδ T cells showed that Vδ1 TCRs are activated 

by CD1c in the absence of a foreign antigen16. The development of CD1 tetramers 

has enabled the detection of γδ T cells from human peripheral blood that recognize 

CD1c18,21. In addition to CD1c, CD1d-reactive γδ T cells have also been described to 

recognize CD1d presenting the self-lipid sulfatide or α-galactosylceramide17,19,20. 

Most known CD1-specific γδ T cells express Vδ1. The biased use of Vδ1 by CD1c- and 

CD1d-specific γδ TCRs suggests that there could be a conserved docking mode for the 

interaction between Vδ1 and CD1 isoforms. Mutational analysis and crystal structures 

of CD1-specific γδ TCRs demonstrate a dominant role for the Vδ1 chain in binding of 

CD1c and CD1d, while the γ chain was either minimally involved or not involved at 

all18-20. The recent discoveries that γδ TCRs interact with BTNs and BTNLs and that the 

interaction is mediated by the Vγ domain5,9,10 point to γδ TCRs as potentially bispecific 

receptors and are consistent with Vδ1-dominated CD1 recognition. 

The importance and function of CD1 recognition by γδ T cells is not well understood. 

Recognition of endogenous self-lipids might be of importance under conditions of 

cell stress, such as infections, cancer, and cell damage27. γδ TCRs might sense stress 

through recognition of CD1 proteins that are up-regulated upon inflammatory signals 

and combine this with conserved binding of BTNs or BTNLs to recognize self. On 

the other hand, CD1 is well known to present bacterial glycolipids such as glucose 

monomycolate, mycolic acid, dideoxymycobactin, sulfoglycolipid, and mannosyl 

phosphomycoketide to αβ T cells, which is reminiscent of the presentation of 

pathogen-derived peptides by classical MHC molecules, the cornerstone of adaptive 

immunity. 

The previous findings on γδ T cells that recognize CD1c and CD1d led us to the 

question of whether γδ T cells that recognize other CD1 molecules also exist. CD1b is, 

in this respect, particularly interesting because it is known to present bacterial as well 
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as self-antigens to αβ T cells via mechanisms that are understood in great molecular 

detail28-31. In addition, CD1b is the most stress regulated CD1 isoform in the sense 

that no human tissue other than the thymus expresses CD1b under homeostatic 

conditions, yet it is up-regulated under inflammatory conditions23,32. Therefore, we 

decided to specifically look for CD1b-specific γδ T cells and determine whether they 

recognize CD1b per se or CD1b–lipid complexes. 

RESULTS 

Identification of CD1b Tetramer-Reactive γδ T Cells. 

To determine if γδ T cells might recognize CD1b, we enriched γδ T cells from 

peripheral blood mononuclear cells (PBMCs) from eight random blood bank donors 

by column purification and stained them with CD1b tetramers. Tetramers were not 

treated with antigens and so carried a mixture of endogenous (CD1b-endo) lipids 

from the mammalian protein expression system. Low numbers of residual αβ T cells 

were excluded by gating on CD3+αβTCR− cells (Fig. S1A). CD1b tetramer+ cells were 

detected in all donors tested (Fig. S1B), with frequencies ranging from 0.011 to 0.088% 

of total γδ T cells, as illustrated by flow cytometry dot plots from donor 8, donor 

3, and donor 4, representing frequencies at the high, intermediate, and low end of 

the range (Fig. 1A). Most published γδ TCRs that recognize other members of the 

CD1 family, CD1c and CD1d, are Vδ1+ γδ T cells17-21, and the majority of Vδ2+ T cells 

recognizes targets other than CD1. Therefore, we hypothesized that CD1b-specific 

γδ T cells might be of the Vδ1 type. The frequency of Vδ1-utilizing TCRs among the 

CD1b tetramer+ γδ T cells was higher than among tetramer− γδ T cells in seven out of 

eight donors, as demonstrated by costaining with an anti-Vδ1 antibody (Fig 1B), but 

Vδ1+ γδ T cells formed the majority of the CD1b-endo tetramer+ fraction in only four 

of the eight donors. Thus, CD1b-binding γδ T cells are present in the blood of healthy 

donors, and about half of them express Vδ1+TCRs. 

To discover TCRs and enable functional studies of T cell response, we used flow 

cytometry to sort CD1b tetramer+ T cells from PBMCs. After two rounds of T cell 

sorting and expansion, we obtained an oligoclonal T cell line from a blood bank–

derived buffy coat (BC14) in which ~3% of the cells stained brightly with CD1b tetramer 

(Fig. S2A). Further sorting based on the anti-Vδ1 antibody (clone TS1) generated two 

separate cell lines: line TS1+ (anti-Vδ1+) and line TS1−, which was CD3+ but anti-TCR 

αβ−, anti-Vδ1−, and anti-Vδ2− (Fig. S2B). Staining of line TS1+ with CD1b tetramer and 

anti-Vδ1 antibody showed three distinct tetramer positive subpopulations, which we 

named BC14.1, BC14.2, and BC14.3, while line TS1− contained one tetramer-positive 

population called BC14.4 (Fig. 1C). To fully characterize the CD1b-binding γδ TCR 

sequences, we bulk sorted each of the four populations and used a multiplex PCR 
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Figure 1. Identification of CD1b-endo-recognizing γδ T cells. (A) Percentages of CD1b-endo tetramer+ γδ T cells 

of total γδ T cells enriched from PBMCs by column purification (n = 8 PBMC samples) are shown. Flow cytometry 

dot plots show CD1b-endo tetramer staining of γδ T cells from three representative donors (gated as shown in Fig. 

S1). (B) Overlaid flow cytometry dot plots of CD1b-endo tetramer+ (blue) and CD1b-endo tetramer− (red) γδ T cell 

populations from eight donors (gated as shown in Fig. S1). Percentages of Vδ1− and Vδ1+ cells are shown separately 

for the CD1b tetramer+ and CD1b tetramer− populations. (C) Flow cytometric dot plots of line TS1+ (gated on CD3+ 

cells) and line TS1−. Four CD1b tetramer-positive populations can be observed: BC14.1, BC14.2, BC14.3, and BC14.4. 

(D) Paired TCR sequences of four human CD1b-endo-recognizing γδ TCRs determined using a multiplex PCR and 

Sanger sequencing-based approach.
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approach (Fig. 1D), which resulted in one TCR γ chain and one TCR δ chain nucleotide 

sequence for each population, solving four paired clonal TCRs. All CD1b tetramer-

positive populations, including the BC14.4 TCR, which did not stain with the TS1 

antibody, expressed Vδ1 TCRs but differed in their CDR3δ regions. The TCR γ chains 

were all different and used the Vγ4, Vγ8, Vγ9, or Vγ3 segments. Thus, we were able to 

detect CD1b tetramer-binding γδ T cells ex vivo and derive paired TCR γ and δ chain 

sequences of four Vδ1+ γδ T cell clones. 

Primary CD1b-Endo-Recognizing γδ T Cells Show Autoreactivity. 

The usual ligand for tetramers of antigen-presenting molecules is the TCR. However, 

because γδ T cells that are functionally reactive to CD1b were unknown, we asked 

whether T cells sorted on CD1b tetramers could functionally recognize CD1b. Line 

TS1+ γδ T cells produced interferon γ (IFNγ) when stimulated with the myelogenous 

leukemia cell line K562 transfected with CD1b (K562.CD1b) in the absence of an added 

foreign lipid but not when stimulated with K562.CD1a (Fig. 2A). In addition, we tested 

down-regulation of the TCR and up-regulation of activation markers as an outcome 

of TCR activation. Stimulation of line TS1+ with K562.CD1b cells but not K562.CD1a 

cells induced (Fig. 2B). Tetramer+ cells cocultured with C1R.CD1b showed TCR down-

regulation, as evidenced by the lower intensity of staining for Vδ1 and CD3. T cell 

activation was apparent based on CD25 and CD69 up-regulation (Fig. 2C). Thus, 

primary CD1b tetramer+ T cells show functional responses to CD1b+ cells, which is 

consistent with direct TCR recognition of CD1b. 

γδ TCR Recognition of CD1b. 

To formally test if CD1b was activating the γδ T cells by binding to the TCRs we 

sequenced, we transiently transfected 293T cells with the γδ TCRs and the CD3 

complex proteins CD3γ, CD3δ, CD3ζ, and CD3ε and stained them with CD1b-endo 

tetramers. Each transfection showed TCR expression on the cell surface as measured 

by antibodies against both CD3 and the γδ TCR (Fig. S3A). Staining of the transfected 

293T cells confirmed binding of CD1b-endo tetramers by three of the four TCRs (Fig. 

2D). BC14.3 did not bind the CD1b-endo tetramer, which could mean that the TCR 

was of low affinity. 

Next, we stably transduced Jurkat 76 (J76) cells (a TCR-negative T cell line, ref. 33) 

with the confirmed CD1b tetramer-binding TCRs to generate stable cell lines (called 

J76.BC14.1, J76.BC14.2, and J76.BC14.4) for further tetramer assays (Fig. S3B). J76 

cells normally express CD1b, so to prevent self-activation upon transduction with 

CD1b-reactive TCRs, we first deleted CD1b (Fig. S3C). The resulting CD1b-negative, 

TCR-transduced lines J76.BC14.1, J76.BC14.2, and J76.BC14.4 displayed comparable 

staining intensity of the CD1b-endo tetramer (Fig. 2E, Left) but did not stain with 



93

5

CD1a-, CD1c-, or CD1d-endo tetramers (Fig. 2E, Right). When cocultured with C1R.

CD1b cells, a fraction of each line up-regulated the activation marker CD69 (Fig. 2F), 

consistent with TCR-dependent signaling observed for the primary γδ T cells. Even 

though BC14.1 stained intensely with CD1b tetramers, it was the weakest responder 

in terms of CD69 up-regulation in three independent experiments. Altogether, these 

data prove that we have identified three Vδ1 γδ TCRs that bind CD1b directly and can 

initiate signaling. 

Key CD1b Residues for γδ TCR Binding. 

To begin to consider how γδ TCRs might bind CD1b, we first considered where four 

known CD1b-specific αβ TCRs map onto the antigen display platform formed by the 

α1 and α2 helices of CD1b. When bound to MHC proteins, peptide antigens span 

nearly the entire width of the display platform. In contrast, CD1b has a portal where 

lipid antigens emerge, whereas the remainder of the CD1b antigen display platform 

is a closed structure known as the roof28-31. To determine which residues that form 

the CD1b antigen display platform are important for binding of γδ T cells, based on 

the CD1b crystal structure, we generated 14 mutant CD1b-endo tetramers and tested 

staining of J76.BC14.1, J76.BC14.2, and J76.BC14.4 clones. Alanine-substituted residues 

were surface-exposed residues in the α1 helix (K61A, E65A, E68A, I69A, V72A, E80A, 

D83A) or the α2 helix (Y151A, Q152A, E156A, R159A, I160A, E164A, T165A) and, as such, 

were considered not to impact lipid antigen display (Fig. 3A). As a reference value we 

used unmutated wild-type (WT) CD1b made in the same system. As a positive control 

we used WT CD1b from the NIH tetramer facility, which allowed us to determine a 

fraction of positively staining cells for each tetramer (Fig. 3B). 

Given the nonpolymorphic nature of CD1b and the conserved use of Vδ1, we 

hypothesized the existence of a conserved mode of CD1b recognition. However, 

staining patterns of CD1b tetramer-positive cells across all mutants were clearly 

different for each of the three Vδ1 TCRs, and the results were highly reproducible 

in two independent experiments (Fig. 3C and Fig. S4). For BC14.1 none of the tested 

mutant CD1b tetramers affected tetramer binding. For BC14.4 strong effects of E80A 

and D83A mutations on tetramer binding were observed, but not of other residues. 

Binding to BC14.2 was reduced by mutations K61A, E68A, I69A, V72A, E80A, D83A, 

Q152A, E156A, and R159A. Every mutant CD1b tetramer stained at least one of the 

Jurkat 76 clones, demonstrating that none of the used mutant tetramers failed to 

fold or was otherwise functionally defective. Therefore, the differing patterns were 

encoded in the TCRs. These studies demonstrate that the footprints of these three 

TCRs on CD1b are markedly different from each other, ranging from an extensive 

area of CD1b that interacts with the BC14.2 TCR to no effect of any of the 14 mutants 

spread throughout the CD1b antigen display platform on binding to the BC14.1. The 
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latter observation suggests a docking mode that is very different from known CD1b-

αβ TCR interactions, which bind the antigen display platform of CD1b. 

Figure 2. Tetramer-positive γδ T cells are autoreactive to CD1b. (A) IFN-γ ELISPOT of line TS1+ stimulated with K562.

CD1a or K562.CD1b cells in the absence of exogenously added antigen. Error bars represent the SEM of triplicate 

wells. One representative experiment of three is shown. (B) Flow cytometry dot plots of line TS1+ after coculture with 

CD1a- or CD1b-expressing K562 or C1R cells. One representative experiment of three is shown. (C) Flow cytometry 

histograms show changes in cell surface levels of Vδ1, CD3, CD25, and CD69 on CD1b tetramer+CD3+ cells after 

stimulation by C1R.CD1a or C1R.CD1b cells for 20 h. (D) Flow cytometry histograms show 293T cells transfected with 

γδ TCRs and CD3 complex proteins stained with CD1b tetramers. The mean fluorescence intensity (MFI) of the CD1b 

tetramer is shown for GFP-negative and GFP-positive 293T cells. (E) Flow cytometry dot plots and histograms of J76 

cells stably transduced with γδ TCRs. (F) Flow cytometry dot plots of J76 cell lines after stimulation by C1R.CD1a or 

C1R.CD1b cells for 20 h. One representative experiment of three experiments is shown. 
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Affinity of the BC14.1 TCR toward CD1 Molecules. 

In surface plasmon resonance (SPR) assays, CD1b and CD1c loaded with endogenous 

lipids were coupled to the sensor surface, with BC14.1 TCR used as an analyte (Fig. 

3D). The steady state dissociation constant (K
D
) of the BC14.1 TCR bound to CD1b was 

~9.5K
D
 ± 0.54, which represents a high-affinity interaction, and exhibited no cross-

reactivity to CD1c. Notably, the BC14.1 TCR bound CD1b with a higher affinity than the 

BC8 TCR and represents a slightly higher affinity interaction than the low to middle 

micromolar interactions obtained for other MHC-like molecules such as CD1c18, 

CD1d20, and MR115. 

γδ TCR Specificity for Lipids Presented by CD1b. 

Antigens insert their alkyl chains into CD1b to position their hydrophilic head groups on 

the outside of CD1b for TCR contact. Some CD1-autoreactive TCRs bind on the closed 

roof of CD1 proteins and so are not dependent on the bound lipid34,35. However, large 

head groups on “nonpermissive ligands” tend to block these CD1–TCR interactions, 

whereas smaller head groups on “permissive ligands” permit CD1–TCR interactions. The 

BC14.2 TCR footprint on the CD1b antigen display platform surrounds the antigen portal 

through which antigens normally protrude to the surface of CD1b (Fig. 3C). Therefore, 

binding of this TCR is predicted to be affected by the type of lipid carried in the CD1b 

cleft. To test this, we determined the pattern of lipid reactivity of γδ TCRs by staining 

them with a panel of CD1b tetramers treated with common self-glycerophospholipids 

or sphingolipids or the bacterial lipids phosphatidylinositol dimannoside (PIM2) and 

diacyltrehalose (DAT). This panel included lipids with known CD1b-binding properties 

whose head groups ranged from small to large, containing one, two, or more 

carbohydrates (Fig. 4A)29. Staining of cell lines expressing the HD1B and PG90 TCRs, 

two CD1b-specific αβ TCRs with known lipid reactivity patterns27,29,30, was included as a 

positive control for tetramer loading with lysophosphatidic acid, phosphatidylglycerol 

(PG), and phosphatidylserine (PS) (Fig. S5). Both J76.BC14.1 and J76.BC14.4 recognized 

CD1b treated with a broad range of lipids, including phospholipids and sphingolipids, 

while J76.BC14.2 strongly recognized phosphatidylinositol (PI) and, to a lesser extent, 

phosphatidylethanolamine (PE), phosphatidylcholine (PC), and DAT (Fig. 4B). Thus, the 

BC14.2 TCR is an antigen-specific TCR. BC14.4 is influenced by the loaded lipid but has 

much less stringent requirements for the lipid that is present in the CD1b groove, and 

BC14.1 shows no detectable signs of sensitivity to lipid ligands in CD1b. Unlike all other 

CD1-reactive TCRs that we know of, BC14.1 recognition is not influenced by 14 CD1b 

antigen display platform residues, nor does the lipid that is bound by CD1b contribute 

to the specificity of the TCR, suggesting docking at the extreme end or the sides of the 

α1 and α2 helices or the α3 domain of CD1b or β2M. 
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Figure 3. (Differential docking modes of CD1b-restricted γδ TCRs. (A) Location of tested mutations in CD1b tetramers. 

(B and C) J76.BC14.1, J76.BC14.2, and J76.BC14.4 were tested for binding of CD1b-endo tetramers with the indicated 

point mutations by flow cytometry (representative dot plots in B; complete data set in Fig. S4) summarized in bar 

graphs showing fold change in staining compared to wild-type CD1b-endo produced using the same platform (C, 

Left). Representation of the CD1b surface (white), with residues that affect tetramer binding when mutated to alanine 

substantially (red, greater than fourfold reduction) or moderately (orange, twofold to fourfold reduction) (C, Right). 

Light and dark gray bars show two independent experiments per mutant tetramer. WT: wild-type CD1b tetramer 

from the NIH tetramer facility. (D) Representative SPR sensorgrams (Left and Middle) and derived steady-state affinity 

measurements (Right) of the BC14.1 TCR (Top) and control TCR BC8 (Bottom) against endogenously loaded CD1b 

and CD1c. Two independent SPR experiments were conducted, each containing experimental replicates with derived 

steady-state (K
D
) values and error bars denoting SD.
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Dual Specificity of the BC14.1 TCR. 

Even though we have firmly established the specificity of the BC14.1 TCR for CD1b, 

other Vγ4Vδ1 cells have been reported to respond to cells cotransduced with human 

BTNL3 and BTNL88. The hypervariable region 4 (HV4) domain of Vγ4 is essential 

for interaction with the BTNL3 and BTNL8 heterodimer (BTNL3+8) and may act 

independently of the clonally rearranged parts of the TCR, such as the CDR3γ and the 

CDR3δ9,10. To investigate whether this BTNL responsiveness also applies to the BC14.1 

Vγ4Vδ1 TCR, we cocultured the TCR-transduced Jurkat cell lines with K562 cells 

expressing BTNL3+8 (K562.EV or K562.CD1b with or without BTNL3+8, Fig. S6). We 

observed only minor CD69 up-regulation on J76.BC14.1 cells when stimulated with 

K562.CD1b cells (Fig. 5A), as expected based on results with C1R.CD1b stimulation 

(Fig. 2F). However, when stimulated with K562.EV.BTNL3+8, J67.BC14.1 cells strongly 

up-regulated CD69 (Fig. 5A). The percentage of CD69 positive J76.BC14.1 cells after 

stimulation with K562.CD1b.BTNL3+8 was similar to the expression observed after 

stimulation with the K562.EV.BTNL3+8-stimulated cells. As expected based on their 

lack of expression of a Vγ4 chain, both J76.BC14.2 and J76.BC14.4 cell lines showed 

CD69 up-regulation when stimulated with K562 cells expressing CD1b, regardless of the 

coexpression of BTNL3+8 (Fig. 5A). Melandri et al. recently proposed dual recognition 

of CD1c and butyrophilins or EPCR and butyrophilins by human Vγ4+ TCRs9, and these 

studies confirm this model and extend it to CD1b. 

Specificity for CD1b Is Mediated by the δ Chain. 

No additional effect of CD1b was observed when J76.BC14.1 was stimulated with 

K562 cells expressing both CD1b and BTNL3+8. This observation raised the question 

of whether BTNL3+8 creates maximal binding such that effects of CD1b are present 

but not additive or whether BTNL3+8 and CD1b compete for binding to the TCR. 

A first step toward answering this would be to determine which parts of the BC14.1 

TCR interact with CD1b. Whereas the genome-encoded part of Vγ4 was previously 

demonstrated to interact with BTNL3-BTNL8, CDR3 regions almost always contribute 

to recognition of antigenic targets. To test whether the CDR3γ of BC14.1 was necessary 

for CD1b binding, we transfected 293T cells with a modified version of the BC14.1 TCR 

in which the native Vγ4 chain was replaced by a Vγ4 chain from the CD1d-specific γδ 
TCR DP10.717. This TCR has a different CDR3γ, while the BC14.1 Vδ1 chain remained 

unchanged. Expression of modified TCRs by the 293T cells was confirmed by anti-CD3 

and anti-γδ TCR staining (Fig. 5B, Upper). We observed that when stained with CD1b-

endo tetramers, the TCR using BC14.1 Vδ1 combined with a different Vγ4 chain was 

still able to bind the tetramer at a level comparable to the wild-type receptor, whereas 

nontransfected cells did not bind the tetramer (Fig. 5B, Lower, first three plots). Thus, 

the CDR3γ of BC14.1 is not required for recognition of CD1b. 
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Replacement of the Vγ4 chain of BC14.1 with the DP10.7 TCR Vγ4 chain changes 

the CDR3γ but not the CDR1γ and CDR2γ loops. To assess whether the CDR1γ or 

CDR2γ loops or other genome-encoded parts of Vγ4 contribute to CD1b binding, we 

transfected and stained 293T cells with additional modified BC14.1 TCRs. These TCRs 

consist of the BC14.1 Vδ1 chain combined with representatives of all functional human 

γ chains: Vγ2, Vγ3, Vγ5, Vγ8, and Vγ9, which we selected from CD1c- and CD1d-

specific γδ T cells (Table S1). These modified TCRs expressed well on the surface of 

293T cells (Fig. 5C). Replacing the Vγ4 chain with Vγ2, Vγ3, Vγ5, and Vγ8 did not cause 

loss of CD1b tetramer binding. However, replacement with a Vγ9 chain completely 

abrogated binding of CD1b by the TCR (Fig. 5C). Based on sequence comparisons, 

TRGV9 is quite distinct from the other Vγ segments, so loss of CD1b binding could not 

be assigned to the CDR1γ and CDR2γ loops or any other specific part of the sequence 

(Fig. S7). When comparing TRGV2, TRGV3, TRGV5, and TRGV8, the high variability 

in CDR1γ and CDR2γ loop sequences contrasts with their uniform support of CD1b 

binding and suggests that CDR1γ and CDR2γ are not determinative of CD1b binding. 

Figure 4. Antigen specificity of CD1b-restricted γδ TCRs. (A) Head groups of lipids used to treat CD1b monomers are 

shown as ball-and-stick plots. Red: oxygen; orange: phosphorus; white: carbon; blue: nitrogen. (B) Flow cytometry 

histograms of the indicated J76 lines stained with a panel of 13 CD1b tetramers and one CD1a tetramer carrying 

endogenous (endo) lipids or treated with the indicated lipid are shown. One representative experiment of two is 

shown.
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Figure 5. Binding of the BTNL3-BTNL8 heterodimer and CD1b by the BC14.1 TCR. (A) J76 cell lines were stimulated 

with K562.EV, K562.CD1b, K562.EV.BTNL3+8, or K562.CD1b.BTNL3+8 cells and analyzed for CD69 expression by 

flow cytometry. One representative experiment of two is shown. (B) Flow cytometry was performed on untransfected 

293T cells and 293T cells transfected with the WT BC14.1 TCR or a modified version of the BC14.1 TCR consisting of 

the DP10.7 Vγ4 combined with the BC14.1 Vδ1 or the BC14.1 Vγ4 combined with the CO3 Vδ1. (C) Flow cytometry 

was performed on 293T cells transfected with either the WT BC14.1 TCR or the BC14.1 Vδ1 chain paired with a 

different functional Vγ chain from published CD1c or CD1d-specific γδ TCRs (Table S1).
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However, the CDR1γ and CDR2γ loops of these TRGV genes do share some residues 

that are not present in TRGV9, including amino acids Y at the end of CDR1γ and YD 

at the beginning of CDR2γ. Therefore, involvement of the CDR1γ and CDR2γ loops 

cannot be completely ruled out. However, because the Vγ4 chain does not seem to 

play a major role in binding of CD1b, it is extremely unlikely that the binding sites of the 

BTNL3+BTNL8 heterodimer and CD1b overlap. 

Our results also suggest that the CD1b specificity of BC14.1 is mostly determined by its 

Vδ1 chain. To test whether the CDR3δ or other parts of the δ chain direct binding of 

CD1b, we transfected 293T cells with a modified version of BC14.1 where we preserved 

the γ chain and combined it with a Vδ1 chain with a different CDR3δ, from the T cell line 

CO3. The cells expressing the altered TCR did not bind the CD1b-endo tetramer but 

were expressed at the surface (Fig. 5B). Thus, CD1b specificity of BC14.1 is dominated 

by the CDR3δ. Other parts of the TCR may contribute to CD1b binding but are not 

sufficient for binding without the correct CDR3δ. This situation is reminiscent of the 

G8 γδ TCR where CDR3δ dominates the recognition of the murine T22 molecule36. 

DISCUSSION 

Here we describe recognition of the antigen-presenting molecule CD1b by human 

γδ T cells. CD1b-specific γδ T cells were found at low frequency in the blood of all 

donors tested and were activated by stimulation with CD1b. CD1b tetramer staining 

of TCR-transduced cells formally ruled in γδ TCRs as CD1b ligands. These findings 

contribute to the understanding that members of the human CD1 protein family 

function as natural targets for Vδ1 T cells. Recognition of CD1b likely has functional 

parallels with recognition of CD1c and CD1d. However, unlike CD1c and CD1d, which 

are constitutively expressed in the periphery, CD1b has a unique pattern of activation-

induced expression on myeloid cells22,26,37. Also, CD1b has a larger antigen-binding 

cleft that is suitable for lipid antigens that cannot fit within CD1c and CD1d. 

Further, the particular patterns of TCR-mediated recognition of CD1b and BTNLs 

shown here provide insights into how γδ TCRs approach and recognize their 

targets. The expansion of diverse, antigen-specific γδ T cell clones upon exposure 

to pathogens like cytomegalovirus, Epstein–Barr virus, and herpes simplex virus is a 

prime example of how γδ T cells take part in adaptive immune responses38-43. On the 

other hand, semi-invariant γδ T cell populations that are present in large numbers in all 

individuals of a species, such as dendritic epidermal γδ T cells in mice and the Vγ9Vδ2 

T cell population in humans, seem to play a role in innate-like tissue surveillance. 

These semi-invariant populations can exert rapid responses without the need for 

clonal expansion and differentiation44,45. In discussing three CD1b-reactive γδ TCRs, 
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we emphasize the question of whether their targets are constitutively expressed 

molecules, consistent with a role in homeostatic survival; molecules regulated by 

stress or inflammation, consistent with a role in innate immunity; or complexes of 

antigen-presenting molecules and lipids, consistent with a role in adaptive immunity. 

All known αβ T cells28-31 dock on the CD1b antigen display platform, where they bind 

near or over the antigen portal. Because the Vδ1 frequency was increased among 

CD1b tetramer+ cells and CD1b is nonpolymorphic, Vδ1 might be part of a TCR 

pattern that binds CD1b with a conserved docking mode. Unexpectedly, we found a 

unique footprint for each of the three tested γδ TCRs. BC14.2 and BC14.4 TCR binding 

is influenced by treating CD1b with lipid ligands and is lost after alanine substitutions 

close to the antigen portal of CD1b, indicating that lipid sensing by these two Vδ1 TCRs 

likely occurs through TCR contact with lipid as it protrudes from the antigen portal. 

BC14.2 TCR binding is lost after mutation of any of nine residues located on either 

side of the antigen exit portal. In contrast the BC14.4 TCR requires E80 and E83, which 

are located on the right side of the portal. These findings suggest a footprint on the 

CD1b antigen display platform in the vicinity of the antigen portal. Thus, these TCRs 

use different approaches from CD1b, but both recognize antigens, supporting the idea 

that γδ TCRs recognize distinct combinations of CD1b and lipid. 

Binding by the BC14.1 TCR is different, as we could not establish a footprint on the 

antigen display platform of CD1b with the mutant tetramers tested. After our studies 

were completed, a new mode of ligand binding by γδ TCRs was published, challenging 

the general view on how TCRs bind antigen-presenting molecules. Instead of binding 

the membrane-distal surface, the antigen display platform, of MR1, a γδ TCR was 

shown to bind the platform “down under,” contacting the α3 domain15. It is possible 

that TCR recognition of antigen-presenting molecules at locations other than the top 

surface of the antigen display platform is more common than previously thought, and 

the CD1b-BC14.1 interaction might be the second example. Attempts at crystallization 

have not succeeded, so structural proof is lacking. It is notable that for the 12 lipid 

ligands tested, nearly all of which affect other TCRs, none affected BC14.1 binding 

to CD1b. This outcome independently suggests TCR binding at a site distant from 

the antigen portal, which is readily explained by the proposed down-under binding 

mechanism. Whatever the point of contact, the lipid-independent recognition of an 

immune-inducible protein like CD1b is consistent with the TCR behaving as a receptor 

to amplify innate inflammation, like members of the immunoglobulin-like transcript 

(ILT) family of receptors recognizing CD1c and CD1d46-49. 

The discovery of γδ TCR recognition of the constitutively expressed BTNL family 

of proteins provides a candidate explanation for the selection and maintenance of 
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γδ TCRs9,10. The human TRGV4 segment in Vγ4+ TCRs mediates the recognition 

heterodimer of BTNL3 and BTNL8. More specifically, the evolutionally conserved 

hypervariable region 4 (HV4) motif of the Vγ4 chain is essential9,10. Recognition of 

BTNL3+8 heterodimers by Vγ4+ T cells is considered innate since the HV4 region is 

germ line encoded, and BTNLs do not present antigens. Inspired by this, we wanted 

to know if BC14.1, which also uses TRGV4, recognizes BTNL3+8. In addition to 

CD1b, Jurkat cells expressing the Vγ4+ TCR BC14.1 also recognized BTNL3+8. In fact, 

BTNL3+8 was a stronger stimulus for these cells than CD1b. Melandri et al. proposed 

that the γ chain HV4 mediates recognition of BTNLs and other parts of the TCR, 

including the rearranged CDR3s, contact CD1d-lipid or CD1c-lipid, and interpreted 

these interactions as innate and adaptive recognition modes by one TCR, respectively9. 

Our findings show that recognition of CD1b is mediated by an adaptive, rearranged 

part of the BC14.1 TCR, but the antigen-presenting capacity of CD1b is ignored and 

redundant. Binding of CD1b by BC14.1 is dominated by the Vδ1 chain, leaving the Vγ4 

accessible for binding of BTNL3+8. Our data raise the possibility that simultaneous 

engagement of CD1b and BTNL by γδ T cells might be possible. 

Thus, in addition to being a bona fide antigen-presenting molecule, the mere 

presence of CD1b, regardless of the bound lipid, can stimulate certain γδ T cells. This 

strongly supports a physiologic role for regulation of surface expression of CD1b in 

immune responses. CD1b is up-regulated during inflammation-induced monocyte 

differentiation, via GM-CSF, IL-4, and IL-1β23-35, which in turn can promote the activation 

of γδ T cells, such as BC14.1, that take part in innate stress surveillance. 

MATERIALS AND METHODS 

Recombinant Proteins and Tetramers. 

For lipid loading, WT CD1b monomers were obtained from the NIH tetramer facility. 

In a 10 mm wide glass tube, 16 µg of dry lipid were sonicated at 37 °C for 1 h in 45 

µL of 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate in 50 mM 

sodium citrate buffer (pH 4.5) for DAT or 45 µL of 0.5% CHAPS 50 mM sodium citrate 

buffer (pH 7.4) for other lipids. Subsequently, CD1b monomers (10 µg) were added to 

the tubes and incubated overnight at 37 °C. The next day the solution for DAT-loaded 

monomers was neutralized to pH 7.4 by adding 5 µL 1M Tris (pH 8). Mutant monomers 

were generated as described and used without treatment with exogenous lipids28. 

CD1b was expressed in HEK293S GnTI cells (from ATCC). Alanine mutants of the CD1b 

molecules were generated by site-directed mutagenesis and expressed in mammalian 

cells under equivalent conditions used to produce the WT CD1b molecule. Monomers 

were tetramerized using streptavidin-APC (Molecular Probes) or streptavidin-PE 

(Invitrogen). For WT CD1b-endo, mutant CD1b-endo, CD1a-endo, CD1c-endo, and 
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CD1d-endo tetramers the monomers were diluted in Tris-buffered saline (0.2 mg/mL) 

and tetramerized. 

Lipids. 

PC (#850475; C18:1/C16:0), sphingomyelin (#860584; C18:1/C16:0), PI (#840042; 

mixture from bovine liver with a range of fatty acids), PS (#840032; mixture from 

porcine brain with a range of fatty acids), phosphatidic acid (PA, #840857; C18:1/

C16:0), lyso-PA (#857130; C18:1), PE (#850757; C18:1/C16:0), and PG (#840503; 

C18:1/C18:0) were purchased from Avanti polar lipids. Gangliosides GM1 (G7641; 

mixture from bovine brain with a range of fatty acids) and GM2 (G8397; mixture from 

bovine brain with a range of fatty acids) were purchased from Sigma. PIM2 and DAT, 

previously described as DAT2a, were provided by the Bill and Melinda Gates Foundation 

lipid bank. 

Staining Protocol. 

Human PBMCs, T cell lines, and Jurkat lines were stained with tetramers at 2 µg/mL 

in phosphate-buffered saline (PBS) containing 1% bovine serum albumin and 0.01% 

sodium azide. Cells and tetramers were incubated for 10 min at room temperature, 

followed by the addition of antibodies and another incubation for 10 min at 

room temperature, followed by 20 min at 4 °C. Cells were analyzed using the BD 

LSRFortessa flow cytometer and FlowJo software. Antibodies that were used are as 

follows: CD3-BV421 (UCHT1; Biolegend), CD3-FITC (SK7; BD Bioscience), γδTCR-PE 

(B1; Biolegend), αβTCR-APC (IP26; Biolegend), Vδ1-FITC (TS-1; Invitrogen), Vδ2-PE 

(B6; Biolegend), CD25-PE (BC96; Biolegend), CD69-PE (FN50; Biolegend), CD69-APC 

(FN50; Biolegend), CD1b-PE (SN13/K5-1B8; Ancell), DYKDDDDK Tag-BV421 (Flag tag, 

L5; Biolegend), and HA-APC (16B12; Biolegend). 

T Cells and T Cell Lines. 

PBMCs were obtained from leukoreduction collars provided by the Brigham and 

Women’s Hospital Specimen Bank, as approved by the Partners Healthcare Institutional 

Review Board, and cultured overnight in medium containing 0.2 ng/mL IL-15 before 

staining. γδ T cells were enriched using the untouched TCRγ/δ + T cell isolation kit 

(Miltenyi Biotec). Cells were analyzed using the BD LSRFortessa flow cytometer and 

FlowJo software. For generation of T cell lines, total PBMCs or PBMC-derived T cells 

were stained with CD1b-DAT tetramer and anti-CD3. PBMCs were sorted for double 

positive staining of CD3 and tetramer. Expansion of sorted cells was performed by 

plating cells at 100 to 700 cells/well in round-bottom 96-well plates containing 2.5 

× 105 irradiated allogeneic PBMCs, 5 × 104 irradiated Epstein–Barr virus transformed B 

cells, and 30 ng/mL anti-CD3 antibody (clone OKT3) per plate. The next day human 

IL-2 or a mix of human IL-2, IL-7, and IL-15 was added to the wells. After 2 wk, the 
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sorting and expansion procedure was repeated as needed. 

γδ TCR Sequencing and Transient Transfection. 

TCR sequences were determined by isolating RNA from bulk sorted γδ T cell populations 

using the RNeasy kit (QIAGEN), followed by cDNA synthesis using the QuantiTect 

Reverse Transcription Kit (QIAGEN). TCRγδ transcripts were amplified using a multiplex 

approach50, followed by direct Sanger sequencing of the PCR product. Full-length 

TCR γ and TCR δ chains separated by self-cleaving 2A peptide were purchased from 

GENEWIZ and cloned into a (MSCV)-IRES-GFP (pMIG) vector. All plasmids used for 

transfection were purified using a QIAprep Spin Miniprep Kit (QIAGEN) or NucleoBond 

Xtra Midi EF kit (Macherey-Nagel). HEK293T cells were cotransfected with pMIG-TCR 

and pMIG-CD3δγεζ using FuGENE-6 (Promega)51. Expression of TCR and CD3 and 

binding of tetramer were analyzed using the BD LSRFortessa flow cytometer and 

FlowJo software. For replacement of TCR γ chains, full-length TCRγ gene segments 

were purchased from GENEWIZ and used to replace the γ chain of the BC14.1 TCR in 

the (MSCV)-IRES-GFP (pMIG) using EcoRI and BspEI. 

Transduction of Jurkat 76 Cells with TCR and K562 Cells with BTNL. 

pMIG-TCR and pMIG-CD3δγεζ were cotransfected into HEK293T cells in the presence 

of the retroviral packaging vectors pPAM-E and pVSV-g. Medium was replaced 16 h 

after transfection. Supernatant containing virus was collected at 48 h and filtered 

through 0.45 µm nylon mesh, followed by concentration of virus using a Mag4C-LV 

kit (OZ Biosciences). Concentrated virus was used to stably transduce TCR-deficient 

Jurkat clone 76 cells33 to generate the BC14 T cell lines. After 5 d, cells with the highest 

expression of TCR, GFP, and CD3 were single-cell sorted using the BD FACSAria. 

K562.EV and K562.CD1b cell lines were transduced with FLAG-BTNL3 and HA-BTNL8 

cloned into pCSIGPW9. Cells with the highest expression of GFP and BTNL3 (anti-Flag 

staining) or BTNL8 (anti-HA staining) were single-cell sorted and expanded. 

Functional T Cell Assays. 

For enzyme-linked immune absorbent spot (ELISPOT) assays, cocultures of 2 × 

104 APCs and 3 × 103 T cells were incubated for 16 h in a Multiscreen-IP filter plate 

(96 wells; Millipore) coated according to the manufacturer’s instructions (Mabtech). 

For coculture assays, T cell lines and Jurkat cell lines were cultured with C1R or K562 

cells (1:2) overnight in round-bottom 96-well plates, and their activation status was 

measured by flow cytometry to detect TCR down-regulation and IL2R and CD69 up-

regulation for T cells and CD69 up-regulation for Jurkat cell lines. 

CRISPR/Cas9 Editing of Jurkat 76 Cells. 

CRISPR/Cas9 ribonuclear protein (RNP) complexes were assembled as previously 
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described52. In short, 40 µM Cas9 protein (QB3 Mircolabs) was mixed with equal 

volumes of 40 µM modified single guide (sg)RNA targeting CD1B (Synthego; targets: 

rs158331053, rs158331042, rs158331007, rs158330955) and incubated at 37 °C for 15 

min to form RNP complexes. Jurkat 76 cells were nucleofected with RNPs in an Amaxa 

4D nucleofector (SE protocol: CL-120). Cells were immediately transferred to 24-well 

plates with prewarmed media and cultured. After 7 to 10 d, CD1b expression was 

assessed by flow cytometry, and cells were single-cell sorted based on the absence 

of CD1b staining. Editing of clonal cell lines was confirmed by PCR amplifying and 

sequencing genomic DNA around CD1b, and sequences were analyzed by Tracking of 

Indels by Decomposition (TIDE) analysis (tide.nki.nl). 

Recombinant Proteins and Surface Plasmon Resonance. 

Recombinant BC14.1 γδ TCR chimeras were cloned into the pET30a vector utilizing 

the α and β constant domains, expressed, refolded, and purified from Escherichia 

coli inclusion bodies. Inclusion bodies were resuspended in 6 M guanidine 

hydrochloride, 20 mM Tris⋅HCl (pH 8.0), 0.5 mM sodium-ethylenediaminetetraacetic 

acid, and 1 mM dithiothreitol. The TCR was refolded by rapid dilution into 3 M urea, 

100 mM Tris (pH 8.5), 2 mM Na-EDTA, 400 mM L-arginine-HCl, 0.5 mM oxidized 

glutathione, 5 mM reduced glutathione, and 1mM phenylmethylsulfonyl fluoride. 

The refolding solution was then dialyzed into 20 mM Tris⋅HCl (pH 8.5). The refolded 

protein was purified via diethylethanolamine anion exchange and further purified by 

size exclusion chromatography. Soluble CD1b was expressed using HEK293 S GnTI− 

(American Type Culture Collection) cultured in Dulbecco's Modified Eagle Medium 

supplemented with 10% (vol/vol) fetal calf serum. Media containing soluble CD1b was 

dialyzed extensively into 20 mM Tris⋅HCl (pH 8.0) and 150 mM NaCl and purified by 

HisTrap nickel nitrilotriacetic acid-affinity chromatography and further purified via size 

exclusion chromatography29. SPR experiments were conducted at 25 °C on a BIAcore 

3000 instrument in 20 mM Tris (pH 8.0) and 150 mM NaCl supplemented with 0.5% 

(wt/vol) BSA. CD1 proteins were captured on a streptavidin-coated SA sensor chip 

(GE Healthcare), where ~1,500 response units of endogenously loaded CD1b or CD1c 

were immobilized. Serial dilutions from 100 to 0 µM of BC14.1 TCR and the BC8 

TCR control were injected over the immobilized CD1 proteins at a flow rate of 5 µL 

min−1. All experiments were performed in duplicate with an independent experimental 

replicate conducted again in duplicate. The sensorgram plots and kinetic parameters 

were calculated in Prism using a one-site Langmuir binding model.



106

Chapter 5 - Human γδ T cells recognize CD1b by two distinct mechanisms

ASSOCIATED CONTENT 

Acknowledgments 

This work is supported by the NIH (Grants AI049313, AR048632) and the Australian 

Research Council (Grant CE140100011). A.C.H. and P.V. were supported by Wellcome 

Trust Investigator Award 106292/Z/14/Z. J.R. is supported by an Australian Research 

Council Laureate fellowship. The CD1a and CD1b monomers were made available by 

the NIH Tetramer Core Facility. 

Author contributions 

J.F.R. and I.V.R. designed research; J.F.R., T.A.O., and B.S.G. performed research; A.S., 

B.S.G., P.V., A.C.H., and J.R. contributed new reagents/analytic tools; J.F.R., T.A.O., 

D.B.M., and I.V.R. analyzed data; and J.F.R. and I.V.R. wrote the paper. 

Competing interest statement 

The authors declare no competing interest.



107

5

REFERENCES 

1. V. Groh et al., Human lymphocytes bearing T cell receptor γ/δ are phenotypically diverse and 
evenly distributed throughout the lymphoid system. J. Exp. Med. 169, 1277–1294 (1989). 

2. B. Falini et al., Distribution of T cells bearing different forms of the T cell receptor γ/δ in normal and 
pathological human tissues. J. Immunol. 143, 2480–2488 (1989). 

3. K. Deusch et al., A major fraction of human intraepithelial lymphocytes simultaneously expresses 
the γ/δ T cell receptor, the CD8 accessory molecule and preferentially uses the V δ 1 gene seg-
ment. Eur. J. Immunol. 21, 1053–1059 (1991). 

4. N. L. La Gruta, S. Gras, S. R. Daley, P. G. Thomas, J. Rossjohn, Understanding the drivers of MHC 
restriction of T cell receptors. Nat. Rev. Immunol. 18, 467–478 (2018). 

5. M. Rigau et al., Butyrophilin 2A1 is essential for phosphoantigen reactivity by γδ T cells. Science 
367, eaay5516 (2020). 

6. S. Vavassori et al., Butyrophilin 3A1 binds phosphorylated antigens and stimulates human γδ T 
cells. Nat. Immunol. 14, 908–916 (2013). 

7. C. Harly et al., Key implication of CD277/butyrophilin-3 (BTN3A) in cellular stress sensing by a 
major human γδ T-cell subset. Blood 120, 2269–2279 (2012). 

8. R. Di Marco Barros et al., Epithelia use butyrophilin-like molecules to shape organspecific γδ T cell 
compartments. Cell 167, 203–218.e17 (2016). 

9. D. Melandri et al., The γδTCR combines innate immunity with adaptive immunity by utilizing spa-
tially distinct regions for agonist selection and antigen responsiveness. Nat. Immunol. 19, 1352–
1365 (2018). 

10. C. R. Willcox et al., Butyrophilin-like 3 directly binds a human Vγ4+ T cell receptor using a modality 
distinct from clonally-restricted antigen. Immunity 51, 813–825.e4 (2019). 

11. B. E. Willcox, C. R. Willcox, γδ TCR ligands: The quest to solve a 500-million-year-old mystery. 
Nat. Immunol. 20, 121–128 (2019). 

12. X. Zeng et al., γδ T cells recognize a microbial encoded B cell antigen to initiate a rapid antigen-
-specific interleukin-17 response. Immunity 37, 524–534 (2012). 

13. R. Marlin et al., Sensing of cell stress by human γδ TCR-dependent recognition of annexin A2. 
Proc. Natl. Acad. Sci. U.S.A. 114, 3163–3168 (2017). 

14. C. R. Willcox et al., Cytomegalovirus and tumor stress surveillance by binding of a human γδ T cell 
antigen receptor to endothelial protein C receptor. Nat. Immunol. 13, 872–879 (2012). 

15. J. Le Nours et al., A class of γδ T cell receptors recognize the underside of the antigenpresenting 
molecule MR1. Science 366, 1522–1527 (2019). 

16. S. Porcelli et al., Recognition of cluster of differentiation 1 antigens by human CD4- CD8-cytolytic 
T lymphocytes. Nature 341, 447–450 (1989). 

17. L. Bai et al., The majority of CD1d-sulfatide-specific T cells in human blood use a semiinvariant Vδ1 
TCR. Eur. J. Immunol. 42, 2505–2510 (2012). 

18. S. Roy et al., Molecular analysis of lipid-reactive Vdelta1 gammadelta T cells identified by CD1c 
tetramers. J. Immunol. 196, 1933–1942 (2016). 

19. A. M. Luoma et al., Crystal structure of Vδ1 T cell receptor in complex with CD1dsulfatide shows 
MHC-like recognition of a self-lipid by human γδ T cells. Immunity 39, 1032–1042 (2013). 

20. A. P. Uldrich et al., CD1d-lipid antigen recognition by the γδ TCR. Nat. Immunol. 14, 1137–1145 
(2013). 



108

Chapter 5 - Human γδ T cells recognize CD1b by two distinct mechanisms

21. F. M. Spada et al., Self-recognition of CD1 by γ/δ T cells: Implications for innate immunity. J. Exp. 
Med. 191, 937–948 (2000). 

22. S. K. Dougan, A. Kaser, R. S. Blumberg, CD1 expression on antigen-presenting cells. Curr. Top. 
Microbiol. Immunol. 314, 113–141 (2007). 

23. K. Yakimchuk et al., Borrelia burgdorferi infection regulates CD1 expression in human cells and 
tissues via IL1-β. Eur. J. Immunol. 41, 694–705 (2011). 

24. W. Kasinrerk, T. Baumruker, O. Majdic, W. Knapp, H. Stockinger, CD1 molecule expression on 
human monocytes induced by granulocyte-macrophage colonystimulating factor. J. Immunol. 
150, 579–584 (1993). 

25. F. Sallusto, A. Lanzavecchia, Pillars Article: Efficient presentation of soluble antigen by cultured 
human dendritic cells is maintained by granulocyte/macrophage colonystimulating factor plus 
interleukin 4 and downregulated by tumor necrosis factor α. J. Exp. Med. 1994. 179:1109–1118. J. 
Immunol. 200, 887–896 (2018). 

26. S. Porcelli, C. T. Morita, M. B. Brenner, CD1b restricts the response of human CD4-8-T lymphocy-
tes to a microbial antigen. Nature 360, 593–597 (1992). 

27. I. Van Rhijn et al., Human autoreactive T cells recognize CD1b and phospholipids. Proc. Natl. 
Acad. Sci. U.S.A. 113, 380–385 (2016). 

28. S. Gras et al., T cell receptor recognition of CD1b presenting a mycobacterial glycolipid. Nat. 
Commun. 7, 13257 (2016). 

29. A. Shahine et al., A T-cell receptor escape channel allows broad T-cell response to CD1b and 
membrane phospholipids. Nat. Commun. 10, 56 (2019). 

30. A. Shahine et al., A molecular basis of human T cell receptor autoreactivity toward self-phospho-
lipids. Sci. Immunol. 2, eaao1384 (2017). 

31. A. Melián et al., Molecular recognition of human CD1b antigen complexes: Evidence for a com-
mon pattern of interaction with α β TCRs. J. Immunol. 165, 4494–4504 (2000). 

32. A. Chancellor, S. D. Gadola, S. Mansour, The versatility of the CD1 lipid antigen presentation path-
way. Immunology 154, 196–203 (2018). 

33. M. H. M. Heemskerk et al., Redirection of antileukemic reactivity of peripheral T lymphocytes 
using gene transfer of minor histocompatibility antigen HA-2-specific T-cell receptor complexes 
expressing a conserved alpha joining region. Blood 102, 3530–3540 (2003). 

34. K. S. Wun et al., T cell autoreactivity directed toward CD1c itself rather than toward carried self 
lipids. Nat. Immunol. 19, 397–406 (2018). 

35. R. W. Birkinshaw et al., αβ T cell antigen receptor recognition of CD1a presenting self lipid ligands. 
Nat. Immunol. 16, 258–266 (2015). 

36. E. J. Adams, Y. H. Chien, K. C. Garcia, Structure of a gammadelta T cell receptor in complex with 
the nonclassical MHC T22. Science 308, 227–231 (2005). 

37. P. A. Sieling et al., CD1 expression by dendritic cells in human leprosy lesions: Correlation with 
effective host immunity. J. Immunol. 162, 1851–1858 (1999). 

38. M. S. Davey et al., Clonal selection in the human Vδ1 T cell repertoire indicates γδ TCR dependent 
adaptive immune surveillance. Nat. Commun. 8, 14760 (2017). 

39. L. Couzi et al., Common features of gammadelta T cells and CD8(+) alphabeta T cells responding 
to human cytomegalovirus infection in kidney transplant recipients. J. Infect. Dis. 200, 1415–1424 
(2009). 
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Figure S1. Ex vivo staining of γδ T cells. (A) Flow cytometry dot plots showing gating on γδ T cells in red rectangle 

(CD3+αβTCR— cells) (B) Flow cytometry dot plots showing CD1b-endo tetramer staining on γδ T cells enriched from 

PBMC from 8 donors by column purification (gated on CD3+αβTCR— cells).  
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Figure S2. Generation of CD1b-endo recognizing γδ T cell lines. (A) CD1b-tetramer+CD3+ PBMCs from Buffy Coat 

14 (BC14) were sorted, followed by expansion in vitro for 14 days and another round of sorting and expansion. The 

resulting line was called “BC14”. Staining of CD3— cells in PBMC is thought to reflect aspecific binding to dead or 

dying cells or binding to an unknown receptor other than the TCR. (B) Flow cytometry dot plots of line BC14 stained 

with CD1b tetramer and antibodies against the αβ TCR, Vδ1, or Vδ2. Populations in outlined red areas were sorted 

generating lines TS1+ and TS1—.
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Figure S3. TCR transfer and CD1b knock out. (A) Flow cytometry dot plots showing TCR and CD3 expression versus 

GFP expression by 293T cells transfected with γδ TCRs and CD3 subunits. (B) Flow cytometry dot plots showing cell 

surface expression of CD3 and TCR (using a “pan γδ TCR” antibody) of the stable J76.BC14.1, J76.BC14.2, and J76.

BC14.4 cell line. c Flow cytometry histograms showing CD1b expression of WT Jurkat76 and Jurkat76 cells where 

CD1b was knocked out (KO).  
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Figure S4. Staining patterns transduced Jurkat76 lines. (A-C) Flow cytometry dot plots of J76.BC14.1 (a), J76.BC14.2 

(B), and J76.BC14.4 (C) showing binding of CD1b-endo tetramers with the indicated point mutations and WT CD1b-

-endo tetramers. WT AU: WT tetramers created in parallel with the mutant tetramers, using the same expression 

platform. WT NIH: WT tetramers obtained from the NIH tetramer facility.  
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J76.BC14.1 (a), J76.BC14.2 (b), and J76.BC14.4 (c) showing binding of CD1b-endo tetramers with 
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Figure S5. Control staining for tetramer panel treated with self and bacterial lipids. Flow cytometry histograms 

showing binding of tested tetramers by cell lines HD1B (T cell line) and PG90 (Jurkat cell line), two αβ TCRs with 

known lipid reactivity pattern.  
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Figure S6. BTNL expression by transduced K652 cells. Flow cytometry dot plots showing expression of CD1b, 

BTNL3, and BTNL8 by the transduced K562 cell lines.
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showing expression of CD1b, BTNL3, and BTNL8 by the transduced K562 cell lines.  



116

Chapter 5 - Human γδ T cells recognize CD1b by two distinct mechanisms

Figure S7. TRGV sequence alignment. Alignment of the amino-acid sequences of human TCR Vγ chains. Red font: 

divergence from Vγ4; asterisks (*): identical residues; periods (.): semi-conserved residues; colons (:): conserved resi-

dues (following the standard ClustalW designations for amino acid comparisons). Colored highlights indicate variable 

regions (CDR1: green; CDR2: yellow; CDR3: blue).

Fig. S7

CDR1 CDR2 CDR3
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TRGV2*01 SSNLEGRTKSVIRQTGSSAEITCDLA--EGSNGYIHWYLHQEGKAPQRLQYYDSYNSKVVLESGVSPGKYYTY-ASTRNNLRLILRNLIENDSGVYYCATWDG
TRGV3*01 SSNLEGRTKSVTRQTGSSAEITCDLT--VTNTFYIHWYLHQEGKAPQRLLYYDVSTARDVLESGLSPGKYYTH-TPRRWSWILRLQNLIENDSGVYYCATWDR
TRGV5*01 SSNLEGGTKSVTRPTRSSAEITCDLT--VINAFYIHWYLHQEGKAPQRLLYYDVSNSKDVLESGLSPGKYYTH-TPRRWSWILILRNLIENDSGVYYCATWDR
TRGV8*01 SSNLEGRTKSVTRPTGSSAVITCDLP--VENAVYTHWYLHQEGKAPQRLLYYDSYNSRVVLESGISREKYHTY-ASTGKSLKFILENLIERDSGVYYCATWDR
TRGV9*01 AGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRERPGEVIQ-FLVSISYDGTVRKESGIPSGKFEVDRIPETSTSTLTIHNVEKQDIATYYCALWEV

:.:**    *  :   .:* : * :.    .    :** .: *:. * :       . ***:.  *: .   .   .  : :.*: :.* ..**** *:

Figure S7. TRGV sequence alignment. Alignment of the amino-acid sequences of human TCR V chains. 
Red font: divergence from V 4; asterisks (*): iden cal residues; periods (.): semi-conserved residues; 
colons (:): conserved residues (following the standard ClustalW designa ons for amino acid comparisons). 
Colored highlights indicate variable regions (CDR1: green; CDR2: yellow; CDR3: blue).  

Table S1. Published Vγ sequences from CD1-specific TCRs used for designing modified BC14.1 TCRs 

TCR
Publication Clone Restriction + antigen TRGV TRGJ CDR3
Bai 2012  EJI DP10.7 CD1d-sulfatide GV4 GJ1 CATWDEKYYKKLF
Roy 2016 JI 22.4 CD1c-PM GV2 GJ1 CATWDLIKKLFGSG
Roy 2016 JI 12.9-2 CD1c-PM GV8 GJ2 CATWDVESYKKLFGSG
Roy 2016 JI 12.16-3 CD1c-PM GV3 GJP2 CATWDRRSDWIKTFAKG
Uldrich 2013 NI 9C2 CD1d-a-GalCer GV5 GJ1 CATWDRGNPKTHYYKKLF
Uldrich 2013 NI 6 CD1d-a-GalCer GV9 GJ1 CALWEARPFYYKKLF

Supplementary table 

Table S1. Published V  sequences from CD1-speci c TCRs used for designing 
modi ed BC14.1 TCRs 
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The hallmark function of αβ T cell antigen receptors (TCRs) involves the highly 

specific co-recognition of a major histocompatibility complex molecule and 

its carried peptide. However, the molecular basis of the interactions of TCRs with 

the lipid antigen-presenting molecule CD1c is unknown. We identified frequent 

staining of human T cells with CD1c tetramers across numerous subjects. Whereas 

TCRs typically show high specificity for antigen, both tetramer binding and 

autoreactivity occurred with CD1c in complex with numerous, chemically diverse 

self lipids. Such extreme polyspecificity was attributable to binding of the TCR over 

the closed surface of CD1c, with the TCR covering the portal where lipids normally 

protrude. The TCR essentially failed to contact lipids because they were fully seated 

within CD1c. These data demonstrate the sequestration of lipids within CD1c as 

a mechanism of autoreactivity and point to small lipid size as a determinant of 

autoreactive T cell responses.

INTRODUCTION 

The recognition of major histocompatibility (MHC)-peptide complexes by T cell antigen 

receptors (TCRs) is known as ‘co-recognition’ because the TCR makes simultaneous 

contact with the peptide and the MHC protein1. In humans, four types of CD1 proteins 

(CD1a, CD1b, CD1c and CD1d) function to display lipid antigens for recognition by 

T cells2,3,4. The structure of CD1 molecules is ideally suited for the capture of lipid 

antigens3. CD1 clefts derive from deep invaginations into the CD1 core structure and 

form two or four pockets5,6,7,8,9. In general, the pockets surround a large portion of the 

lipidic antigens so that their hydrocarbon moieties are sequestered from solvent and 

the hydrophilic headgroups protrude for T cell contact. However, each of the four 

types of human CD1 proteins has a cavity with unique architecture, which endows 

each CD1 isoform with the ability to present specific types of lipids. Whereas MHC 

proteins allow broad access to peptides that span the entire platform, CD1 proteins 

possess an A′-roof that blocks access of the TCR to the contents of the A′-pocket2 so 

that antigens are less exposed to solvent2. 

Most evidence indicates that the recognition of CD1-lipid complexes by T cells follows 

the paradigm of MHC-peptide co-recognition1,2. Natural killer T cell receptors (NKT 

TCRs) show simultaneous contact with CD1d and protruding antigens10. Similarly, 

TCRs co-contact CD1b and the exposed polar moiety of glycolipid and phospholipid 

antigens11,12. However, each human CD1 isoform possesses a different platform 

structure, and the total number of solved TCR-lipid-CD1 structures remains limited. 

CD1a has been solved in complex with one autoreactive αβ TCR, which showed direct 

recognition of CD1a rather than of the lipid carried13. CD1c binds to αβ TCRs and γδ 
TCRs14,15, but any structural knowledge of TCR-CD1c contact is limited to mutational 
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Figure 1. (A) Flow cytometry of freshly isolated peripheral blood mononuclear cells (PBMCs) stained either with 

CD1c-endo tetramers conjugated separately to APC, PE or BV421 (top row and bottom left) or with a premixed 

combination of PE-conjugated and BV421-conjugated CD1c-endo tetramers (bottom right); cells were pre-gated as  

CD3+CD14–CD19–. Numbers adjacent to outlined areas indicate percent tetramer-positive cells. Data are 

representative of three independent experiments with similar results. (B) Flow cytometry of PBMCs obtained from 

healthy donors (identified along left margin) and stimulated once ex vivo, then stained with CD1c-endo–APC or 

CD1b-endo–APC (above plots) produced in HEK293 human embryonic kidney cells; identical rectangular tetramer-

positive gates were drawn for all subjects (numbers adjacent indicate percent tetramer-positive cells). Data are 

from three independent experiments, each with a single biological sample, representative of 28 experiments (one 

per subject). (C)  Frequency of cells positive for the CD1c-endo tetramer (CD1c-endo+) or CD1b-endo tetramer  

(CD1b-endo+) in the CD3+ population, assessed as in b, for all subjects (n = 28). Each symbol represents an individual 

subject; small horizontal lines indicate the median. The Wilcoxon signed rank test (two sided) with continuity 

correction and the Shapiro-Wilk test were used to establish non-normality. Data are from 28 experiments (one per 

subject).
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analyses16. A role for self lipids in T cell autoreactivity is emerging17,18. For example, 

certain NKT TCRs show extremely high affinity for CD1d, which enables TCRs to bind 

CD1d carrying self-lipid phospholipids19,20,21. CD1a- and CD1c-autoreactive T cells 

can be detected at a high frequency in the blood of human subjects14,22. Moreover, 

CD1a-autoreactive T cells secrete interferon-γ (IFN-γ) and interleukin 22 (IL-22)23, 

both of which mediate autoimmune disease. CD1a mediates polyclonal responses to 

allergens24,25,26. CD1c can display cholesterol esters and tumor neo-antigens27,28. 

CD1c appears on myeloid cells after exposure to bacterial products, the cytokine 

GM-CSF or IL-129,30. CD1c can be expressed on activated dendritic cells and marginal-

zone B cells in lymph nodes or secondary follicles arising at the site of organ-specific 

autoimmune disease and in human leukemic cells30,31. However, the particular roles of 

T cells’ autoreactivity to CD1c remain undefined. We identified unexpectedly common 

CD1c tetramer staining on peripheral T cells in a large proportion of human subjects 

studied, which led to detailed studies of the formation of TCR-CD1c-lipid complexes 

through the use of tetramers, activation assays, lipid-elution assays and TCR-binding 

measurements32. On the basis of the determination of a TCR-CD1c-lipid ternary 

complex, we show how T cell–mediated autoreactivity to CD1c can operate outside 

the co-recognition paradigm and manifests as a polyspecific response to many types 

of CD1c-lipid complexes. 

RESULTS 

CD1c tetramer staining of human T cells 

Using reported32 and newly designed expression systems, we produced CD1c 

monomers that were tetramerized with avidin linked to phycoerythrin (PE), 

allophycocyanin (APC) or Brilliant Violet 421 (BV421). Unexpectedly, we found that 

CD1c tetramers carrying endogenous lipids (CD1c-endo) consistently stained a large 

proportion of CD3+ cells from healthy donors (Fig. 1a). Conventional models of TCR 

specificity cannot explain how CD1c-endo tetramers could bind extensively to TCRs. 

Each arm of the tetramer would be expected to carry different ligands, so polyvalent 

binding to clonal TCRs would not be expected33. However, the staining phenomenon 

was robust. It was observed at moderate to high frequencies (0.06–3.0% of T cells) 

and was seen when CD1c tetramers were coupled to PE-, APC- or BV421-labeled 

streptavidin (Fig. 1a,b and Supplementary Fig. 1). 

Furthermore, CD1c-endo staining was seen consistently in blood from a larger cohort 

of healthy donors that lacked positive antigen-recall tests for tuberculosis. Although 

treatment of tuberculosis-naive donors with CD1c-endo tetramers was conceived as 

a negative control arm of the study, staining with CD1c-endo tetramer was higher 
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in frequency and mean fluorescence intensity than was staining with CD1b-endo 

tetramer assembled with the same streptavidin-fluorophore (Fig. 1b). Overall, CD1c-

endo tetramer staining was brighter and more frequent than was CD1b-endo tetramer 

staining for 26 of 28 subjects tested, and the mean fluorescence intensity for the 

whole group was about eightfold higher for CD1c-endo tetramer than for CD1b-endo 

tetramer (Fig. 1c). 

Figure 2. (A) Flow cytometry analyzing the staining of J76.3C8 cells, Jurkat 76 cells bearing an NKT TCR (J76.NKT15) 

and Jurkat 76 cells (J76 parental) (above plots) with CD1c-endo tetramer (top row) or streptavidin-PE (bottom row). 

Numbers in quadrants indicate percent cells in each. GFP, green fluorescent protein. Data are representative of two 

independent experiments, each performed in technical duplicate, with similar results. (B) Expression of CD69 on 

J76.3C8 cells and Jurkat 76 T cells in the presence of C1R.CD1c, C1R.CD1d or parental C1R antigen-presenting cells 

or no C1R cells (key). MFI, median fluorescent intensity. Data are representative of two independent experiments 

(top) or are from two independent experiments, each performed in technical duplicate (bottom; average and s.e.m.).  

(C,D) Sensorgrams of concentration series for the 3C8 TCR (C) and the Vβ8.2+NKT TCR (D) passed over CD1c-endo 

or mouse CD1d–α-galactosylceramide (mCD1d–α-GalCer) (above plots); inset (left), steady-state equilibrium versus 

concentration, with the equilibrium dissociation constant (K
deq

). RU, response units. Data are representative of two 

independent experiments, with each TCR in duplicate, with similar results. 
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Published studies have suggested high frequencies of CD1c-autoreactive T cells 

in activation assays 14,34, but CD1c-autoreactive T cells have not been previously 

enumerated with tetramers ex vivo. One interpretation of our findings would be that 

the staining represented direct detection of a large autoreactive CD1c-restricted T cell 

pool. However, false-positive binding of tetramers to cells can occur on the basis of 

non-specific adherence or the presence of other CD1c-binding receptors, which we 

considered, since CD1c-endo tetramers detectably bound to CD3– cells, albeit at a 

lower frequency (Supplementary Fig. 2). Nevertheless, these unexpected results hinted 

at previously unknown mechanisms for the interaction of the TCR with CD1c. 

Binding of the TCR to CD1c presenting endogenous self lipids 

We studied the 3C8 αβ TCR (TRAV29-TRBV7-2), as it represents the first report of a 

CD1c-autoreactive αβ TCR35. We transduced the 3C8 TCR into the Jurkat 76 (TCRα−

TCRβ−) human T lymphocyte cell line to generate J76.3C8 cells. The CD1c-endo 

tetramers bound to J76.3C8 cells but not to untransfected J76 cells or J76 cells bearing 

an NKT TCR (Fig. 2a). Furthermore, J76.3C8 cells upregulated their expression of the 

activation marker CD69 specifically in the presence of CD1c+ antigen-presenting 

cells (Fig. 2b). In surface plasmon resonance experiments, purified 3C8 TCR bound 

CD1c-endo but did not bind CD1d-α-galactosylceramide (Fig. 2c,d). The 3C8 TCR 

bound to CD1c-endo with an equilibrium dissociation constant of 40 µM, which is a 

relatively high affinity for an autoreactive TCR1,36. While CD1c-endo was coupled to the 

chip to approximately 3,000 response units (RU), the maximal response was observed 

at about 400 response units (Fig. 2c). This suggested that 15–20% of the CD1c-endo 

proteins permitted the interaction with the 3C8 TCR, which raised questions about 

which lipids bound in CD1c-endo complexes might control binding of the TCR. 

Overview of the TCR-CD1c-lipid structure 

The binding of TCRs to antigen-presenting molecules usually requires a specific 

antigen; however, we determined the structure of 3C8 TCR–lipid–CD1c in the 

absence of a defined lipid ligand (Fig. 3 and Supplementary Tables 1 and 2). We took 

this unusual approach due to the lack of known antigens with corresponding clonal 

TCRs and because the feasibility of determining the TCR-CD1-lipid structure without 

added ligand was supported by the binding of untreated tetramer to T cells (Fig. 1) The 

3C8 TCR docked at 66° across the long axis of the CD1c (Fig. 3a,b). The TCR bound 

the A′-roof of CD1c, which blocked contact of the TCR with the lipid(s) within the 

A′-pocket (Fig. 3a,b). The lipid(s) did not protrude through the F′-portal to the CD1c 

platform (Fig. 3c), which provided a straightforward structural explanation for staining 

of TCRs by CD1c tetramers carrying diverse lipids (Figs. 1 and 2). 
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Figure 3. (A) Ternary crystal structures of 3C8 TCR–CD1c-lipid, PG90 TCR–CD1b-PG and BK6 TCR–CD1a-LPC 

(above diagrams). (B) Surface representation of the structure footprint of the autoreactive 3C8, PG90 and BK6 TCRs 

on CD1c, CD1b and CD1a, respectively12,13; colors of TCR docking footprints indicate the position of each CDR loop, 

and spheres indicate the center of mass of the Vα domain (blue) and Vβ domain (red) of the TCR. (C) Enlarged view 

of the autoreactive TCR–CD1 binding interfaces as in A.
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Three autoreactive TCR modes for the recognition of self lipid 

Docking of the TCR onto CD1c (Fig. 3) was in contrast to that of two other determined 

CD1-autoreactive TCRs, PG90 and BK6, which bind to CD1b-phosphatidylglycerol 

(CD1b-PG) and CD1a-lysophosphatidylcholine (CD1a-LPC), respectively12,13 (Fig. 3). 

For CD1b-PG, the PG90 TCR sat similarly to the positioning of its counterpart in the 

3C8 TCR–CD1c-endo complex. However, a key difference was that PG protruded 

through the F′-portal so that its phosphoglycerol headgroup contacted the TCR12 (Fig. 

3c). For CD1c and CD1a, the 3C8 and BK6 TCRs essentially failed to contact the lipid 

ligand but did so via two distinct mechanisms. For CD1a-LPC, phosphocholine exited 

through the F′-portal but sat in an ectopic location on the right side of the platform, 

whereas the BK6 TCR bound toward the left, on the A′-roof of CD1a13 (Fig. 3a,c). For 

CD1c, the TCR bound more centrally, with the F′-portal fully plugged. The lack of 

lipid contact resulted from the lack of protrusion of the lipid ligands from CD1c. Thus, 

the three ternary structures for autoantigens presented by CD1a, CD1b and CD1c 

documented three distinct modes of lipid recognition (Fig. 3).   

TCR-CD1c platform interactions 

The total buried surface area (BSA) of the 3C8 TCR–CD1c interaction was ≈2,000Å2. 

Equivalent contributions were made by the 3C8 TCR α-chain and its β-chain (Fig. 

3b and Supplementary Table 2). Here, the CDR3β loop from the TCR β-chain (37% 

BSA) made the principal interaction with CD1c, relative to the interaction provided by 

CDR1β (4% BSA) and CDR2β (10% BSA). The CDR1α loop (23% BSA) and CDR3α loop 

(15% BSA) made larger contributions than did CDR2α (11% BSA) (Fig 4a-d).  

The TCR α-chain was positioned on the A′-roof, where the CDR3α loop provided 

mostly hydrophobic interactions with the α1 helix of CD1c (Fig. 4a). Furthermore, 

Lys111α formed a salt bridge to Asp65, which made additional hydrogen-bond 

interactions with Asn27α of the CDR1α loop (Fig. 4a,b). Notably, five of the six residues 

from the CDR1α loop contacted both α-helices of CD1c (Fig. 4b). The CDR1 α-loop 

interactions were enhanced by additional van der Waals interactions (Fig. 4b). Finally, 

the CDR2α loop, which contacted solely the α2 helix, was driven mainly by van der 

Waals interactions and was supplemented by a hydrogen-bond interaction between 

Ser58α and Asn161 of CD1c (Fig. 4c). 

While the TCR α-chain bound to the left of the F′-portal, the TCR β-chain bound to 

the right margin of the F′-portal so that the overall TCR footprint plugged the site 

from which antigens would normally protrude. Only two residues from the CDR1β and 

CDR2β loops contacted CD1c (Supplementary Table 2). In contrast, the CDR3β loop 

had a major role in interacting with CD1c, covering the F′-portal (Figs. 3b and 4d and 

Supplementary Table 2). This network of van der Waals and polar interactions included 
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a hydrogen bond between Tyr109β and Glu80, which in turn made additional salt-

bridge interactions with Arg110β of the TCR. Furthermore, polar interactions were 

made between Gln151 and the main chain of Arg110β and Gly111β, with the latter 

forming an additional hydrogen bond with Gly154 (Fig. 4d). Overall, the CDR1α, CDR3α 

and CDR3β loops of the 3C8 TCR had a major role in contacting CD1c. 

Critical residues that enable the CD1c-restricted response 

To identify CD1c residues needed for activation, we generated alanine-substitution 

mutants of residues exposed for possible TCR contact, as determined by a published 

CD1c-lipid crystal structure8. In analyses of parental C1R human lymphoid cells and 

C1R cells transduced with CD1c (C1R.CD1c cells) or CD1d (C1R.CD1d cells), the 

J76.3C8 reporter cell line responded only to C1R.CD1c cells (Fig. 4e). In the five 

alanine-substitution mutants with a negligible effect on activation, four of the residues 

replaced (Glu61, Asp83, Ser143 and Leu147) were not positioned within the 3C8 TCR 

footprint. Glu157 contacted three CDR loops, so the lack of effect after substitution 

Figure 4. (A-D)  Enlarged view of the interactions between residues of the 3C8 TCR CDR3α loop (A), CDR1α loop (B), 

CDR2α loop (C) and CDR3β loop (D) and the CD1c α-helices. Spheres indicate glycine side chains; red dotted lines 

indicate salt-bridge interactions; black dotted lines indicate hydrogen-bond interactions. (E) Expression of CD69 

by J76.3C8 cells after co-culture with C1R cells expressing wild-type CD1c (CD1c WT) or various CD1c alanine-

substitution mutants (horizontal axis), or parental C1R cells, C1R.CD1d cells or no C1R cells (right end); results were 

normalized to those of C1R cells expressing wild-type CD1c, set as 100%, and dashed horizontal lines indicate a 25% 

or 50% reduction (as marked), relative to that expression (top). Below, the CD1c surface, showing the side-chain 

residues; colors indicate effect on activation (red, > 50% decrease; orange, 25–50% decrease; blue, < 25% decrease). 

Data represent two independent experiments, each in duplicate (E). 
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was unexpected. Substitution of Arg79 or Asn161 abolished contact with the CDR1β 

loop or CDR2α loop, respectively, and reduced activation by 75%. Seven residues, 

scattered across the A′-roof and around the F′-portal, were essential for the 3C8 TCR–

CD1c interaction (Fig. 4e). These included Glu62, Leu68, Phe72, Arg79, Glu80 and 

Tyr152 (Supplementary Table 2). The essential role of the last three residues, which 

were located on the right margin of the F′-portal, indicated not only that the 3C8 TCR 

footprint covered the F′-portal but also that key contact residues needed for activation 

fully surrounded that portal, consistent with the interpretation that the TCR acts as a 

plug to prevent egress of lipids to the surface. 

The mutagenesis patterns noted above also showed commonalities with studies of 

CD1c-reactive TCRs that recognize mycobacterial phosphomycoketide16. Furthermore, 

when we compared the CD1c positions crucial for binding of the 3C8 TCR with those 

of other members of CD1 family, we found that Glu80 and Tyr152 were shared solely 

with CD1b and Asn161 was present in CD1a, while Leu68 and Phe72 were unique to 

CD1c (Supplementary Fig. 3). Therefore, the structural and energetic footprints also 

provided a basis for understanding the CD1c-specific nature of this autoreactive T cell 

response. 

Mass spectrometry reveals exclusion of lipids after engagement of the TCR 

To identify lipids in CD1c-endo and TCR–CD1c-endo complexes, we treated them 

with chloroform and methanol. High-performance liquid chromatography (HPLC)–

time-of-flight (TOF) electrospray ionization (ESI) mass spectrometry (MS) in negative 

mode detected many ions that were present in both complexes. Among the many 

ions detected, three matched the mass of [M-H]– of C16, C18 and C18:1 fatty acids 

(m/z = 255.233, 283.264 and 281.249, respectively). In the positive mode, we detected 

ions corresponding to the [M + H]+mass of monoacylglycerol (MAG) (m/z = 331.284, 

359.316 and 357.300), sphingomyelin (SM) (m/z = 703.575, 731.606, 811.669 and 

813.685) and phosphatidylcholine (PC) (m/z = 732.554, 760.585, 786.601 and 788.617) 

(Fig. 5). Whereas SM and PC are known CD1 ligands13,18,23, the detection of MAG was 

unexpected. Further collisional MS experiments with an authentic standard confirmed 

the MAG structure (Supplementary Fig. 4). 

The area under the curves of ion chromatograms for the most abundant molecular 

species in each class (Fig. 5) and all molecular variants (Supplementary Fig. 5) showed 

differential trapping of lipids in CD1c-endo relative to that in TCR–CD1c-endo. In 

CD1c-endo we observed more-intense ion chromatograms for two polar lipids with 

large headgroups, SM and PC, which were relatively excluded from TCR–CD1c-endo. 

Conversely, fatty acids (FAs) and MAGs were present at trace amounts in CD1c-endo, 

and TCR–CD1c-endo complexes showed enrichment for these. Similar patterns were 
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seen in reversed-phase analysis, which separated individual lipids more extensively; 

this provided further details about chain length and saturation variants in each class 

(Supplementary Fig. 5). These patterns of lipid exclusion held true after quantification 

of individual lipid species with authentic external standards (Fig. 5 and Supplementary 

Fig. 6). Thus, whereas CD1c bound lipids with small headgroups (FAs and MAGs) and 

large headgroups (PC and SM), the addition of the 3C8 TCR created ternary complexes 

that selectively trapped lipids with smaller hydrophilic headgroups. 

Permissive and non-permissive lipids within CD1c 

The observed densities within the CD1c cleft were derived from many types of bound 

molecules, so our analysis focused mainly on the general size and position of densities 

in CD1c-lipid versus that in TCR–CD1c-lipid (Fig. 6a,b, Supplementary Table 1 and 

Supplementary Fig. 7), interpreted in conjunction with the associated MS analyses 

(Fig. 5). In the CD1c-endo binary structure, electron density within the antigen-binding 

cleft adopted the shape of a headgroup protruding from the cleft with two bifurcating 

tubes of electron density that extended into the A′- and F′-pockets (Fig. 6a). Given the 

strength of the SM and PC ion chromatograms in CD1c-endo (Fig. 5), we modeled SM 

(Fig. 6a) and PC (Supplementary Fig. 7d) into the density, which was generally consistent 

with the observed electron density within the CD1c-endo binary structure (Fig. 6a and 

Figure 5. Ion chromatography of lipids in the CD1c-endo and 3C8 TCR–CD1c-endo (CD1c 3C8) proteins used for 

crystallography (left margin); these were treated with chloroform and methanol, which yielded lipid eluents separated 

by normal-phase HPLC-TOF-MS and analyzed in the positive-ion mode (left) and negative-ion mode (middle); labels 

indicate the most-abundant lipid in each named class. Right, quantification of the results at left, determined as 

individual molecular species within each class detected separately as ion chromatograms and compared with ion 

chromatograms of external standards, and presented as molar ratios. Data are representative of three independent 

experiments (normal phase), with similar results were obtained with reversed-phase chromatography (Supplementary 

Fig. 5). 
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Supplementary Fig. 7d). There was no distinct electron density representative of any 

phospholipid headgroup positioned outside the CD1c cleft within the 3C8 TCR–CD1c-

endo ternary complex (Fig. 6b). Indeed, modeling SM was clearly non-permissive for 

the binding of 3C8 TCR (Fig. 6c), as predicted by portal-covering footprint and the 

selective elution of ‘headless’ lipids from TCR-CD1c (Figs. 3, 4e and 5). 

In the TCR-CD1c ternary complex, three disconnected tubes of electron 

density were observed within the cleft (Fig. 6b) that matched those observed in a 

previously determined CD1c binary structure with unnamed ‘spacer lipids’ (CD1c-

SL)27 (Supplementary Fig. 7a). Given the diversity of ligands present, these densities 

probably represented areas of the cleft that position lipids in a more uniform way, 

rather than the outlines of individual named molecules. For example, two tubes of 

electron density matched the size of C10–C12 spacer lipids (Fig. 6b, Supplementary 

Fig. 7a). C10–C12 fatty acids were not detected in MS experiments, but densities of that 

size were also seen in the same position within the F′-pocket of the CD1c-SL complex 

and thus might represent constrained portions of larger molecules27 (Supplementary 

Fig. 7a). The C16 MAG and the C18 stearic acid eluted from CD1c did match the size of 

the observed electron density within the A′-pocket (Fig. 6b, Supplementary Fig. 7b,c). 

We modeled MAG such that the glycerol moiety made a series of polar contacts at 

the extreme end of the A′-pocket, which could not occur in the reverse orientation 

(Supplementary Fig. 7e). 

Figure 6. (A,B) Electron-density maps of CD1c-SM (2Fo-Fc = 0.7 σ, Fo-Fc = 1.5 σ) (a) and 3C8 TCR–CD1c-MAG C16:0 

(2Fo-Fc = 1.0 σ, Fo-Fc = 2.2 σ) (B), showing the 2Fo-Fc of the refined map (blue) and Fo-Fc of the omit map (green). (C) 

Model of CD1c presenting antigens with a headgroup, showing of steric clashes with the CDR loops of the 3C8 

TCR (loops and surface): gray, CD1c; dark blue, 3C8 TCR Vα; beige, 3C8 TCR Vβ; pink sticks, MAG; green sticks, SM; 

orange sticks, MPM; red sticks, GD3; and purple sticks, decanes.
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CD1c has been reported to exist in open or closed conformations8,27. In contrast to the 

open F′-roof structure seen in the published CD1c-phosphomycoketide (CD1c-PM) and 

CD1c-mannosyl-b1-phosphomycoketide (CD1c-MPM) structures8,16 (Supplementary 

Fig. 7g, right), we observed a closed F′-roof platform, which more closely mimicked 

the CD1c-SL structure27 (Supplementary Fig. 7f,g). Thus, both published work and 

our current structure are consistent with a role for lipids in stabilizing the closed 

conformation of CD1c. Overall, the structural data were consistent with a mechanism 

Figure 7. (A) Flow cytometry (top) of PBMCs freshly obtained from subject HD1 (left), sorted for binding to anti-

CD3 and CD1c tetramers treated with MAG and fatty acid (First expansion; middle) then resorted a second time to 

generate the HD1 T cell line (right). ELISpot assay (below) of IFN-γ (assessing functional autoreactivity) in the HD1 T 

cell line after stimulation with K562 or C1R cells (above plots) transfected to express CD1a, CD1b or CD1c (horizontal 

axis). Numbers adjacent to outlined areas (top) indicate percent tetramer-positive CD3+ cells. Data are from two 

independent experiments representative of four experiments with similar results (bottom; error bars, s.e.m. of three 

technical replicates). (B) Flow cytometry of HD1 T cells stained with a panel of monoclonal antibodies that specifically 

bind TCRs with various β-chain variable regions (vertical axes). Numbers in quadrants indicate percent cells in 

each. (C) Flow cytometry of HD1 T cells sorted by binding to an antibody specific for Vβ5.1 and to CD1c tetramers 

(top left), followed by further sorting of Vβ5.1+ cells by expression of CD4 (top middle), and then further culture so 

that > 98% of cells stained with CD1c tetramer (Supplementary Fig. 8a). ELISpot assay of IFN-γ (assessing functional 

CD1c autoreactivity) by the Vβ5.1– cells (HD1TRBV5.1–; bottom left) and the CD4+Vβ5.1+cells (HD1CD4+; top right) and 

CD4–Vβ5.1+ cells (HD1CD4–; bottom right) after stimulation with K562 or C1R antigen-presenting cells (below plots) 

transfected to express CD1c ( + ) or not (–) (horizontal axis). Data are representative of one experiment (HD1TRBV5.1–) 

or two experiments (HD1CD4– and HD1CD4+) with each antigen-presenting cell line (error bars (bar graphs), s.e.m. 

of three technical replicates). (D) Flow cytometry of CD4+Vβ5.1+ (HD1CD4+) and CD4–Vβ5.1+ (HD1CD4–) HD1 T cell 

lines (left margin) stained first with CD1c-endo tetramer and then with anti-Vβ5.1 (Tetramer, antibody), first with anti-

Vβ5.1 and then with CD1c-endo tetramers (Antibody, tetramer) or with anti-Vβ5.1 alone (Antibody only) (above plots). 

Numbers in quadrants indicate percent cells in each. Data are representative of four experiments with similar results.
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Figure 8. (A) Positive-mode nanoelectrospray ionization MS of eluents from CD1c monomers used to make CD1c-

endo tetramers (left) or from a normalized amount of HLA-DR4 protein prepared in the same expression system 

(right). Data are from one experiment representative of two independent experiments with similar results. (B) Normal-

phase HPLC-TOF-ESI-MS profiling of CD1c eluents extracted (in triplicate) from 20 µM input protein, with signals 

generating nearly Gaussian ion chromatograms detected within narrow mass and retention-time windows in two or 

more replicates presented as molecular features (dots, top left); only events present at an intensity of over twofold 

higher in CD1c eluents than in HLA-DR4 eluents and with significantly higher intensity (corrected P value, < 0.05 

(derived with Welch’s t-test) are shown (for less false-positive detection of ions in the medium or loosely bound to 

proteins), and events corresponding to isotopes, alternate adducts and events with m/z > 1,000, which are typically 

lipid dimers, were censored (for fewer false-positive results from the detection of one molecule as two ions). Below 

plot, retention times corresponding to fractions previously found to be enriched for hydrophobic lipids, glycolipids 

and charged lipids; the lipids noted (bottom) were solved on the basis of matches of mass to known compounds 

and co-elution with authentic standards (colors match those in plot). For the 388 total events detected (top left), 

unnamed compounds of known mass (gray) and named compounds (colors) are listed with mass, retention time, 

chain length, lipid unsaturation and adduct formation in Supplementary Table 3. Chain length and saturation variants 

within the same lipid class typically have similar retention times and m/z values and thus appear as clusters (top left). 

Right, delineation of sphingomyelin (pink) as 29 molecular species, presented as ‘CX:Y’, where ‘X’ is the total number 

of carbon atoms (C) in the combined fatty acyl and sphingosine units and ‘Y’ is the total number of unsaturations. Data 

are representative of two experiments. (C) Ion chromatography of named lipids eluted from CD1c (top) and authentic 

lipid standards (bottom), presented as extracted chromatograms. Data are from one experiment representative of 

two independent experiments with similar results. (D) Flow cytometry of the HD1CD4+ and HD1CD4– T cell lines 

(above plots) without tetramer staining (No tetramer) or stained with mock-treated CD1c tetramers (CD1c-endo) or 

CD1c tetramers treated with PC, SM, PM or MAG (key). Data are representative of two experiments.
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in which CD1c forms complexes with lipids possessing exposed headgroups, but the 

TCR selectively binds those CD1c complexes formed with smaller lipids that remain 

buried within the cleft and participate in generating a compact complex (Fig. 6c). 

Recognition of CD1c-endo by the TCR generates functional autoreactivity 

We returned to our study of polyclonal T cells from tuberculosis-naive donors to 

identify the TCRs and lipid ligands that mediate CD1c-endo tetramer staining. Similar 

to mean values seen in the group of patients, approximately 1 in 1,000  T cells from a 

healthy donor (HD1) showed staining with CD1c-endo tetramers. After two rounds 

of sorting for CD1c tetramer–positive cells, we selected cells with particularly bright 

CD1c tetramer staining whose frequency increased ~500-fold to 58% of T cells and 

created a polyclonal T cell line from HD1 (Fig. 7a). We observed release of IFN-γ in 

response to each of two types of antigen-presenting cell, C1R cells and K562 human 

myelogenous leukemia cells transfected to express CD1c, but not in response to their 

control counterparts transfected to express CD1a or CD1b (Fig. 7a). Thus, tetramer 

binding translated into functional CD1c-directed autoreactivity. Furthermore, the 

pattern of response observed here in which CD1c, but not any specific lipid ligand, 

was required for activation matched the proposed mechanism by which CD1c-endo 

tetramers might bind polyspecific TCR(s) expressed in HD1. 

To identify the TCRs, we first screened the HD1 T cell line with antibodies specific for 

the following TCR b-chain variable regions: Vβ13.1, Vβ8, Vβ2, Vβ4, Vβ9, Vβ21.3, Vβ7.1, 

Vβ13.6 and Vβ5.1. Each antibody stained a small population of tetramer-negative T 

cells, which provided positive controls, but only antibody to Vβ5.1 (anti-Vβ5.1) stained 

tetramer-positive cells (Fig. 7b). This pattern of staining effectively divided the CD1c 

tetramer–positive events into three populations with no staining, high staining or very 

high staining with anti-Vβ5.1 (Fig. 7b). Further sorting showed that the two partially 

overlapping CD1c tetramer–positive Vβ5.1+ populations represented distinct CD4+ and 

CD4– populations (Fig. 7c). After further cultivation to > 98% tetramer-positive cells 

(Supplementary Fig. 8a), we identified a single TCR β-chain sequence from each line. 

Sequencing confirmed the presence of TRBV5-1 gene segments in the CD4– HD1 T 

cell line (TRBV5-1 joined to TRBJ1-2 with the CDR3 sequence CASSAGQALYGYTFGSG) 

(called ‘HD1CD4– cells’ here) and the CD4+ HD1 T cell line (TRBV5-1 joined to TRBJ1-1 

with the CDR3 sequence CASSLDGTGATDTEAFFGQG) (called ‘HD1CD4+ cells’ here). 

Initially we considered whether this finding might represent bias toward expression 

of TRBV5-1, but this TCR variable region is common in human T cells37 and is not 

overrepresented in the CD1c-reactive TCRs identified so far16,32. Instead, the key 

point was that all three CD1c tetramer–positive clones were selectively activated by 

CD1c+ target T cells in IFN-γ-release assays (Fig. 7c), which demonstrated functional 

autoreactivity to CD1c. Two different antigen-presenting cell lines were used (K562 
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and C1R); the results in each case led to the conclusion that CD1c expression was 

essential for T cell activation. Notably, monoclonal antibodies to the Vβ5-1 TCR and 

CD1c tetramers showed cross-blocking (Fig. 7d), which ruled in the possibility that 

TCRs were the binding partners of CD1c tetramers. 

CD1c tetramers carry many self lipids 

The CD1c-restricted clones noted above provided an experimental system with which 

to determine the number and nature of lipids that can support binding of TCR-CD1c. 

In contrast to results obtained for HLA-DR4, the elution of lipids from the CD1c-endo 

monomers that were used to make tetramers produced a rich nanoelectrospray 

ionization mass spectrum (Fig. 8a), which suggested that many different lipids were 

bound in the CD1c cleft. Normal-phase HPLC-TOF-ESI-MS separates compounds 

according to their polarity and detects the number and mass of lipids eluted from 

CD1c. This system detected 388 distinct molecular events associated with CD1c 

(Fig. 8b), which demonstrated that CD1c-endo carried a large number of bound lipids. 

Furthermore, events were detected along the full spectrum of lipid polarity (Fig. 8b), 

such that CD1c-eluted lipids co-migrated with extreme hydrophobes, glycolipids, 

phospholipids and other charged lipids. 

In the m/z–versus–time plot, the 388 events formed approximately 40 clusters. Each 

such cluster typically represents one type of lipid that appears as a family of molecular 

variants with differing chain length and unsaturation. For example, we identified one 

cluster as SM, on the basis of collision-induced dissociation–MS, and then mapped 

29 variants on the basis of lipid length and saturation variations (Fig. 8b). We report 

all events according to their m/z value (Supplementary Table 3). Next we selected for 

identification seven clusters with high signal intensity and diverse retention times. This 

identified 93 of the events as triacylglcyerides, diacylglycerides, hexosyl ceramides, 

PC, SM, phosphatidylinositol or LPC on the basis of m/z matches to databases and 

co-elution with authentic standards (Fig. 8c). 

TCR-CD1c binding is blocked by lipids with large headgroups 

To determine if ligands could influence the binding of TCR-CD1c, we obtained 

synthetic lipids matching the identity of cellular lipids eluted from CD1c and treated 

them with CD1c-endo tetramers. In addition, we treated tetramers with bacterial PM 

as a positive control known to protrude from the CD1c cleft8. Whereas CD1c-endo 

tetramers stained both CD1c-reactive T cell lines brightly, treatment of CD1c with 

MAG further enhanced staining. Ligands with larger or charged headgroups (PM, PC, 

SM and MPM) all blocked tetramer staining of HD1CD4+ cells and HD1CD4– cells (Fig. 

8d). As a control experiment to determine if SM somehow denatured or inactivated 

tetramers, we found that staining of HD1CD4+ cells and HD1CD4– cells was restored 
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when CD1c-SM tetramers were subsequently treated with MAG and used to stain T 

cells (Supplementary Fig. 8b). Thus, SM probably functioned to bind and block the 

formation of a TCR epitope rather than to globally inactivate CD1c. Overall, our 

findings indicated that CD1c carries a mixture of lipids, including those that modulate 

binding to the TCR. The spectrum of lipids captured from human cells was sufficient to 

mediate tetramer binding and T cell activation. Skewing the spectrum toward smaller 

permissive or larger non-permissive ligands bound to CD1c moved the middle set 

point toward higher avidity or lower avidity for the TCR. 

DISCUSSION 

The co-recognition model emphasizes precise discrimination, such that T cells scan 

many MHC or CD1 complexes on antigen-presenting cells but remain ‘off’ until they 

encounter a rare antigen that turns them ‘on’. The mechanism of human T cells’ 

autoreactivity to CD1c identified here showed extreme polyspecificity for many self 

lipids, which created a situation in which autoreactive T cells were able to respond 

to any CD1c-expressing cell tested. This mode of autoreactivity is explained by a 

straightforward mechanism involving contact of the TCR with CD1c rather than with 

the lipids carried. If antigens are defined as the target of TCR contact, then CD1c itself 

is the antigen. Certain ligands can ‘dial up’ or ‘dial down’ the response on the basis of 

their overall headgroup size, with antigenic function being inversely correlated with 

headgroup size. 

The two distinct mechanisms by which TCRs contact CD1a or CD1c, while avoiding 

contact with the ligand, make different predictions about the nature of inhibitory and 

activating ligands. For CD1a, the autoreactive BK6 TCR involves an extreme left-shifted 

footprint that leaves the F′-portal uncovered13. While this allows polyspecific response 

to lipids, it makes no predictions about the ligands that can be recognized or block 

contact because the ligands can protrude and extend to the right side of the platform. 

In contrast, the sequestration mechanism for CD1c involved a centrally located TCR 

plugging the F′-portal and the seating of lipids fully within the CD1c cleft. Here, lipid 

sequestration allows general predictions about the types of lipids involved: activating 

self lipids must be small so that they can reside within the CD1c cleft. Larger lipid 

ligands with bulky headgroups will protrude and interfere with TCR binding. 

The lipid polyspecificity, which manifested as autoreactivity of CD1c to untreated 

cells and ‘endo tetramer’ staining of T cells, indicates that any TCR with the properties 

found in the 3C8 TCR or the HD1-derived lines would be activated in the presence of 

CD1c-expressing cells. This invites consideration of the mechanisms that limit CD1c-

mediated autoimmunity. First, although the spectrum of lipids normally bound to CD1c 
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in cells allows T cell activation and tetramer binding, certain lipids, such as PC and 

SM, blocked TCR autoreactivity. Second, ligand-induced structural flexibility of CD1c 

could disrupt the ‘landing pad’ for autoreactive TCRs8,27. A third mechanism is simply 

the restricted expression of CD1c in the periphery, which limits contact with CD1c-

autoreactive T cells38. Finally, autoreactivity does not always generate autoimmunity. 

For example, when CD1c-expressing B cells and dendritic cells do contact CD1c-

autoreactive T cells, the responses might represent immunoregulatory cross-talk, as 

has been demonstrated for CD1d39. 

Conventional models emphasize high antigen specificity and require an atomized T 

cell repertoire consisting of millions of non-crossreactive TCRs with many rare clones 

at low precursor frequency. Published studies have shown that CD1c- and CD1a-

autoreactive T cells have a high precursor frequency in human blood14,22. Here we 

have provided a detailed exposition of how CD1 autoreactivity can show extreme 

polyspecificity for lipids. Because the response is controlled by CD1c, not by the 

carried ligand, it diverges from the co-recognition model that is entrenched in the 

roots of MHC biology. Given the low CD1c polymorphism in humans and the extreme 

nature of TCR crossreactivity for lipids shown here, the CD1c TCR repertoire might be 

less complex than that of the MHC system. 

METHODS 

Lipid standards 

Triacylglycerol (TAG, # T5141), diacylglycerol (DAG, #D0138), monoacylglycerol 

(MAG, #M2015) and fatty acid (FA, #M3128) were purchased from Sigma-Aldrich. 

Glucosylceramide (#860539), phosphatidylcholine (PC, #850475), sphingomyelin (SM, 

860584), phosphatidylinositol (PI, 840042) and lyso-PC (#845875) were purchased 

from Avanti polar lipids. 

Lipid elution from proteins 

The lipid elution from human CD1c and HLA-DR4 proteins was performed in 15-ml 

glass tubes using chloroform, methanol and water, based on a published method40. 

The organic phase was separated from the aqueous phase and dried under a nitrogen 

stream. The eluent residue was re-dissolved in chloroform/methanol (1:2) and was 

stored at –20 °C for further mass analysis. For lipidomic analysis, CD1c and HLA-DR4 

were extracted three times for triplicate runs via HPLC-MS. 

Nanospray and HPLC-MS analysis of lipid eluents 

Extracted lipids from CD1c-endo and HLA-DR4 (~5 µl) were loaded onto a nanospray 

tip for nano-electrospray ionization mass spectrometry (ESI-MS) using a linear ion-
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trap mass spectrometer (LXQ, Thermo Scientific). For the Q-TOF HPLC-MS analysis, 

the eluents from CD1c-endo and HLA-DR4 were normalized to 20 µM based on the 

input proteins, and 20 µl were injected (Agilent 6520 Accurate-Mass Q-TOF and 1200 

series HPLC system using a normal phase Inertsil Diol column (150 mm × 2 mm, GL 

Sciences), running at 0.15 ml/min according to published methods41,42,43 with minor 

modifications. The lipid analysis for the eluents from 3C8 TCR–CD1c-lipid crystals 

was similar except that the injection quantity was calculated to normalized ~50 µg of 

input protein. For the reversed-phase HPLC-MS, an Eclipse Plus-C18 column (3.5 µM, 

2.1 mm × 30 mm, Agilent Technologies) was used based on published methods44. The 

mobile phases were (A) 2 mM ammonium formate in methanol/water (90/10; v/v) and 

(B) 2 mM ammonium formate in 1-propanol/cyclohexane/water (90/10/0.1; v/v/v). The 

solvent gradient was: 0–4 min, 100% A; 4–13 min, from 100% A to 100% B; 13–18 min, 

100% B; 18–20 min, from 100% B to 100% A; and 20–25 min, 100% A. To quantify the 

lipids, the peak areas of the time-intensity ion chromatograms were compared to the 

external standard curves. 

Human subjects 

PBMCs were isolated from venous blood drawn from healthy volunteers, after 

informed consent was obtained on an individual basis and with ethical approval 

and oversight from the ethics committee of Cardiff University School of Medicine. 

Additional healthy donors from Lima, Peru were recruited under oversight from the 

Institutional Committee of Ethics in Research (CIEI) of the Peruvian Institutes of 

Health, the Institutional Review Board (IRB) of the Harvard Faculty of Medicine, and the 

Partners Healthcare IRB. Peruvian patients provided oral and written informed consent 

in Spanish and met study criteria for lack of prior tuberculosis infection, as follows: 

a negative Quantiferon test result and no clinical evidence of active tuberculosis. 

Separately, PBMCs were obtained from leukoreduction collars provided by the 

Brigham and Women’s Hospital Specimen Bank. 

Generation of 3C8 TCR–transduced T cell line 

The Jurkat 76 (J76) T cell line was generated as previously described45. In brief, a pMIG 

construct containing 3C8 TCR sequence was co-transfected into HEK293T cells in the 

presence of the retroviral packaging vectors pPAM-E and pVSV-g. Supernatants from 

transfected HEK293T cells were harvested and used to transduce J76 cells. Following 

a 5-day transduction period, the J76.3C8 cells that had the highest surface expression, 

as determined by their GFP and CD3 expression, were enriched and sorted using a BD 

Aria III instrument (BD Biosciences). 

Tetramer staining 

CD1c tetramers were made from CD1c monomers from the NIH Tetramer Facility 
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as described32 and using a mammalian expression system and construct described 

below. The previously validated monomers were used for patient cohort studies 

(Figs. 1b,c, 7 and 8) and elution (Fig. 5), and the new design was coupled to multiple 

fluorophores and used for study of individuals (Fig. 1a) and staining of TCR-transfected 

cell lines (Fig. 2a,b). The J76.3C8, J76.NKT15 and parental J76 T cell lines were stained 

with PE-labeled tetramers of CD1c at 10 µg/ml in PBS containing 2% FCS (flow 

cytometry buffer). The cells and tetramers were incubated at 4 °C for 1 h and were 

washed twice in that flow cytometry buffer. Human PBMCs and T cells were stained 

with tetramers at 2 µg/ml in PBS containing 1% bovine serum albumin and 0.01% 

sodium azide for 20 min at 20 °C, followed by optimally titered antibodies for 20 min 

at 4 °C. In other experiments, human PBMCs were washed twice in lipid-free medium 

and were dually stained with PE- and BV421-conjugated tetramers for 20 min at 4 °C, 

followed by LIVE/DEAD fixable Aqua (Life Technologies) for 10 min at 20 °C and the 

following optimally titered antibodies for 20 min at 4 °C: anti-CD14-V500 (clone M5E2, 

BD Horizon) and anti-CD19-V500 (clone HIB19, BD Horizon); anti-CD3-APC-Fire750 

(clone SK7, BioLegend), anti-CD8-BV711 (clone RPA-T8, BioLegend) and anti-CCR7-

Cy7-PE (clone 3D12, BD Pharmingen); anti-CD4-Cy5.5-PE (clone S3.5, Thermo Fisher 

Scientific); and anti-CD45RA-ECD (clone 2H4LDH11LDB9, Beckman Coulter) and 

anti-pan-γδ-Cy5-PE (clone IMMU510, Beckman Coulter). 

For loading of CD1c monomers with defined ligands, 16 µg of PC or SM, or a 

combination of 5 µg C18:0 MAG and 5 µg C16 fatty acid, was sonicated for 30 min at 

37 °C in 50 µl of 0.5% CHAPS and 50 mM sodium citrate buffer, pH 7.4. CD1c monomers 

(10 µg) were added to the tubes and incubated overnight at 37 °C. For loading of CD1c 

monomers with PM, 5 µg of PM was sonicated for 30 min at 37 °C in 28 µl of PBS. CD1c 

monomers (10 µg) were added to the tubes and incubated overnight at 37 °C. The next 

day, 17 µl PBS was added to reach a final concentration of 0.2 mg/ml loaded CD1c 

monomers. For reloading experiments, CD1c monomers (4 µg) were treated overnight 

with 0.4 µg SM or not. Subsequently, 12 µg of ceramide, MAG or diacylglycerol (DAG) 

was added, and the CD1c–ligand mixtures were incubated overnight for a second time. 

Monomers were tetramerized using streptavidin-APC (Molecular Probes), streptavidin-

PE (Molecular Probes or Sigma-Aldrich) or streptavidin-BV421 (BioLegend). Cells were 

acquired using an LSRFortessa or a custom-modified FACSAria II flow cytometer (BD 

Biosciences). Flow cytometry data were analyzed with FlowJo software (Tree Star). 

Generation and testing of HD1 T cells and subsets 

PBMCs from subject HD1 were sorted based on their binding to anti-CD3 (clone SK7, 

Becton Dickinson) and CD1c tetramers treated with a mixture of MAG and fatty acid. 

Population expansion of sorted cells was performed using anti-CD3 (clone OKT3, 

produced in-house), irradiated feeder cells and IL-2. After 2 weeks, the sorting and 
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expansion procedure was repeated, and the resulting cell line was named ‘HD1’. 

IFN-γ ELISpot assays were performed using anti-1D1K and GB-11-biotin according 

to the manufacturer’s instructions (Mabtech). After an initial screen using Vβ-specific 

antibodies (Vβ2: IM1484; Vβ4: IM3602; Vβ5.1: IM1552; Vβ9: IM2003; Vβ13.6: IM1330 

and Vβ7.1: IM2287 (Beckman Coulter), Vβ13.1 (clone H31, Ebioscience), Vβ8 (clone JR2, 

Biolegend), Vβ21.3 (Catalog: 1483, Immunotech), three subsets of HD1 were sorted 

using anti-Vβ5.1 and cultured in vitro. The TCR β-chain sequences of HD1CD4+ and 

HD1CD4– were determined from RNA isolated with an RNeasy Kit (Qiagen), with cDNA 

synthesized using a Quantitect Reverse Transcription Kit (Qiagen). V-segment usage 

was determined by PCR using primer set IPS000030, as described online (https://

www.imgt.org/) and via a multiplex approach46. 

CD1c-mutagenesis assays 

DNA constructs encoding single-residue CD1c mutants were synthesized (Life 

Technologies) and cloned into pMIG247, and retroviruses were transduced into C1R 

cells. Surface expression of each mutant was confirmed by flow cytometry using 

anti-CD1c (clone L161, BioLegend), and cell lines were purified via cell sorting based 

on co-expression of eGFP and CD1c. C1R.CD1d cells were generated previously via 

similar means48. C1R cells were co-cultured at a 1:1 ratio with J76.3C8 cells overnight, 

and CD69 expression on eGFP+ CD3+ cells was assessed using an LSRFortessa flow 

cytometer (BD Biosciences). CD69 median fluorescence intensity (MFI) is presented 

relative to activation levels induced by C1R.CD1c wild-type antigen-presenting cells. 

Expression and purification of soluble 3C8 TCR and CD1c 

Genes encoding the extracellular domains of CD1c and β2-microglobulin were 

cloned into pHLsec vectors49 with the addition of C termini thrombin cleavage sites 

and leucine zippers (Fos, β2-microglobulin; Jun, CD1c; where CD1c contains a 

further BiRA-hexaHis tag). Soluble fusion proteins were expressed by cotransfection 

of HEK293S GnTI– cells with the plasmids pHLsec-β2-microglobulin-Fos and 

pHLsec-CD1c-Jun-BirA-hexaHis. Purified CD1c-β2-microglobulin heterodimers were 

obtained by nickel affinity followed by size-exclusion chromatography. The HLA-DR4 

molecules were expressed in HEK293S cells, with the CLIP peptide, and purified using 

a similar protocol to that of CD1c. 

Genes encoding the extracellular region of the 3C8 TCR (α-chain: TRAV29/DV5*01-

TRAJ30*01, CDR3α 104CAASVGDKIIF114; β-chain: TRBV7-2*01-TRBD2*01-

TRBJ2-1*01, CDR3β 104CASSSYRGPRMNEQFF119) were cloned into pET30a vectors 

and were expressed as insoluble inclusion bodies in Escherichia coli BL21 strain50. 

Inclusion bodies were purified from the bacterial cells and solublized in 8 M urea, 

0.5 mM EDTA, 1 mM DTT and 20 mM Tris-HCl, pH 8.0. The inclusion bodies were used 
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in the oxidative refold of the 3C8 TCR, and soluble TCRs were purified via a series 

of anion-exchange, size-exclusion and hydrophobic interaction chromatography 

methods. 

Surface plasmon resonance measurements and analysis 

Steady-state equilibrium affinity of the 3C8 TCR–CD1c-endo interaction was assessed 

at 25 °C using a BIAcore 3000 instrument with 10 mM HEPES, pH 7.4, and150 mM 

NaCl as the running buffer. The Vβ8.2 NKT TCR and mouse CD1d-endo material 

were produced as described previously51. Approximately 3,000 response units of 

biotinylated CD1c-endo, mouse CD1d-endo and mouse CD1d–α-galactosylceramide 

were coupled to a SA sensor chip and analyzed against a twofold serial dilution of the 

3C8 TCR (150 µM to 146 nM) or the Vβ8.2 NKT TCR (3.125 µM to 48.8 nM). The analyte 

was passed over the sensor chip at a flow rate of 5 µl/min for a period of 80 s, and the 

final response was subtracted from that of mouse CD1d-endo. The affinity value and 

sensorgram plots were generated using BIAevaluation and GraphPad Prism software. 

Crystallization and structure determination 

The leucine zipper of the CD1c–β2-microglobulin protein was removed using soluble 

thrombin. The zipperless CD1c–β2-microglobulin protein (CD1c-endo) was further 

purified by size-exclusion chromatography. The 3C8 TCR and CD1c-endo complexes 

were mixed at a ratio of 1:5 and were concentrated to 8 mg/ml in 10 mM Tris-HCl, 

pH 8.0, and 150 mM NaCl. Crystallization experiments were performed at 20 °C using 

the sitting-drop vapor-diffusion method. Crystals of the 3C8 TCR–CD1c-endo ternary 

and CD1c-endo binary complexes were obtained from the 3C8 TCR–CD1c-endo 

sample. Crystals of the 3C8 TCR–CD1c-endo ternary complex grew in precipitant 

containing 200 mM potassium thiocyanate and 20% PEG 3350 after 2 weeks. Crystals 

of the CD1c-endo binary complex were obtained in 10 mM MES, pH 6.5, 10% dioxane 

and 1.6 M ammonium sulfate after 3 months. Prior to X-ray diffraction data collection, 

crystals were cryoprotected in mother liquor (crystallization solution) containing 

20–30% ethylene glycol and then flash frozen in liquid nitrogen. Data collection was 

conducted at 100 °K on the MX2 beamline at the Australian Synchrotron. The 3C8 

TCR–CD1c-endo and CD1c-endo crystals diffracted in the P3
1
21 and P6

5
22 space 

groups, respectively. 

Data sets were processed using the CCP4 software suite52. Diffraction images 

were integrated using iMosflm, and intensities were scaled using SCALA. Ellipsoidal 

Truncation and Anisotropic Scaling were implemented using the UCLA Diffraction 

Anisotropy server53. The structure was determined via molecular replacement, 

using the CD1c-MPM binary complex (PDB accession code 3OV6) and the B7 TCR 

(PDB accession code 1BD2), with the CDR loops truncated, as search models in the 
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maximum likelihood-based molecular replacement program PHASER54. Densities 

indicative of the presence of ligands in the CD1c binding pockets (A′, F′ and G′) became 

visible following initial rounds of refinements using the structure refinement program 

autoBUSTER55. Throughout the structure refinement process, COOT was used to build 

structure models56. Various ligand libraries were generated using the program JLigand 

from the CCP4 Suite and used as models to fit the ligand densities. Structure factors 

and models were validated using wwPDB. 

Statistics 

The statistical significance of CD1b versus CD1c staining of PBMCs from 28 subjects 

was tested using the Wilcoxon signed rank test with continuity correction, after non-

normality was established using the Shapiro-Wilk test. 

Data Availability 

The data that support the findings of this study are available from the corresponding 

authors upon request. Structural information has been deposited in the Protein Data 

Bank under accession codes 6C09 (3C8 TCR–CD1c-lipid) and 6C15 (CD1c-lipid). 
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Supplementary Figure 1. Gating ancestry for tetramer stains in Fig. 1 and Supplementary Fig. 2. (A) Gating ancestry 

for the CD1c-endo tetramer stains shown in Figure 1a (CD3+CD14–CD19–) and Supplemental Figure 2 (CD3–CD14–

CD19–). (B) Gating ancestry for the CD1-endo and CD1b-endo tetramer stains and graphed data shown in Figure 

1b and 1c. 
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Supplementary Figure 2. CD1c-endo tetramer binding to CD3– cells. CD1c-endo tetramer staining of live CD3–

CD14–CD19– cells, pre-gated as shown in Supplementary Figure 1a. The corresponding CD1c-endo tetramer stains 

for CD3+CD14–CD19– cells are shown in Figure 1a. 
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Supplementary Figure 3. Sequence alignment of the different human CD1 isoforms. Residues on the CD1c α-helices 

that interacted with the 3C8 TCR are highlighted. Alanine-substituted residues are highlighted to indicate effects on 

CD69 expression by J76.3C8 cells: > 50% decrease, red; < 25% decrease, green. Residues that were not substituted 

are colored purple. * identical residue; : conserved residue;. conserved residue in 3 CD1 isoforms. 
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Supplementary Figure 4. Collision induced dissociation mass spectrometry of the CD1c ligand. Collision induced 

dissociation mass spectrometry of the CD1c ligand of m/z 359.316 is identified as monoacylglycerol (MAG) based 

on fragments corresponding to a single fatty acid (m/z 285.279) and a mass interval corresponding to glycerol. This 

pattern matches that derived from an authentic MAG standard. 
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Supplementary Figure 5. Reversed-phase analysis of lipids eluted from CD1c or 3C8 TCR–CD1c in HPLC-TOF-

-MS. Ions matching the expected retention time and m/z value of monoacylglycerol (MAG), sphingomyelin (SM), or 

phosphatidylcholine (PC) with a lipid moiety of CX:Y, where X is the total number of carbon atoms in the alkyl chain(s) 

and Y is the total number of unsaturations. 
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Supplementary Figure 6. Absolute quantification of lipids detected in association with CD1c or 3C8 TCR–CD1c 

using HPLC-TOF-MS. Lipids present in the eluents of the indicated CD1c or CD1c-TCR complex were compared to 

authentic standards of (A) MAG, (B) PC and (C) SM measured under the same conditions and expressed as area under 

the curve of the ion chromatogram (count-seconds). These values were used to calculate molar ratios of lipid ligands 

shown in Figure 5 (right). Data are representative of two independent experiments with similar results. 
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Supplementary Figure 7. Close up view of the CD1c antigen-binding pockets. (A) Superposition of CD1c-SL (cyan) 

onto the 3C8 TCR-CD1c-MAG (pink) structure showing the decanes and lauric acids occupying a position near the 

F′- and G′-portals 1. Despite occupying the same A′-pocket, the density modeled as MAG penetrated further into the 

antigen-binding cleft. (B) Electron density maps of MAG C16:0 and (C) stearic acid modeled into the 3C8 TCR-CD1c-

-endo crystal structure (blue, 2Fo-Fc = 1.0 σ), and (D) PC modeled into the CD1c-endo crystal structure (blue, 2Fo-Fc 

= 0.7 σ). (E) Close-up view of the interactions between residues in the CD1c binding pocket and MAG. (F) Spacer 

lipids in the F′-pocket housed within a network of hydrophobic residues. (G) Superposition of the previously solved 

CD1c-SL1, CD1c-MPM2 and CD1c-PM3 crystal structures onto the 3C8 TCR-CD1c-lipid and CD1c-lipid complexes. 

The CD1c molecule is displayed as gray surfaces, and residues that participated in forming the F′-roof are highlighted 

in violet. CD1c α-helices are colored as: CD1c-MAG, pink; CD1c-SL, cyan; CD1c-SM, green; CD1c-MPM, orange; and 

CD1c-PM, teal. MAG, pink sticks; Decane, purple sticks; Stearic acid, cyan sticks; PC, yellow sticks. 
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Supplementary Figure 8. Sorting of HD1CD4+ and HD1CD4– cells and treatment of MAG rescues staining with a 

SM-treated CD1c tetramer. (A) HD1CD4– cells and HD1CD4+ cells were stained with CD1c tetramer-APC or not, two 

weeks after sorting and stimulation with irradiated feeder cells and anti CD3 antibody. (B) CD1c monomers were first 

treated overnight with SM, or mock treated. Subsequently, ceramide, MAG, or diacylglycerol (DAG) was added and 

the CD1c-ligand mixtures were incubated overnight for a second time. The tetramerized monomers were used to 

stain the cell line HD1CD4+ (top), or HD1CD4– (bottom). Data are representative of 2 independent experiments with 

similar results. 
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Several CD1 lipid antigens have been described that are presented by CD1b and 

CD1c to human T cells. Some of the well-studied bacterial antigenic lipids are 

summarized in figure 1, including the mycobacterial lipids diacyl trehalose (DAT) 

and mannosyl phosphomycoketide (MPM) that were studied in this thesis. Besides 

recognition of exogenous lipids, we and others have observed that CD1 proteins 

can be recognized when loaded with endogenous lipids. There are several shared 

lipids that can be presented by all CD1 isoforms and that have been shown to induce 

a lipid-specific autoreactive T cell response (Figure 1). Besides co-recognition of 

CD1-lipid complexes by autoreactive TCRs, CD1a, CD1b, and CD1c can also be 

recognized directly, independent of the lipid that is presented (Figure 1). This 

chapter will provide some overarching insights derived from the five experimental 

chapters on lipid-dependent and -independent recognition of CD1 in this thesis. 

Whereas the discussion at the end of each chapter pertains only to the work of that 

chapter, this last chapter will discuss my work in a broader sense.  

The role of interdisciplinary teams  

Interdisciplinary research is necessary when addressing complex problems from 

multiple angles. Researchers from multiple disciplines that form an interdisciplinary 

team work together by sharing perspectives, ideas, reagents, and data to advance 

our understanding of certain subjects. The research described in this thesis would 

not have been possible without collaboration across multiple disciplines, such as 

immunology, chemistry, crystallography, and epidemiology. By using synthetic lipids 

in our studies, made by collaborating analytical chemists, we overcome the limitation 

of impure or insufficient amounts of lipid for immunological study and it allows us to 

perform structure-function studies of a lipid and its analogues. Working together with 

crystallographers allows us to understand the CD1-lipid-TCR interactions that were 

discovered using CD1 loaded with the synthetic lipids. Moreover, by collaborating 

with clinicians and epidemiologists in a tuberculosis cohort study, we were able 

to study biospecimens and test our hypotheses in a setting of clinical importance. 

Successful long term interdisciplinary teams are characterized by respect for each 

other’s specialized knowledge and a willingness to try to explain and understand 

each other’s discipline as much as possible. One of the great advantages of being 

part of an interdisciplinary research team is the opportunity to learn from each other. 

Based on my own experience, I believe that the future of successful research involves 

interdisciplinary teams working together towards a shared goal. 

CD1 and tuberculosis 

Worldwide, tuberculosis (TB) is one of the top causes of death from a single infectious 

agent1. An estimate of 1.3 million people died from TB in 2020 in Global Fund 

Eligible Countries, which was ~3 times higher than death due to COVID-19 disease 2. 
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Provisional data on 2020 compiled by the WHO suggests that due to the COVID-19 

pandemic an estimated 1.4 million fewer people received care for TB in 2020 than in 

2019, which is a reduction of 21% from 20193, 4. The WHO estimates that disruptions 

in access to TB care due to COVID-19 could cause an additional half a million deaths 

by TB. Due to both the high number of TB deaths and estimated increase in deaths by 

reduced care due to COVID-19, it is even more important now to develop a vaccine 

that is able to prevent infection with Mycobacterium Tuberculosis (Mtb) or active TB. 

Besides the bacille Calmette-Guerin (BCG) vaccine that has existed for 100 years, 

there are no licensed vaccines against tuberculosis. The mechanisms of protection 

induced by the BCG vaccine are still poorly understood. The BCG vaccine provides 

only partial protection against tuberculous meningitis and miliary disease in children, 

but BCG vaccine efficacy decreases with age5, 6. Thus, there is an urgent need for a 

new vaccine. 

Figure 1. Overview of antigenic lipids presented by CD1 proteins. CD1 proteins can present exogenous or endo-

genous proteins to T cells. Each CD1 isoform presents highly specific exogenous lipids, but the endogenous li-

pidome is shared among the CD1 proteins. In some cases, TCRs can recognize the CD1 protein directly. MA 

– mycolic acid, GMM – glucose monomycolate, SGL – diacyl sulfoglycolipid, DAT – diacyl trehalose, PM – phosp-

homycoketide, MPM - mannosyl-b1-phosphomycoketide, SM – sphingomyelin, PI – phosphatidylinositol, PC –  

phosphatidylcholine. Adapted from Erin J Adams, Current Opinion in Immunology 2014.59 

CD1dCD1b

β2m

F’A’ A’
C’

T’

CD1c

F’A’

β2m

G’

D’ E’

β2m

F’

A’ pole

β2m

CD1a

A’ roof A’ pole

F’A’

C’ portal

exogenous 
lipids

mycobactins MA, GMM,
SGL, DAT

PM,
MPM

α- and β-linked
glycoceramides

endogenous lipids (e.g. SM, PI, PC, sulfatides)

recognition of CD1 protein itself regardless 
of the endogenous lipid presented 

(BK6, BC14.1, and 3C8 TCRs) 



158

Chapter 7 - General Discussion

The most reliable diagnostic assays for infection with Mycobacterium tuberculosis 

(Mtb) are the Interferon-Gamma release assay (IGRA) and the intradermal purified 

protein derivative (PPD) skin test. Both intradermal PPD and IGRA detect responses of 

T cells in whole blood to mixtures of peptide antigens from Mtb presented by MHC 

proteins7. As discussed in chapters 2, 3, and 4, in addition to Mtb peptide antigens, T 

cells can recognize cell wall lipids of Mtb presented by CD1 molecules. In this thesis 

I have demonstrated that lipids presented by CD1 could function as alternative T cell 

targets for vaccine and diagnostic purposes.  

Technological advances: tetramers  

Several human studies have described increased T cell responses to mycobacterial 

lipids in individuals with active or latent TB compared to uninfected individuals8-11. 

However, these findings were based on functional assays of T cells stimulated with 

mycobacterial lipids. While these assays demonstrate increased T cell recognition, 

they do not quantify numbers of responding T cells directly. Another limitation is that 

low frequencies of mycobacterial lipid-reactive T cells might not be detected above 

the background levels of activation or false positive signals. Lastly, these functional 

assays did not distinguish between direct T cell activation via the TCR or indirect, so-

called “bystander” activation which could take place if the antigen being studied is 

also an activator of the innate immune system12. To bypass these technical limitations 

of functional assays, I made use of fluorescent labeled CD1 tetramers to specifically 

detect T cells that recognize the lipid antigen of interest. Tetramer staining can be 

combined with staining for markers of T cell function, including cytokines, granzymes, 

and markers for T cell subsets, or the tetramer-specific T cells could be isolated for 

RNA sequencing.  

To generate tetramers to study lipid antigen-specific T cells we use CD1a, CD1b, CD1c, 

and CD1d monomers from the NIH Tetramer Core Facility. We treat the biotinylated 

CD1 monomers with the lipid of interest to exchange the lipids that are already present 

in the antigen cleft for stabilization of the proteins after translation in the endoplasmic 

reticulum. It is likely that during lipid treatment of CD1 monomers not all CD1 proteins 

are loaded with the lipid of interest, which means that when using these mixtures of 

tetramers, we may also select for T cells that recognize CD1b loaded with endogenous 

lipids (CD1b-endo). Indeed, while searching for mycobacterial lipid specific T cell we 

often detect T cells that bind CD1b-endo tetramers and are autoreactive in functional 

assays. For example, the BC14 T cell line described in chapter 5 and HD1B T cell line13 

obtained during our search for DAT specific T cells are both autoreactive.  

Finally, whether treatment of CD1 with a new lipid of interest that has never been used 

in a tetramer before leads to a functional tetramer that correctly identifies lipid-specific 
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T cells, can only be determined experimentally. Definitive proof consists of isolation 

of tetramer positive T cells, followed by a cytokine release assay after stimulation of 

the cells with antigen presenting cells and lipid antigen. In this thesis I have created 

two new tetramers and provided proof of their functionality and specificity: CD1b-DAT 

tetramers (chapter 3) and CD1c-MPM tetramers (chapter 4).
  

Mycobacterial lipid-specific T cells in blood 

Several lipids present in the cell wall of Mtb have been shown to act as antigens for 

human T cells. Our studies described in this thesis investigated a new lipid antigen, DAT, 

as well as a previously discovered lipid antigen, MPM. One of the goals was to develop 

CD1 tetramers loaded with synthetic DAT and MPM and measure the frequency of lipid 

reactive T cells. By doing so, we have shown in chapter 3 that CD1b-DAT reactive T cells 

can be detected in healthy donors and participants of a TB cohort study. Comparable 

observations were made in chapter 4 for CD1c-MPM specific cells. After stimulating 

PBMCs from a healthy donor with MPM-3, a so-called ‘in vitro immunization’, we were 

able to detect a clear CD1c-MPM tetramer positive T cell population.  

Although DAT and MPM tetramer positive T cells were observed in chapter 3 and 

4, the frequency of these cells is very low in blood. The median frequency of DAT-

specific T cells is 0.003% of total T cells from the cohort of 147 participants. For MPM 

several rounds of antigen stimulation were needed to detect a clear tetramer positive 

population. For comparison, the median frequency of CD1b-glucose monomycolate 

(GMM)-specific T cells is 0.0034% and for CD1b-mycolic acid (MA)-specific T cells it 

is 0.0073% of total T cells in the same cohort of 147 participants 14. So, the frequency 

of DAT-specific T cells is similar to that of GMM-specific T cells, but lower than 

MA-specific T cells. In contrast, Type I NKT cells, that recognize CD1d loaded with 

α-galactosylceramide, have a 10-fold higher median frequency of 0.03% of total T 

cells from healthy donors and MAIT cells, that recognize the MHC class I-like protein 

MR1 presenting bacterially-produced vitamin B metabolites, account for an even 

higher median frequency of 2.6% of total T cells from healthy donors15.  

Several studies have looked into the role of CD1-restricted T-cells in immunity 

against Mtb. It is clear that mycobacterial lipid specific T cells are able the respond 

to Mtb infection as demonstrated by proliferation of T cells upon stimulation with 

mycobacterial lipids (chapter 4), the production of cytokines, such as IFNγ, TNFα, and 

IL-2, in activation-based assays (8-11, 16-19 and chapter 3 and 4) and the ability of lipid-

specific T cells to control Mtb growth in antigen presenting cells (APC) by expressing 

molecules such as perforin, granulysin, and granzymes11, 20-22. Studies on expression of 

memory markers by GMM and MA specific-T cells show that these cells produce both 

effector and memory markers  10, 14. The expression of the memory marker CD45RO by 
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lipid-specific T cells across multiple studies suggests prior in vivo activation of these 

cells in TB patients10, 14, 23. MA-specific cells were shown to expand long after treatment  

upon in vitro stimulation with MA, indicative of lipid-specific immunological memory 
10. The low frequencies of DAT- and MPM-specific T cells make it difficult to fully 

define the phenotype of these cells. To determine functionality of tetramer positive 

cells we often sort and expand them before we perform functional assays. However, 

a great disadvantage of this expansion is that markers such as memory markers and 

chemokine or cytokine receptors are influenced by artificial activation and expansion 

of the cells. It is possible that at the site of infection, the lung in case of TB disease, the 

percentage of mycobacterial recognizing T cells is higher. Detection of CD1b-specific 

T cells in lung granuloma biopsies of patients with active pulmonary disease suggests 

lipid-specific T cell immunity in host defense against TB at the site of infection24, in 

line with other studies demonstrating upregulation of CD1b in TB granulomas and 

leprosy lesions17, 25. Therefore, despite the difficulties in obtaining Mtb infected lung 

biospecimens, studying recognition of CD1-presented mycobacterial lipids by T cells 

that are recruited to or resident in the lung, might provide more insight into the biology 

of these cells, now that we have established that they exist. 

Use of mycobacterial lipids for TB diagnosis 

Although there are multiple diagnostics for TB disease and Mtb infection, new 

diagnostic approaches are still needed to diagnose disease stage, improve diagnostics 

in children, improve the speed of diagnostic tests, and to monitor treatment of 

patients. In the DAT study in chapter 3, we did not observe a difference in frequencies 

of CD1b-DAT binding T cells among highly exposed groups that differed in their IGRA 

status, similar to other CD1 tetramer studies in cohort studies14, 26. Thus, a more general 

perspective is that blood-based quantification of lipid-specific T cells is not a clinically 

relevant measure of total body T cell dynamics and therefore not suitable for diagnosis 

of disease.  

Another diagnostic approach taken over the years is a diagnostic ELISA using 

mycobacterial lipids, such as DAT, to detect the presence of antibodies against 

the lipid in serum. Several studies have been published that assess the antigenic 

properties of DAT glycolipids by ELISA, but these were tested mainly as mixtures of 

DAT purified from Mtb, rather than pure synthetic compounds. It was demonstrated 

in several studies in the 1990s that anti-DAT antibodies are present in blood sera of 

TB patients but not of healthy controls27-31. These results suggest that DAT and other 

mycobacterial lipids can be used for diagnosis of TB infection in patients using serum. 

Lateral flow assays, based on the same principles as ELISAs, with synthetic DAT as 

antigen to detect the presence of serum antibodies might be more attractive than 

an ELISA because they are low-cost, provide rapid results, and easy to perform. The 
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lateral flow urine lipoarabinomannan assay, that is able to detect the mycobacterial 

lipid lipoarabinomannan (LAM) antigen in urine from patients with HIV and therefore 

decreased CD4 T cell counts, is now recommended by the WHO to assist in diagnosis 

of TB32. Thus, the availability of synthetic mycobacterial lipids, such as DAT, and novel 

methods for antibody detection, like the lateral flow assay, can potentially lead to an 

easy-to-use diagnostic TB test.  

Use of mycobacterial lipids in TB vaccines  

The use of mycobacterial antigenic lipids that are known to be presented by CD1 to 

human T cells has been considered in the development of new vaccines against TB.  

The induction of both lipid-specific acute adaptive and memory immune responses 

in patients with TB suggests that mycobacterial lipids may be targets for new and 

improved TB vaccines 10, 14. A suitable animal model to test CD1 targeting vaccines is 

the guinea pig, since this species naturally expresses group 1 CD1 proteins that are 

homologous to human CD1b and CD1c33 , and is highly sensitive to aerosolized Mtb. 

Immunization of guinea pigs with a mixture of lipids isolated from Mtb, incorporated 

into liposomes with adjuvant, generated cytotoxic CD1-restricted T cell responses34. 

A follow up study showed that vaccinated guinea pigs had a reduced bacterial burden 

in the lung and spleen four weeks post infection with Mtb. Moreover, the pathology 

of the lungs of the animals was significantly less, as seen by smaller, less necrotic, 

and more lymphocytic granulomatous lesions35. In a different study guinea pigs were 

immunized with two purified mycobacterial lipids formulated in liposomes: diacylated 

sulfoglycolipid and the phosphatidyl-myo-inositol dimannoside. Four weeks post 

infection, significant reduction of bacterial load in the spleen was observed compared 

to the unvaccinated animals, and less severe pathology in the lung36. These results 

suggest that lipid antigens can indeed elicit a protective immune response and 

should be considered as antigens in subunit vaccines. DAT
1
, DAT

2
 (chapter 3), and 

the degradation-insensitive MPM analog, MPM-3 (chapter 4), are able to activate T 

cells when presented by a CD1 isoform and these antigenic lipids could therefore 

potentially be used in subunit vaccines. In vitro, stimulation with CD1c and MPM-3 lead 

to an expansion of MPM-specific human T cells, suggesting that MPM-3 is a suitable 

candidate for vaccine studies. The next step would be to use synthetic MPM-3, DAT, 

or a combination of multiple antigenic lipids to elicit an immune response in vivo in 

an animal model such as the guinea pig, and a subsequent immunization-challenge 

study. 

Besides targeting lipid-specific T cells, DAT could also be considered as a potential 

vaccine adjuvant. Freund’s Complete Adjuvant (FCA), a water-in-oil emulsion 

containing heat inactivated Mtb, is one of the most potent adjuvants37. However, 

due to its toxicity FCA is not used in human vaccines38. The glycolipid trehalose-
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6,6′-dimycolate (TDM) is highly abundant in the cell wall of Mtb and likely account 

for a significant proportion of FCAs adjuvanticity39. TDM and its synthetic analog 

trehalose-6,6′-dibehenate (TDB) are ligands for macrophage-inducible C-type lectin 

(Mincle), a pathogen recognition receptor of the innate immune system that activates 

macrophages upon stimulation39, 40. Activation of the Mincle receptor by TDM and 

TDB generates a Th1/Th17 immune response. The use of the immunomodulatory 

lipid TDB instead of CFA as an active component in adjuvants has been explored. For 

example, the CAF01 liposomal adjuvant that is composed of TDB incorporated into 

cationic liposome vehicles made from dimethyldioctadecylammonium41.  When used 

in pre-clinical trials of the TB vaccine H1:CAF01, the CAF01 adjuvant induced long 

lasting Th1/TH17 immune responses due to signaling through Mincle and protection 

against TB infection after exposure to Mtb39, 42-44. In a phase I clinical trial H1:CAF01 

induced strong and long-lasting antigen specific T-cell responses, suggesting that the 

adjuvant CAF01, containing the lipid TDM, is a great candidate for the development 

of TB vaccines45. We showed in chapter 2 and 3 that synthetic DAT
3
 was also able 

to induce activation of Mincle. Since DAT
3
 showed similar potency to TDM, DAT

3 

could be considered as a component of a vaccine adjuvant to boost and modulate 

immune responses. More in vitro and in vivo studies would be needed to determine 

the immunomodulatory effects of synthetic DAT
3
.  

CD1 autoreactive T cell receptors 

With the help of trimolecular crystal structures that reveal the interaction between 

the TCR, lipid, and CD1 molecule, we are able to distinguish two mechanisms of 

interaction between autoreactive TCRs and CD1 molecules: co-recognition of CD1-

lipid complexes and direct recognition of CD1 in the absence of interference. There are 

multiple autoreactive TCRs described so far that follow the CD1-lipid co-recognition 

model13, 46-50. The absence of interference model can be broadly divided in two 

categories based on previous published co-complexation crystal structures of TCRs 

with CD1 molecules and our new findings. The first category consists of recognition 

of the CD1 molecule itself. This is shown by the BK6 TCR ternary structure, where the 

TCR binds extreme left-shifted on CD1a and makes no contact with the lipid that is 

presented (Figure 2a)51. The second category is new and described in chapter 6: the 

CD1-TCR co-complexation crystal structure showed that the 3C8 TCR docks centrally 

over the surface of CD1c, with the TCR covering the antigen portal where headgroups 

of the lipid antigens would normally protrude (Figure 2a). This CD1c-TCR interaction 

requires the lipids to be small enough to be fully sequestered within CD1c. Lipids with 

larger headgroups, such as sphingomyelin, block binding of the TCR and are therefore 

non-permissive.  

In chapter 5 we described three different γδ TCRs that are able to recognize CD1b via 



163

7

distinct binding patterns (Figure 2b). The BC14.1 TCR seems to fit into the category of 

recognition of the CD1 protein itself, based on the inability to determine a footprint 

using CD1b molecules mutated around the antigen binding cleft, and its insensitivity 

to a range of lipid antigens including with large headgroups. Where the BK6 TCR and 

9C2 TCR still contact the CD1 roof, the binding mode of the BC14.1 TCR might be 

to the underside of CD1b, as has been shown for a γδ TCR that recognizes MHC-I 

like molecule MR152. Of the other two TCRs studied in chapter 5, BC14.2 and BC14.4, 

BC14.2 seems to be docking over the antigen portal of CD1b, as shown by the footprint 

of the TCR, and recognizes phosphatidylinositol and would thus follow the CD1-lipid 

co-recognition model. The BC14.4 TCR binds right-shifted on CD1b, but close enough 

to the antigen for the TCR to still make contact with the presented lipid, but it does 

Figure 2. Binding models for autoreactive TCRs. (A) Left-shifted and buried ligand binding models based on 

solved ternary CD1-lipid-TCR structures. Adapted from Cotton et al. Current Opinion in Immunology 2018.60 (B) 

Endogenous lipid antigens presented by CD1b that are recognized by autoreactive BC14 γδTCRs. Ternary CD1-lipid-

TCR structures are needed to determine binding models of the BC14 γδTCRs.
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tolerate small and several large lipids. Co-complexation crystal structures are needed 

to properly classify the binding interactions of these γδ TCRs and CD1b (Figure 2b).  

The high prevalence of CD1b and CD1c specific T cells in blood of healthy donors, 

with frequencies ranging from 0.003-0.25% for CD1b autoreactive TCRs and from 

0.012-0.3% for CD1c autoreactive TCRs in a cohort of healthy donors (chapter 6), 

raises the question how autoreactivity by these T cells is controlled. We have shown 

in chapter 5 and 6 that the studied CD1b and CD1c autoreactive T cell lines are able 

to produce IFNγ upon stimulation with CD1 expressing APCs. The specificity of T 

cells to either the CD1 protein itself or the endogenous lipids presented by CD1 and 

their ability to produce cytokines, suggests that any CD1-autoreactive T cell would 

be activated when encountering APCs expressing CD1. One way the immune system 

might keep autoreactivity under control is a tight regulation of expression of CD1 by 

these APCs. Where MHC class-I proteins are ubiquitously expressed by all nucleated 

cells, expression of CD1 molecules in healthy tissue is more limited. Expression of both 

CD1b and CD1c is upregulated during inflammation induced monocyte differentiation 

into dendritic cells after activation with exogenous stimuli, such as GM-CSF, IL-4, and 

IL-1β53-56. Another mechanism to limit autoreactivity could be the expression of non-

permissive ligands. For the CD1c-reactive 3C8 TCR we observed that certain lipid, 

such as sphingomyelin and phosphatidylcholine, were able to block binding of the 

TCR to CD1c. A similar finding was described in studies on CD1a- and CD1d-reactive 

TCRs, where different SM species were able to regulate peripheral activation of T cells 

in response to both endogenous and exogenous stimulatory lipid antigens57, 58.  

Concluding remarks 

In collaboration with synthetic chemists, I discovered the antigenicity of the 

mycobacterial lipid diacyl trehalose for human T cells, as well as T cell recognition of 

a chemically stabilized version of mycobacterial lipid mannosyl phosphomycoketide. 

Furthermore, I discovered CD1b autoreactive γδ T cells and CD1c autoreactive αβ T 

cells in the blood of healthy donors. The absence of interference model applies to 

these CD1b- and CD1c-specific TCRs and it remains to be determined whether these 

cells are involved in tissue homeostasis or pathogenesis of autoimmune diseases. 

Therefore, this thesis provides new insights into the two faces of CD1 biology: 

autoreactivity and reactivity against pathogen-derived lipids.
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LIST OF FREQUENTLY USED ABBREVIATIONS: 

APC – antigen presenting cell 

APC (flow cytometry) – allophycocyanin 

BC – buffy coat 

CD1 – cluster of differentiation 1 

DC – dendritic cell 

DAT – diacyl trehalose 

ELISPOT – enzyme-linked immune 

absorbent spot 

GMM – glucose monomycolate 

HD – healthy donor 

IFNγ – Interferon gamma 

IL-2 – Interleukin 2 

LPA – lysophosphatidic acid  

LPC – lysophosphatidylcholine  

MA – mycolic acid 

MCCD – monocyte derived dendritic cell 

MHC – major histocompatibility complex 

MPM – mannosyl-b1-phosphomycoketide 

Mtb – Mycobacterium tuberculosis 

PC – phosphatidylcholine  

PE – phosphatidylethanolamine 

PE (flow cytometry) – phycoerythrin 

PI – phosphatidylinositol  

PIM2 – phosphatidylinositol dimannoside 

PG – phosphatidylglycerol  

PM – phosphomycoketide 

PS – phosphatidylserine 

SGL – diacyl sulfoglycolipid 

SM – sphingomyelin  

TB – tuberculosis  

TCR – T cell receptor 

TDM – Trehalose-6,6′-dimycolate  

TRAV – T cell receptor alpha variable 

TRBV – T cell receptor beta variable 

TRDV – T cell receptor delta variable 

TRGV – T cell receptor gamma variable
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NEDERLANDSE SAMENVATTING  

Antigeen presenterende moleculen  

De bekendste moleculen die antigenen presenteren aan T cellen zijn de major 

histocompatibility complex (MHC) moleculen. Eiwitten van pathogenen, zoals 

virussen en bacteriën, worden afgebroken in de cel tot kleinere peptiden die worden 

gepresenteerd door MHC. Het peptide-MHC complex kan vervolgens worden herkend 

door T cellen, wat leidt tot de activatie van het adaptieve immuunsysteem. Een minder 

bekende familie van antigeen presenterende moleculen is cluster of differentiation 1 

(CD1), met onder andere CD1a, CD1b, CD1c en CD1d. Deze moleculen presenteren 

lipiden van pathogenen aan T cellen in plaats van peptiden. Waar elk persoon een 

verschillende set van meerdere MHC-moleculen heeft, die allemaal verschillende 

peptiden presenteren, zijn de vier CD1 moleculen hetzelfde in ieder mens. Als eenmaal 

bekend is dat een bepaald lipide als antigeen kan fungeren, wordt het dus in elk individu 

gepresenteerd door hetzelfde CD1 molecuul. Dit maakt CD1 een goede kandidaat 

voor het ontwikkelen van vaccins en diagnostische testen. In dit proefschrift focussen 

we op antigeen presentatie door CD1b en CD1c.  

T cel respons tegen mycobacteriële lipiden  

Er zijn meerdere lipide antigenen bekend die geladen kunnen worden in CD1b en 

CD1c voor presentatie aan T cellen. De celwand van Mycobacterium tuberculosis 

bevat meerdere van deze lipide antigenen. Mycobacterie-specifieke T cel receptoren 

herkennen voornamelijk de suikergroep van het lipide die uitsteekt uit het CD1 

molecuul, terwijl de hydrofobe delen die in het CD1 molecuul zitten begraven vaak 

geen contact maken met de TCR. Om te kunnen onderzoeken welke lipiden uit de 

celwand van M. tuberculosis een immuunrespons veroorzaken worden deze lipiden 

vaak geïsoleerd uit bacteriekweken, wat beperkingen met zich meebrengt wat betreft 

de kwantiteit en zuiverheid van de lipiden. Daarom maken we in deze thesis gebruik van 

synthetische lipiden. Om herkenning van deze lipiden door T cellen te onderzoeken, 

gebruiken we fluorescent gelabelde tetrameren van recombinante CD1 eiwitten die 

we laden met het lipide waarin we geïnteresseerd zijn.  

Een van de lipiden in de celwand van M. tuberculosis is diacyl trehalose (DAT). We 

onderzochten de immuunrespons tegen drie synthetische varianten van DAT met 

kleine verschillen in hun structuur: DAT1, DAT2 en DAT3. We hebben aangetoond 

dat zowel DAT1 en DAT2 kunnen worden gepresenteerd door CD1b aan T cellen van 

gezonde bloeddonoren en dat DAT2 leidt tot activatie van T cellen. In een studie 

waar we herkenning van DAT2 door T cellen van patiënten die tuberculose hebben 

vergeleken met gezonde donoren uit hetzelfde huishouden, zagen we echter geen 

verschil in de hoeveelheid T cellen die DAT2 herkennen. Naast herkenning van DAT 
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door T cellen van het adaptieve immuunsysteem, hebben we vastgesteld dat DAT3, en 

niet DAT1 of DAT2, de innate immuun receptor Mincle kan activeren. Deze resultaten 

suggereren dat het aanbrengen van kleine chemische verschillen in lipiden kan leiden 

tot herkenning door verschillende celtypes in het immuunsysteem. 

Naast DAT hebben we ook het immuunrespons tegen mannosyl-β1-

phosphomycoketide (MPM) onderzocht. Eerdere studies hebben aangetoond dat 

MPM gepresenteerd wordt door CD1c en in staat is om T cellen te activeren. MPM 

wordt echter afgebroken tot phosphomycoketide in antigeen-presenterende cellen. 

Daarom onderzochten wij of we stabiele synthetische varianten van MPM konden 

maken die even goed door T cellen worden herkend. Van de drie kandidaten was er 

één analoog, MPM-3, die niet afgebroken werd in antigeen-presenterende cellen en in 

staat was de MPM-specifieke T cellijn te activeren in dezelfde mate als natuurlijk MPM. 

Door immunisatie na te bootsen in vitro met dendritische cellen en T cellen geïsoleerd 

uit bloed, zagen we dat stimulatie met het MPM-3 lipide T cellen kan activeren. MPM-3 

is dus een goede kandidaat voor het ontwikkelen van een vaccin tegen tuberculose.  

CD1 autoreactive T cel receptoren 

Naast het presenteren van lichaamsvreemde, bacteriële lipiden, kunnen CD1 moleculen 

ook lichaamseigen lipiden presenteren. Na translatie in het endoplasmatisch reticulum 

binden CD1 moleculen lichaamseigen lipiden voor stabilisatie, waarna ze worden 

getransporteerd naar de celmembraan via het Golgi-apparaat. Sommige T cellen 

kunnen deze lichaamseigen lipiden herkennen die worden gepresenteerd door CD1 

op het celmembraan van antigeen-presenterende cellen.  

Ons onderzoek toont aan dat autoreactieve T cel receptoren die CD1b of CD1c 

tetrameren met lichaamseigen lipiden herkennen, gedetecteerd kunnen worden in het 

bloed van de meeste gezonde donoren. We beschrijven een nieuw model van CD1c 

herkenning door autoreactieve T cellen, waar in plaats van het gepresenteerde lipide 

het CD1c molecuul zelf wordt herkend. De T cel receptor bindt over het antigeen 

portaal van CD1c waar de lipiden kunnen uitsteken. Om deze herkenning mogelijk te 

maken moeten de lipiden klein genoeg zijn om volledig begraven kunnen worden in 

het CD1c molecuul.  

Naast CD1c-autoreactieve T cel receptoren beschrijven we in dit proefschrift ook 

CD1b-autoreactieve T cellen. Waar eerder onderzoek al heeft aangetoond dat αβ 

T cellen in staat zijn om CD1b te herkennen, tonen wij hier voor het eerst aan dat 

CD1b-autoreactieve γδ T cellen ook voorkomen in het bloed van gezonde donoren. 

De meeste CD1b-specifieke γδ T cellen in het bloed gebruiken de Vδ1 keten. Ondanks 

dat de verder bestudeerde T cel receptoren alle drie Vδ1 gebruiken, zagen we toch 
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duidelijke verschillen in herkenning van het oppervlak van CD1b. Waar herkenning van 

CD1b door twee van de receptoren werd beïnvloed door het lipide in de antigeen 

groeve van CD1b, bindt de derde T cel receptor CD1b ongeacht het lipide dat wordt 

gepresenteerd. 

De detectie van CD1b en CD1c autoreactieve T cellen in het bloed van gezonde 

donoren roept de vraag op welke mechanismen het lichaam gebruikt om deze T cellen 

onder controle te houden en auto-immuunziekten te voorkomen. Het is mogelijk dat 

de sterke regulatie van CD1 expressie in antigeen presenterende cellen autoreactiviteit 

voorkomt.  
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