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Abstract

The insulin peptide B:9-23 is a natural antigen in the non-obese diabetic (NOD) mouse model of

type 1 diabetes (T1D). In addition to αβ T cells and B cells, γδ T cells recognize the peptide and

infiltrate the pancreatic islets where the peptide is produced within β cells. The peptide contains a

cysteine in position 19 (Cys19), which is required for the γδ but not the αβ T cell response, and a

tyrosine in position 16 (Tyr16), which is required for both. A peptide-specific mAb, tested along

with the T cells, required neither of the two amino acids to bind the B:9-23 peptide. We found that

γδ T cells require Cys19 because they recognize the peptide antigen in an oxidized state, in which

the Cys19 thiols of two peptide molecules form a disulfide bond, creating a soluble homo-dimer.

In contrast, αβ T cells recognize the peptide antigen as a reduced monomer, in complex with the
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MHCII molecule I-Ag7. Unlike the unstructured monomeric B:9-23 peptide, the γδ-stimulatory

homo-dimer adopts a distinct secondary structure in solution, which differs from the secondary

structure of the corresponding portion of the native insulin molecule. Tyr16 is required for this

adopted structure of the dimerized insulin peptide as well as for the γδ response to it. This

observation is consistent with the notion that γδ T cell recognition depends on the secondary

structure of the dimerized insulin B:9-23 antigen.
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1. Introduction

The adaptive immune system consists of three lymphocyte-types, B cells, αβ T cells and γδ

T cells, which share the ability to express diverse antigen receptors encoded by genes that

undergo somatic gene rearrangement. Widely distributed in present day vertebrates, all three

cell types can be traced back ~ 500 million years through their antigen receptor genes [1],

suggesting that they each have essential functions in the survival of the species [2, 3].

Like the other lymphocyte-types, γδ T cells take part in immune responses [2, 3], become

mobilized during sterile or infectious inflammation [4, 5], and contribute to host protection,

especially early in life [6]. They have been implicated in tissue repair [7], antigen

presentation to T cells [8], B cell help [9], the elaboration and control of certain cytokines

(e.g. IFN-γ, IL-4, IL-17, IL-22) [5, 10–12], and much evidence suggests that γδ T cells

monitor and respond to stressed cells and tissues [13, 14]. Many of these functions are

overlapping with those of other lymphocyte populations, which besides conventional T and

B cells include innate-like NKT cells, MAIT cells and B1 B cells. However, γδ T cells

express antigen receptors that are distinct from the BCRs and αβ TCRs [15–17], suggesting

that they recognize antigens differently. Differences in TCR triggering [18] and

responsiveness also set γδ T cells apart. Thus, comparison of TCR-mediated signaling

showed that γδ TCRs signal more robustly when compared to αβ TCRs [19]. Second, studies

of the antigen binding site revealed that the γδ TCR differs from the αβ TCR in that the

complementarity-determining regions 3 (CDR3) of the γ and δ chains are more variable in

length [20], and from immunoglobulins (Igs) by lesser diversity of CDR1 and 2 [21].

Finally, the antigens recognized, and the mode of antigen recognition, indicate that antigens

for γδ T cells are structurally far more diverse than those of αβ T cells [3, 22], and γδ T cells

tend to recognize antigens directly, without requirement for processing and presentation

[23]. The broad range of molecular moieties stimulating TCR-dependent γδ T cell responses

includes intact proteins (cell surface expressed or soluble), protein fragments (peptides),

phosphoantigens (e.g. isoprenyl-pyrophosphate), phospholipids and/or complexes between

phospholipids or sulfatides and proteins [3, 22]. Furthermore, individual γδ TCRs can

mediate responses to several structurally unrelated molecules [24], so that the mode of

recognition might change depending on the antigen involved. As a caveat, many of the

presumed γδ antigens have not yet been directly shown to bind to the γδ TCR, or to elicit

physiological γδ responses in vivo.
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Early reports that small synthetic peptides elicit TCR-dependent responses of γδ T cells [25,

26] left unanswered how peptides might be recognized, and whether natural peptides can be

antigens for γδ T cells. However, these studies, which involved γδ T hybridomas, already

indicated that such responses do not require antigen-presenting cells (APCs) [27], in marked

contrast to the peptide antigen-specific, MHC-restricted responses of αβ T cells. This

suggested that γδ T cells and αβ T cells recognize peptides by different mechanisms. More

recently, we reported a TCR-dependent γδ response to the insulin B chain-derived peptide

B:9-23 [28], which is a natural auto-antigen in non-obese diabetic (NOD) mice [29]. NOD

mice spontaneously develop a type-1 diabetes (T1D)-like autoimmune disease, which

unfolds in several stages, including the early appearance of autoantibodies directed against

pancreatic islet antigens, insulitis, and finally β cell destruction and diabetes [30]. γδ T cells

appear to play both pathogenic and regulatory roles in this autoimmune disease [31–33], but

what triggers their engagement remains unclear. Insulin is an early, prominent and essential

auto-antigen in this disease [34, 35]. The naturally occurring insulin B chain-derived peptide

B:9-23 is recognized by B cells [29, 36] and CD4+ αβ T cells [37], and by γδ T cells [28].

NOD-derived αβ T cells “see” this peptide antigen in the context of the MHCII molecule I-

Ag7, and the molecular parameters of this recognition have been studied in much detail [38,

39]. Here, we provide an initial account of requirements for the recognition of the insulin

peptide B:9-23 by γδ T cells, which is not restricted by I-Ag7 but might depend on a distinct

secondary structure associated with dimerization of the oxidized peptide.

2. Results

2.1 Oxidizing the insulin peptide B:9-23 improves its capability of stimulating γδ T cell
hybridomas

We previously found that a γδ T cell hybridoma derived from a mouse of the non-obese

diabetic (NOD) genetic background (hybridoma SP9D11 expressing Vγ4 and Vδ10 TCR-

genes) responded specifically to the insulin peptide B:9-23. The response was TCR-

dependent. SP9D11 cells also responded specifically to pancreatic islet cells but not to the

intact insulin molecule [28]. Specific reactivity to the B:9-23 peptide was also seen with

several other NOD-derived γδ TCR-expressing hybridomas, revealing considerable diversity

among γδ TCRs capable of supporting this response. Unlike αβ T cells, the γδ hybridomas

responding to the insulin peptide did not require APCs, in this regard reminiscent of

previously reported peptide responses by γδ hybridomas [25, 27], and even isolated single

SP9D11 cells were activated by this soluble peptide [28]. Interestingly, a B:9-23 peptide in

which the cysteine in position 19 (Cys19) was replaced with alanine (B:19A) was not

stimulatory, suggesting that the cysteine might be required for the γδ response, in marked

contrast to B:9-23-reactive αβ T cells, which respond well to the B:19A peptide [40, 41]. In

addition, we noted variations between batches of untreated synthetic B:9-23 peptide in terms

of their stimulatory capacity. Because cysteine contains a thiol group, which can be oxidized

to form disulfides and higher oxidized states [42], we considered the possibility that the

peptide must be oxidized to be stimulatory. We therefore compared the stimulatory capacity

of fresh B:9-23 peptide preparations that were untreated vs. those that were intentionally

oxidized, either by prolonged exposure to ambient air, or by adding copper chloride, which

accelerates the oxidative process [43]. We also tested in this manner other peptides,
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including the previously identified non-stimulatory B:19A peptide [28], and another non-

stimulatory B:9-23 peptide in which Tyr16 was replaced with alanine (B:16A). The

experiments assembled in Fig.1, panel A show that oxidation substantially enhanced the

ability of the wild-type B:9-23 peptide to stimulate SP9D11 cells, but failed to produce

responses to the two alanine-substituted non-stimulatory peptides. In contrast, a B:9-23-

reactive αβ T cell hybridoma (I 29; [44]) did not respond to the oxidized peptide (Fig.1,

panel B). These findings suggested that while oxidation of Cys19 is not required for the αβ

response, it might be critical for the γδ response.

2.2 The oxidized insulin B:9-23 peptide stimulates γδ T cells as a dimer, and without
requirement for MHCII

The thiol group in cysteine is readily oxidized to form disulfides, whereas higher oxidized

forms require stronger oxidants [43]. Hence, the oxidized B:9-23 peptide might form a

dimer and stimulate γδ T cells in this configuration. To examine this possibility, and to

exclude other oxidized forms, we again employed the B:9-23 peptide, oxidized it with the

comparatively weak oxidant DMSO [45], separated monomers from dimers by HPLC, and

finally analyzed the purified fractions for their monomer and dimer content using EMS.

Monomeric and dimeric peptide preparations with a purity of > 95% were then tested for

their ability to stimulate SP9D11 cells (Fig. 2). SP9D11 hybridoma cells readily responded

to the dimer fraction, even at peptide concentrations below 10 µg/ml as indicated in two

different stimulation assays (Fig.2, panels A, B). In contrast, there was no response to the

monomer fraction (Fig.2, panel C). Treatment of the dimer fraction with the reducing agent

2-ME significantly diminished stimulatory activity of the peptide, at a concentration that did

not (yet) affect other cellular responses (Fig.2, panel D). The insulin B:9-23-specific αβ T

cell hybridoma I.29, however, responded strongly to the monomer fraction and poorly to the

dimer fraction (Fig.2, panel C). Of note, fixed APCs were used to demonstrate this

difference between the γδ and αβ T cells (Fig.2, panel C). Because this result raised the

possibility that the γδ T cells merely require a disulfide, we also tested a purified

penicillamine adduct, in which the B:9-23 peptide was disulfide-linked to D-PEN instead of

itself (A.M., unpublished). In contrast to the homo-dimer, this hetero-dimer failed to

stimulate the SP9D11 cells, indicating that the monomeric B:9-23 peptide plus a disulfide is

not sufficient to elicit the γδ response (Fig.2, panel D). Finally, we compared plate-bound

monomeric and homo-dimeric B:9-23 peptides for their ability to immobilize the peptide-

specific mAb AIP-46.13. Both forms immobilized the antibody indicating that AIP-46.13

recognizes both monomer and dimers of the B:9-23 antigen (Fig.2, panel E).

Whereas αβ T cells require APCs for their MHCII-restricted response to the B:9-23 antigen,

the γδ response to the B:9-23 antigen was APC-independent ([28] and this study). However,

the γδ T cells still potentially might auto-present [8, 46]. We therefore examined the B:9-23-

reactive γδ hybridomas themselves for the expression of the NOD-derived MHCII molecule,

I-Ag7, using mAb RT1B (clone OX-6) [47], which recognizes this molecule [48, 49] as well

as mouse I-Ak and I-As, and mAb M5/114 [50], which recognizes mouse I-Ab,d,q and I-Ed,k.

As shown in Fig. 3, panel A, neither I-Ag7 nor other I-A/E molecules were detected on the

NOD-derived B:9-23 peptide-reactive SP9D11 hybridoma, nor did we find these or other

MHCII molecules on other peptide-reactive or non-reactive γδ T cell hybridomas
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(77BAS-12, 96BLT-15, 123BLT-27, data not shown). However, hybridoma SP9D11 as well

as other γδ T cell hybridomas (not shown) expressed CD1d (Fig.3, panel A for SP9D11).

Nevertheless, blocking CD1d with mAb 1B1 known to inhibit CD1d-restricted responses of

iNKT cells failed to inhibit the insulin peptide-response of SP9D11 cell, which was readily

inhibited by an anti TCR-Vγ4 mAb detecting the SP9D11 TCR (Fig.3, panel B). Hence, the

oxidized dimeric insulin peptide that stimulates the γδ response does not appear to be

MHCII or CD1d-presented. Finally, we tested whether plate-bound insulin peptide might

stimulate the SP9D11 cells but did not observe any response when using tissue culture plates

and standard culture conditions (Fig.3, panel C). Although this does not rule out the

possibility that immobilized peptide might be recognized by B:9-23-reactive γδ cells, the

experiment showed that under the conditions of the stimulation assay used in this study,

plate-bound insulin peptide does not substantially contribute to hybridoma stimulation. In

view of these findings, and of our earlier observation that single isolated SP9D11 cells can

be stimulated by the B:9-23 peptide [28], our data suggest a mechanism of B:9-23

recognition by γδ T cells, which is very different from that of conventional MHCII-restricted

or non-conventional NKT-like αβ T cells.

Examination of additional B:9-23 reactive γδ T cell hybridomas derived from NOD mice

showed that all clones tested responded to the dimer (Fig. 4). APCs were not present in these

assays. The responder cells expressed several different γδ TCRs, including various

combinations of Vγ and Vδ genes [28]. With such diversity, it seemed possible that the

insulin peptide response would be directly detectable, even among freshly isolated normal

γδ T cells with their diverse TCRs. We therefore prepared NOD splenocytes, enriched for T

cells via passage through nylon wool, and labeled the non-adherent (NAD) cells with the

cytoplasmic vital dye CFSE. These cells then were incubated in vitro either alone or with

purified dimeric or monomeric insulin peptide, in the presence of IL-2. NAD cells cultured

with either concanavalin A or plate-bound anti-CD3 antibodies plus IL-2 were also included

as a positive control. After the culture period, we stained the αβ and γδ T cells within the

NAD cell cultures with specific antibodies, and compared their proliferative responses using

flow cytometry (Fig.5). As shown by the positive controls, both αβ and γδ T cells were able

to divide under these culture conditions, beyond the IL-2-supported background reactivity.

The dimeric insulin peptide also stimulated divisions well above background, but this was

only seen with γδ T cells and not with αβ T cells. The monomeric insulin peptide failed to

elicit substantial responses over the IL-2-supported background of either type of T cell.

2.3 The response to the oxidized insulin peptide is linked to certain γδ TCRs

The response of hybridoma SP9D11 to the B:9-23 peptide was TCR-dependent as

demonstrated with a TCR transfectoma expressing the SP9D11 γδ TCR [28]. Using the

same transfectoma (5KC-SP9D11), we confirmed TCR-dependence of the response to the

oxidized dimeric B:9-23 peptide (Fig. 6). 5KC-SP9D11 responded to the purified dimeric

peptide whereas non-transfected 5KC cells failed to respond. The purified monomeric

peptide did not elicit any responses.

To explore the limits of the B:9-23-specific γδ repertoire, we examined γδ T cell hybridomas

corresponding to major populations of γδ T cells in mice (Figure 7). Clones expressing
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invariant Vγ6Vδ1+ TCRs, representative of the γδ T cells present in the female reproductive

tract, in the lung and during various inflammatory responses [2], were not stimulated by the

insulin peptide (panel A), and another expressing the canonical invariant Vγ5Vδ1+ TCR,

representative of epidermal γδ T cells [2], did not respond either (panel B). Several

hybridomas expressing diverse Vγ4+ TCRs, commonly found among γδ T cell populations

in the lymphoid organs, the liver and the lung [2] also failed to respond, despite considerable

variation in their expression of TCR-Vδ and CDR3 regions (panel C) [51]. However, as

shown with the SP9D11 cells and one other previously identified hybridoma expressing Vγ4

that responded to the insulin peptide [28], TCR-Vγ4+ clones can potentially be B:9-23

peptide responders. We also examined hybridomas expressing Vγ1, representative of the

largest γδ T cell population in the spleen and other lymphoid tissues, and in the liver (panel

D) [2]. Since these cells tend to show TCR-dependent “spontaneous” reactivity [52], it can

be difficult to discern antigen-specific responses. Indeed, several hybridomas were highly

reactive without any deliberate stimulation, and only small increases in cytokine production

were seen when the purified dimeric peptide was added. Whether such clones can recognize

the insulin peptide presently remains unclear. However, hybridoma 77BAS-12, derived from

a C57BL/10 splenic γδ T cell expressing Vγ1Vδ6.3 [27], had little background reactivity

and responded strongly to the insulin peptide. Given that we also found several peptide

responders among Vγ1+ hybridomas derived from NOD mice (see Fig.4 and [28]), it is clear

that the Vγ1+ γδ T cell subset contains γδ T clones capable of recognizing the oxidized

insulin peptide. Moreover, hybridoma 77BAS-12 shows that such clones reach the periphery

even in the absence of insulitis/diabetes-development or the particular disease-susceptible

genetic background of the NOD mouse strain. In sum, we found multiple clones with

specificity for the insulin peptide within two subsets of γδ T cells expressing diverse TCRs

but none within the two subsets expressing invariant TCRs. Interestingly, the majority of the

insulin peptide reactive, Vγ1+ γδ T cell hybridomas in the NOD-derived collection (3/5),

and one hybridoma expressing the very similar Vγ2 gene, shared a distinctive CDR3 motif

in the junction of their rearranged γ genes (W-MR-S/T) [28]. We did not find the complete

motif in any of a large number of C57BL/6, C57BL/10 or AKR/J-derived Vγ1+ hybridomas

(0/96), although numerous cells contained a partial match [27, 51, 53, 54]. Testing just one

these cells - the B10-derived hybridoma 77BAS-12 containing a γ CDR3 with the sequence

W-R-S – we found a peptide responder (Fig.7, panel D). Thus, CDR3γ might well contribute

to insulin peptide recognition in these cells. Finally, because we found insulin peptide

responders most readily among Vγ1+ γδ T cells, and because several of these have been

derived from pancreatic lymph nodes [28], we examined the pancreas histologically for the

presence of Vγ1+ γδ T cells. Indeed, such cells were easily detectable infiltrating the islets

of Langerhans during insulitis in NOD mice, although we rarely saw γδ T cells in the

pancreas of normal C57BL/6 mice (Fig. 8).

2.4 The oxidized dimeric B:9-23 peptide adopts a secondary structure

The distinct stimulatory activity of the oxidized dimeric B:9-23 peptide might derive from

an ability to cross-link two γδ TCRs or from other distinct properties. In the absence of

evidence that the stimulatory peptide must be presented, we considered the possibility that it

is “seen” in a manner like intact non-processed protein antigens, which are recognized based

on their three-dimensional epitopes. To detect possible structural differences between wild-
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type monomeric and oxidized dimeric B:9-23 peptides, we measured their circular

dichroism (CD) in solution (Fig. 9). As indicated by the CD spectra in panels A and B, the

non-stimulatory monomeric peptide had no particular structure as is common for small

peptides. In contrast, the stimulatory dimer adopted an organized configuration consistent

with a beta-pleated sheet secondary structure. The measurements at two peptide

concentrations confirmed that this difference between monomer and dimer was not merely

caused by variations in protein concentration. Unlike the wt peptide, the non-stimulatory

B16A peptide did not show a substantial spectral shift as a dimer (panels C, D). Instead,

monomer and dimer both retained CD spectra indicative of a disorganized structure, similar

to the wt monomer. The spectral shift in the dimer was partially recovered when substituting

Tyr16 more conservatively, with phenylalanine (B16F dimer) (panels E, F). However, there

was still a small difference when compared to the wt peptide (arrows). Comparing these

peptides in parallel stimulation assays with the hybridoma SP9D11.7 showed that whereas

the B16A dimer had lost all stimulatory activity (panel G), the B16F dimer etained some

stimulatory activity but was clearly a weaker stimulator than the wild-type dimeric peptide

(panel H). Hence, these data reveal a correlation between the CD spectra and γδ-stimulatory

activity of the peptides (see discussion).

3. Discussion

Although TCR-mediated ligand recognition by γδ T cells remains obscure and controversial,

the notion that the mechanism resembles more the binding interaction of BCRs with their

cognate antigens than that of αβ TCRs with antigen/MHC complexes [23] has gained

considerable support. Thus, the structure of the CDR3s of the γδ TCRs resemble more those

of antibodies than those of αβ TCRs [20], and the structures of antigens recognized by γδ T

cells are far more diverse than those recognized by conventional MHC-restricted αβ T cells

[22]. In particular, several examples of γδ TCR interactions with native proteins have been

described [18, 55–58], and evidence for the recognition of structural protein motifs has been

found [58]. In contrast, hardly any evidence for recognition of peptides in the context of

presenting molecules has been uncovered [59]. Therefore, it would seem counterintuitive

that γδ T cells should recognize and respond to small peptides. Small peptide antigens are

often devoid of secondary structure or have unstable structures. When stimulating αβ T

cells, they are bound to MHC molecules and are recognized as part of this molecular

complex [60–62]. Nevertheless, several small peptides have now been reported to stimulate

specific and TCR-dependent γδ responses [63]. Among these, the insulin peptide B:9-23 is

particularly interesting for several reasons: First, the peptide is generated naturally, during

the breakdown of insulin in β cells within the pancreatic islets of Langerhans. Here, the

peptide could be detected in situ with a specific antibody [29]. Second, the peptide is a well-

known auto-antigen, recognized by diabetogenic αβ T cells in non-obese diabetic (NOD)

mice [35]. Early arising antibodies, which play a role in the development of autoimmunity in

NOD mice also recognize this peptide [35], and immunization with it elicits anti-peptide

autoantibodies and fatal anaphylaxis in NOD mice [36].

That the B:9-23 peptide might not necessarily be “seen” in the fashion of MHC-bound

peptides recognized by MHC-restricted αβ T cells became evident in stimulation

experiments, where γδ hybridomas responded to it in the absence of APCs [28], reminiscent
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of previous reports involving other peptides [27]. αβ T cell hybridomas and clones that are

reactive with the B:9-23 peptide, require APCs [41]. In contrast, we could show that even

isolated individual γδ T cell hybridoma cells expressing a B:9-23-specific γδ TCR

responded to the peptide [28]. Furthermore, we determined in the current study that this and

other insulin peptide-reactive γδ T cell hybridomas do not themselves express I-Ag7, the

restricting element for NOD-derived B:9-23-specific αβ T cells, or any other MHCII

molecules. Finally, we confirmed that under the culture conditions (using normal tissue

culture plates), plate-bound B:9-23 peptide does not substantially contribute to stimulating

the hybridoma response. It thus appears that the peptide, at least in one mode of recognition,

can be “seen”, and stimulates responses, as a soluble antigen.

As recognizable soluble antigen, the oxidized insulin peptide might be expected to have a

distinct three-dimensional structure. Two sets of data in the current study support this

notion. First, we found that the cysteine in position 19 of the B:9-23 peptide is required for

the γδ response, because it enables dimerization of the peptide under oxidative conditions.

The γδ T cells only responded to the oxidized dimeric peptide, unlike αβ T cells, which

responded to the monomeric peptide. Second, CD spectra revealed that the oxidized dimeric

B:9-23 peptide adopts a distinct secondary structure, in marked contrast to the disorganized

monomer. The presence of this secondary structure was closely correlated with the ability of

the peptide to stimulate γδ T cells, because (i) only the dimeric wild-type peptide was

stimulatory, (ii) the non-stimulatory modified dimeric peptide (B16A dimer) did not adopt a

distinct secondary structure, and (iii) a more conservative substitution of the amino acid in

this position (B16F) produced a modified dimeric peptide with a weaker stimulatory activity

and a smaller difference in detectable secondary structure. It remains possible that the

hydroxyl-group of Tyr16 in the wt peptide, which is the only difference with the modified

B16F peptide, is actually recognized, but it seems more likely that differences in secondary

structures of the dimeric peptides, and perhaps related physicochemical properties, are

critical. More extensive molecular and structural studies will be required to decide this issue.

Nevertheless, secondary structure as basis for the recognition of both native proteins and

small peptides, would readily reconcile the current controversy over peptide responses by γδ

T cells. Some short peptides do have a secondary structure. Those that do tend to

recapitulate the structure of the corresponding segment within the native protein [64].

Interestingly, in the native insulin molecule, the B:9-23 peptide overlaps with an α-helical

portion of the insulin B chain [65]. Nevertheless, the oxidized dimeric B:9-23 peptide

acquired what appears to be a beta-pleated sheet structure, unlike the native protein, and γδ

T cells responded to this alternatively folded peptide but not to the intact insulin protein.

Conceivably, mis-folding of a given peptide sequence could be specifically recognized by

some γδ T cells. Alternatively, mis-folding simply might alter peptide-protein interactions

and help in the development of larger antigen complexes providing a stronger stimulatory

signal. Finally, a recent study with ovalbumin-peptide specific B cells indicated that

although monomers can be recognized, dimers and multimers of a minimal peptide epitope

are capable of eliciting stronger and qualitatively different cellular responses [66].

Of note, our earlier study indicated that NOD islets stimulate a response of B:9-23-specific

γδ cells [28], and the B:9-23 peptide itself or very similar peptides have been detected in

islets of NOD mice [29]. This suggests that the islets are stimulatory because such insulin

Aydintug et al. Page 8

Mol Immunol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



peptides are present, and in a form that can stimulate γδ T cells. Whether this includes the

oxidized dimeric state of B:9-23 remains to be determined. The particular requirements for

this response remain to be determined. However, insulitis and type-1 diabetes are known to

be associated with oxidative stress [67, 68]. In keeping with other stress-dependent

reactivity ascribed to γδ T cells [14], perhaps oxidative stress and associated antigen

modification are capable of drawing γδ T cells into the autoimmune response.

4. Conclusions

In this study, we present experimental evidence that insulin peptide B:9-23-reactive γδ T

cells recognize this antigen when it forms a homo-dimer due to thiol oxidation. The response

to the oxidized B:9-23 antigen is γδ TCR-dependent. We also show that the B:9-23 homo-

dimer adopts a distinct secondary structure, and finally, that an amino acid (Tyr16), which is

not required for dimerization but essential in secondary structure formation, is also critical

for γδ-stimulation, consistent with the notion that γδ T cells recognize the secondary

structure of the oxidized peptide. These findings clearly differentiate the mechanisms

underlying the responses of γδ and αβ T cells to the same insulin antigen and extend our

earlier observation that the γδ response is APC-independent in contrast to the APC-

dependent αβ response. The marked difference in stimulation requirements between the two

T cell-types suggests that circumstances leading to the activation of these insulin-specific T

cells might be very different as well.

5. Materials and Methods

5.1 Animals

NOD.ShiLT/J mice were originally purchased from The Jackson Laboratory (Bar Harbor,

ME), and housed and bred in the Biological Resources Center at National Jewish Health,

Denver, CO. Animals were used in these experiments at 7–16 wks of age. These studies

were approved by Institutional Animal Care and Use Committee.

5.2 Antibodies

Anti-mouse Cd1d (1B1), anti-mouse CD3 (145-2C11), anti-mouse CD16/CD32 (2.4G2),

anti-mouse Vγ4 (UC3-10A6), anti-mouse Vγ1 (2.11) and anti-mouse B:9-23 insulin peptide

(AIP-46.13) mAbs were purified from the hybridoma culture supernatants in our laboratory

by Protein G affinity chromatography. Hybridoma AIP-46.13 [44] was a generous gift from

Dr. E. Unanue (Wash. U., St Louis, MO). Anti-mouse CD4 (GK1.5-PE), anti-mouse H-2Db

(28-14-8-PE), anti-mouse αβ TCR (H-57-APC), anti-mouse γδ TCR (GL-3-APC), and anti-

mouse I-A/I-E (M5/114.15.2-PE) mAbs were purchased from eBiosciences. Anti-mouse

H-2Kd (SF1-1.1.1-PE), anti-rat RT1B (OX-6-PE; anti-I-Ag7), anti-mouse CD1d (1B1-PE),

and anti-mouse CD8α (53-6.7-PE) were purchased from BD Pharmingen. Anti-mouse

H-2Kk (AF3-12.1-FITC) was obtained from BioLegends.

5.3 Histology

Snap frozen pancreas tissue was acetone dehydrated, stained with fluorescent antibodies and

analyzed microscopically as previously described in detail [69, 70].
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5.4 Culture medium

All hybridomas, transfected cell lines, and freshly isolated cells were cultured in Iscove’s

Complete Tissue Culture Medium (ICTM). This medium was prepared by supplementing

dissolved Iscove’s Modified Dulbecco’s Medium (IMDM) (Sigma) with D-(+)-glucose,

essential and non-essential amino acids, sodium pyruvate, sodium bicarbonate, gentamycin,

penicillin G, streptomycin sulfate, 2-ME, and 10% FBS.

5.5 Hybridomas

The NOD-derived γδ T cell hybridomas have been previously described [28]. These

hybridomas were generated with the BWZ.36 cell line [71], which is derived from the αβ

TCR-deficient BWα-β-T cell fusion line [72] and carries a nuclear factor of activated T cells

(NFAT)-LacZ reporter construct. Activation of these cells can be measured by the LacZ

enzymatic activity assay (see below).

Production and characterization of non NOD-derived γδ T cell hybridomas expressing

Vγ1Vδ6.3, Vγ6Vδ1, Vγ4 with different Vδs, and Vγ5Vδ1 TCRs have been previously

published by our group [17, 27, 51, 53]. TCR αβ+ hybridoma I.29 was kindly provided by J.

Kappler (National Jewish Health, Denver, CO). This hybridoma was originally produced in

the laboratory of Dr. E. Unanue [44].

5.6 Expression of the SP9D11 TCR in TCR-αβ-deficient cells

Expression of the SP9D11 TCR by transduction of the αβ-deficient 5KC-73.8.20 hybridoma

cells (5KC-TCR:SP9D11) has been described [28].

5.7 Peptide oxidation and purification

B:9-23 insulin peptide and modified forms of this peptide (B:16A and B:19A) were

synthesized at Genemed Synthesis, Inc. (San Antonio,TX). To generate oxidized B:9-23

insulin peptide (Cu-Ox), copper (II) chloride (Sigma Aldrich) was added for a final

concentration of 1 mM to solubilized (2 mg/ml) insulin peptide. The mixture then was

incubated at room temperature for 40 minutes before use in the activation experiment. For

air oxidation (Air-Ox), solubilized B:9-23 insulin peptide (2mg/ml) was dispensed in open

Eppendorf vials placed in a still air hood, and exposed to ambient air overnight. After the

exposure, evaporation loss of sample volume was replaced prior to the use of the samples in

activation experiments.

Wild-type and modified monomeric and dimeric (DMSO-oxidized) insulin peptides were

purchased from CPC Scientific (Sunnyvale, CA). These peptide preparations were separated

by HPLC to a purity of > 95%, and analyzed by Electrospray Mass Spectrometry (EMS).

Penicillamine disulfide-linked to the B:9-23 peptide (penicillamine adduct) was generated

by reacting D-PEN with the peptide in the presence of copper (II) chloride for 30 min at RT.

The reaction product was purified by HPLC and molecular mass determined by ESI-TOF-

MS (Applied Biosystems BIO-Spec Workstation, Foster City, CA). The final product was

lyophilized and >95% pure.
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5.8 Solubilization of peptides

To solubilize the peptides, one milligram of lyophilized peptide was resuspended in 480 µl

of PBS after which the pH of the mixture was increased by addition of 20 µl of 200 mM

NaOH (2.5 µl at a time) while vortexing the sample gently. Solubilized samples were

aliquoted in small volumes and stored at −80°C.

5.9 Peptide Activation Experiments

3×104 hybridoma cells in 100 µl of ICTM were incubated overnight (17–21 hrs) in triplicate

culture wells, either alone, with plate-bound anti-CD3 antibody, or with the indicated types

of insulin peptides. γδ T cells were tested without addition of APCs [28]. Unless otherwise

indicated, the peptide concentration used in the activation experiments was 200 µg/ml.

Hybridoma responses were measured by using either a LacZ assay or IL-2 ELISA. When αβ

T cell hybridomas were included for comparison in the activation experiments, both αβ and

γδ responder cells were plated at 1×105 cells/well, and paraformaldehyde-fixed M12.C3

cells, a mouse B cell line transfected with IAg7 (1×105 cells/well), were added to all cultures

because the αβ T cells require antigen presenting cells (APCs).

5.10 LacZ enzymatic activity assay

After overnight incubation, cells were washed 2-times with 200 µl of PBS, and 100 µl of

CPRG reagent (91 mg/L chlorophenol red-beta-D-galactopyranoside, 0.125% IGEPAL

CA-630, 1.0 mM MgCl2 in 10 mM phosphate buffer) was added onto the cells. The change

in the substrate color was measured by reading the absorbancies at 570 nm after 6 and 24

hours of incubation at 37°C. This assay was used only for hybridomas produced with the

cell fusion partner BWZ.36 that contains NFAT-LacZ reporter construct [71].

5.11 IL-2 ELISA

The presence of IL-2 in the supernatants of the overnight activation cultures was measured

by using the mouse IL-2 ELISA ready-set-go kit from eBioscience (San Diego, CA). The

manufacturer’s protocol was followed to perform the assay.

5.12 ELISA for plate-bound monomeric and dimeric insulin peptides

Immulon-2-HB 96-well flat-bottom plates (Thermo Scientific) were coated with 100 µl of

peptides (at 2 µg/ml) overnight at 4°C. The wells were washed 5-times with 200 µl of

washing buffer (PBS+0.05% TWEEN 20; Sigma Aldrich) and then blocked with 200 µl of

blocking buffer (PBS+10% FBS) for 2 hours at RT. The plates were washed and received

different concentrations of AIP-46.13 mAb diluted in the blocking buffer. The plates were

incubated at RT for 1 hour. After the plates were washed, 100 µl of anti-mouse IgG1-HRPO

antibody (Caltag Labs.) diluted 1:2,500 in the blocking buffer was added to the wells, and

then the plates were incubated at RT for 45 minutes. Afterwards the plates were washed and

100 ml of TMB single solution (3,3’, 5,5’-tetramethylbenzidine; Life Technologies) were

added to the wells. After 10 minutes of incubation at RT, 50 µl of stop solution (2.0 N

H2SO4 in distilled water) were added to the wells. The change in the substrate color was

measured by reading the absorbancies at 450 nm.
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5.13 Cytofluorometric analysis of cellular proliferation

Nylon wool non-adherent (NAD) lymphocytes from the spleens of 10-week-old NOD

female mice were suspended at a concentration of 1×107 cells/ml in balanced salt solution

(BSS) and labeled with 0.15 µM 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester

(CFSE) (Molecular Probes) at room temperature for 5 minutes. Labeled cells were washed

twice with BSS+5% fetal bovine serum (FBS) solution and resuspended at a concentration

of 5×106 cells/ml in ICTM. CFSE-labeled cells were then plated in 24-well flat-bottom

tissue culture plates (5×106 cells/well) and cultured for 50 hours at 37°C in medium alone,

or with the peptides as indicated. Conconavalin A (5 µg/ml; Sigma) was used as positive

control. Each well also received murine recombinant IL-2 (10 U/ml) in the form of X63

BMG cell culture supernatant. At the end of the culture period, the cells were collected and

washed with staining buffer (BSS+2% FBS+0.1% sodium azide), and dispensed into 96-

well round-bottom tissue culture plates. Cells were pre-incubated with 2.4G2 mAb (Fc

block) for 20 min at 4°C, and washed with cold staining buffer. To identify αβ and γδ T

lymphocyte populations, cells were stained with H57-APC and GL-3-APC mAbs,

respectively. Stained cells were fixed with 2% paraformaldehyde solution and analyzed on a

FACSCalibur flow cytometer (BD Biosciences). Histograms were generated using FlowJo

9.5.2 software (Tree Star).

5.14 Measurement of circular dichroism of peptides in solution

Circular Dichroism (CD) measurements of the peptides were performed at the Biophysics

core of University of Colorado Denver School of Medicine (Aurora, CO). The Jasco J-815

spectropolarimeter (Jasco, Inc. Easton, MD) is equipped with a Lauda model RMS

circulating water bath (LAUDA-Brinkman, Lauda-Brinkman, Lauda-Konigshofen,

Germany) for thermal uniformity for the PFD-452S peltier temperature controller that

maintains the temperature control of the optical cell. CD absorbance is expressed as molar

ellipticity. Variable wavelength measurements (spectrum scans) of buffer (PBS) and protein

solutions (0.5 mg/ml and 0.25 mg/ml concentrations) were scanned at 4°C from 195 nm to

250nm, with data points collected every 0.2 nm, and a scan rate 50 nm per minute. The

average of 6 scans was recorded for each experiment and the curves were normalized.
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TCR T cell receptor for antigen

APC antigen presenting cell

mAb monoclonal antibody
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Gamma delta T cells specifically respond to the insulin peptide B:9-23.

The response requires dimerization of the peptide via thiol oxidation.

The oxidized dimeric peptide adopts a distinct secondary structure.

This secondary structure appears to be required for the gamma delta response.
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Figure 1. Oxidation of the B:9-23 peptide antigen enhances stimulation of antigen-specific γδ T
cell hybridomas while reducing stimulation of an antigen-specific αβ T cell hybridoma
Panel A Responses of hybridoma SP9D11 to untreated and oxidized peptide antigens

3×104 hybridoma cells were cultured overnight either alone (none) or with untreated or

oxidized (Air Ox., oxidized by exposure to ambient air, Cu Ox., oxidized with copper (II)

chloride) peptide antigens at 100 µg/ml. Cellular responses were measured in triplicate using

the LacZ stimulation assay. Bars show mean response values +/− SE.
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Panel B Comparison of the responses of the γδ hybridoma SP9D11 and the αβ T cell

hybridoma I.29 to untreated and oxidized B:9-23 peptide antigens

Culture conditions and peptide stimulation were as described for panel A, except for the

addition to all cultures of 1×105 fixed APCs. Cellular responsiveness was determined by

stimulation with plate-bound anti-CD3ε mAbs. Cellular responses were measured in

triplicate using ELISA for IL-2. Bars show mean response values +/− SE.
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Figure 2. The γδ T cell hybridoma SP9D11 specifically recognizes oxidized dimers of the B:9-23
peptide antigen whereas the αβ T cell hybridoma I.29 recognizes monomers
Panels A, B Response of SP9D11 to titrated amounts of dimeric B:9-23 peptide measured

via IL-2 ELISA and LacZ assays, respectively.

Culture conditions and response measurements were as described in Fig.1.

Panel C SP9D11 γδ T cells selectively respond to dimers of the B:9-23-peptide, whereas I.

29 αβ T cells respond to monomers.
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Culture conditions, peptide stimulation and response measurements as described in Fig.1,

panel B, except that HPLC-purified monomeric B:9-23 peptide (MON.) and DMSO-

oxidized dimeric B:9-23 peptide (DIM.) were used as peptide antigens. Cellular

responsiveness was determined by stimulation with plate-bound anti CD3ε mAbs.

Supernatants of cultures with anti CD3ε were diluted 10× prior to response measurements.

Bars show mean response values +/− SE.

Panel D SP9D11 Treatment of the dimeric B:9-23-peptide with 2-ME reduces its

stimulatory activity.

Culture conditions, peptide stimulation and response measurements as described in Fig.2,

panel C. None: no stimulation. 2-ME: 2-ME added to the cultures to a final concentration of

0.25 mM. anti-CD3: soluble anti CD3ε mAb added. Anti-CD3+2-ME: soluble anti CD3ε

mAb added as well as 0.25 mM 2-ME. DIM: dimeric B:9-23 peptide added at 100 µg/ml. 2-

ME-treated DIM: dimeric B:9-23 peptide pretreated with 5mM 2-ME, then added to

stimulation cultures to a final peptide concentration of 100 µg/ml and a final 2-ME

concentration of 0.25 mM. DIM+2-ME: dimeric B:9-23 peptide added at 100 µg/ml and 2-

ME added at 0.25 mM. Cellular responses were measured in triplicate using the LacZ

stimulation assay. Bars show mean response values +/− SE.

Panel E SP9D11 γδ T cells fail to respond to the penicillamin adduct of B:9-23

Culture conditions, stimulation and response measurements were as described in Fig.1,

panel A. The B:9-23-penicillamin adduct was added at 100 µg/ml. Cellular responsiveness

was determined by stimulation with plate-bound anti-CD3ε mAbs. Responses were

measured in triplicate using the LacZ stimulation assay. Bars show mean response values +/

− SE.

Panel F Monoclonal antibody AIP-46.13 recognizes monomeric and dimeric B:9-23 peptide

(binding assay)

High protein binding ELISA plates were coated with purified monomeric or dimeric B:9-23

peptide at 3 µg peptide/ml. Titrated amounts of AIP-46.13 mAb were added and plate-bound

antibody detected by ELISA. Curves show mean absorbance values of triplicate

determinations +/− SE.
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Figure 3. No roles for MHC II or CD1d in the peptide response of the B:9-23-reactive γδ T cell
hybridoma SP9D11
Panel A Cell surface expression of TCR, MHC and CD1d molecules by SP9D11.7 cells

SP9D11.7 hybridoma cells and the fusion line BWZ.36 were stained with mAbs specific for

MHC I and II molecules, CD1d, TCR-δ, TCR-β, CD4 and CD8, and analyzed

cytofluorimetrically.

Panel B Anti CD1d mAb 1B1 fails to inhibit the peptide response of SP9D11.7 cells

Culture conditions, stimulation and response measurements were as described in Fig.1,

panel A. Antibodies specific for TCR-Vγ4 (mAb UC3) or CD1d (mAb 1B1) were added to

some cultures at a concentration of 10 µg/ml. Cellular responsiveness was determined by

stimulation with plate-bound anti-CD3ε mAbs. Supernatants of cultures stimulated with

plate-bound anti-CD3ε were diluted 10× prior to response measurements. Responses were

measured in triplicate using the LacZ stimulation assay. Bars show mean response values +/

− SE.

Panel C Plate-bound insulin peptide does not substantially contribute to the stimulation of

SP9D11 hybridoma cells

Prior to the stimulation cultures, dimeric insulin peptide dissolved in tissue culture medium

was added to the wells of a tissue culture plate at the indicated concentrations, and plates

were incubated overnight at 37°C. After washing the wells to remove unbound peptide,
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stimulation cultures were set up. Culture conditions, stimulation and response measurements

were as described in Fig.1, panel A. Cellular responsiveness was determined by stimulation

with plate-bound anti-CD3ε mAbs. Responses were measured in triplicate using the LacZ

stimulation assay. Bars show mean response values +/− SE.

Aydintug et al. Page 23

Mol Immunol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. APC-independent responses of γδ T cell hybridomas expressing diverse TCRs to the
oxidized dimeric B:9-23 antigen
Culture conditions and peptide stimulation were as described for Fig. 2, panel C. Cellular

responsiveness was determined by stimulation with plate-bound anti CD3ε mAbs.

Supernatants of cultures with anti-CD3ε were diluted 10× prior to response measurements.

Responses were measured in triplicate using an IL-2 ELISA. Bars show mean response

values +/− SE.
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Figure 5. Proliferation of freshly isolated γδ T cells from NOD spleen in response to stimulation
with the oxidized dimeric B:9-23 antigen
Nylon wool non-adherent lymphocytes from the spleens of 10 wks old NOD females were

labeled in vitro with CFSE, then cultured at 5 × 106 cells/ml for two days in medium with 10

units/ml of murine IL-2 plus the peptide indicated at 300 µg/ml. The mitogen Concanavalin

A (5 µg/ml) plus IL-2 was used as a positive control. Following a two day culture period,

cells were stained with mAbs against either the γδ or αβ TCR. After gating on blasts based

on forward/side scatter properties, γδ and αβ T cells were identified and assessed for CFSE

levels by fluorescence intensity. Cells left of the dashed vertical line in each histogram have

divided, and peaks denoting the expected CFSE levels after 1, 2, or 3 cell divisions among

the γδ T cells are indicated.
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Figure 6. The γδ T cell response to the oxidized dimeric B:9-23 antigen is TCR-dependent
Hybridoma SP9D11.7 and transfectoma 5KC-SP9D11.7 expressing the SP9D11.7 γδ TCR

show similar peptide responses whereas whereas non-transfected cells (5KC-α-β-) are non-

responsive. Culture conditions and peptide stimulation were as described for Fig. 2, panel C.

Cellular responsiveness was determined by stimulation with plate-bound anti-CD3ε mAbs.

Responses were measured in triplicate using ELISA for IL-2. Bars show mean response

values +/− SE.
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Figure 7. Limitations in the TCR repertoire of γδ T cells responsive to the oxidized dimeric B:
9-23 antigen
Panel A Hybridomas expressing Vγ6Vδ1 fail to respond to dimeric B:9-23

Panel B A hybridoma expressing Vγ5Vδ1 fails to respond to dimeric B:9-23

Panel C Several hybridomas expressing Vγ4 fail to respond to dimeric B:9-23

Panel D High spontaneous reactivity makes it difficult to detect B:9-23 reactivity in most

Vγ1+ hybridomas, but hybridoma 77BAS-12 (Vγ1+Vδ6.3+) is a responder.

For all panels, culture conditions and peptide stimulation were as described for Fig.2, panel

C. Cellular responsiveness was determined by stimulation with plate-bound anti-CD3ε

mAbs, except for panel B (asterisks). Here, soluble anti-CD3ε mAbs were used (10 µg/ml),

which provide a weaker stimulus. Responses were measured in triplicate using ELISA for

IL-2. Bars show mean response values +/− SE.
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Figure 8. Vγ1+ γδ T cells infiltrate the islets of Langerhans in NOD mice
Snap frozen pancreas tissue was acetone dehydrated and stained with mAbs. Green: tissue

autofluorescence.

Panels A, B Control: C57BL/6, blue: CD3ε, red TCR-δ, arrows: individual γδ T cells, not in

the islets

Panels C–F NOD, C: 16 wks of age, blue: CD3ε, red: TCR-δ; D: 8 wks of age, blue: CD3ε,

red: TCR-Vγ1; E: 12 wks of age, blue: CD3ε, red: TCR-Vγ1; F: 12 wks of age, blue: CD8α,

red: TCR-Vγ1
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Figure 9. As an oxidized dimer, the B:9-23 peptide antigen adopts a distinct secondary structure,
which requires Tyr16
Panels A, B CD spectra of monomeric and oxidized dimeric B:9-23 peptides (wild-type)

Panels C, D CD spectra of monomeric and oxidized dimeric B16A peptides

Panel E, F Comparison of CD spectra of oxidized dimeric wild-type and B16F peptides

CD spectroscopy was performed on HPLC-purified monomeric and dimeric B:9-23 wild-

type (wt) (panels A and B) and amino-acid substituted peptides (panels C–F), at two peptide

concentrations. Dimerization induces a shift in the circular dichroism of the wt peptide

consistent with a change from a random structure of the monomer to a beta-pleated sheet

structure of the dimer (panels A, B). In contrast, dimerization does not substantially change

the circular dichroism of the B:16A substituted peptides (panels C, D). The dimeric B16F

substituted peptide does shift in circular dichroism, but slightly less than the dimeric wt

peptide (see arrows in panels E, F).

Panel G The B16A substituted peptide fails to stimulate a response of γδ hybridoma

SP9D11

Culture conditions and response measurements using the LacZ assay were as described in

Fig.1.
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Panel H The B16F substituted peptide elicits a smaller response of γδ hybridoma SP9D11

than the wt peptide

Culture conditions and response measurements using the LacZ assay were as described in

Fig.1.
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