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Abstract

The activation threshold for antigen-specific T cell responses is dependent on the avidity of the
trimolecular interaction between TCR, antigen, and MHC. We compared CD4+ T cell avidities for
the diabetes-associated autoantigen glutamic acid decarboxylase 555-567 (GAD 555) among serial
samples from autoantibody-positive subjects at high risk of progression to type 1 diabetes (T1D). T
cells from three at-risk subjects demonstrated significant avidity increases (p<0.05 by F test) over
time. This avidity shift correlated with the outgrowth of T cells expressing TCR BV 9, 15, 17 or 20
that demonstrated higher GAD 555 tetramer-binding levels compared to cells expressing other TCR
BV genes. Similar analysis of autoantibody-negative, first-degree relatives and T1D patients did not
demonstrate similar changes in avidity. These data implicate the outgrowth of T cells expressing
higher affinity TCR in a process of antigen-specific T cell avidity maturation during the pre-clinical
stage of T1D.
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Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by the destruction of
insulin-producing beta cells of the pancreatic islets, resulting in hyperglycemia. At the time of
diagnosis with T1D, approximately 20% of beta cells’ insulin secretory capacity may remain
[1]. The pre-clinical phase of T1D is marked by the presence of autoantibodies and frequently,
T cells with specificity for beta cell antigens. In pre-diabetic patients, CD4+ T cell responses
directed against pro-insulin and glutamic acid decarboxylase 555-567 (GAD 555) have been
reported [2,3], and we observed that a cohort of autoantibody positive, at-risk subjects exhibited
a significantly increased frequency of CD8+ T cells responding to an epitope of prepro-islet
amyloid polypeptide [4]. However, T cells with the same specificities have also been isolated
from healthy individuals, demonstrating that the mere presence of autoreactive T cells is not
sufficient for diabetes induction [5,6]. Instead, it is more likely that the ability of a T cell
population to induce and potentiate an autoaggressive response is dictated, in large part, by the
threshold and magnitude of antigen responsiveness.
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Experimentally, thresholds for antigen response can be expressed in terms of T cell avidity for
antigen, as the concentration of peptide that elicits 50% of a maximal functional response
(ECsp). T cell avidity is dependent upon T cell receptor (TCR) affinity for peptide-MHC, in
combination with other parameters which sustain signaling, including activity of co-
stimulatory and adhesion molecules, and the density of TCR expression [7]. The avidities of
T cells with specificity for self-peptides are typically lower than those with specificity for
foreign antigens as a result of central and peripheral tolerance mechanisms [8]. However, not
all self-reactive T cells are deleted or rendered anergic, and T cells with a range of avidities
persist. For example, in NOD mice, the avidity distributions of distinct autoreactive T cell
populations have been demonstrated to correlate with the chronology of epitope spreading

[9].

The range of T cell avidities displayed during an immune response can change following
multiple antigen encounters in a process termed avidity maturation. Several mechanisms have
been demonstrated to mediate avidity maturation including an increase in intracellular
expression levels of the protein tyrosine kinase Lck [10] and activation-induced changes in T
cell membrane cholesterol content [11]. Another mechanism of avidity maturation is the
selective expansion of T cells expressing TCR with optimal affinity for antigen [12,13]. In
NOD mice, up to 30% of CD8+ cells in the pancreas react with a peptide of islet-specific
glucose-6-phosphatase catalytic subunit-related protein comprised of residues 206-214 (IGRP
206), and the prevalence of these cells in the peripheral blood is a positive predictor of
autoimmune diabetes development [14]. A longitudinal study of IGRP 206-responsive CD8+
cells in NOD mice demonstrated an increase in avidity prior to diabetes onset due to the
sequential expansion of populations expressing successively higher affinity TCR [15]. These
data imply that avidity maturation correlates with the progression of a benign self-reactive
response to overt autoimmunity and that disruption of T cell avidity maturation may serve as
an effective goal of preventive therapies.

The role of T cell avidity maturation in the development of human T1D has not been
characterized. Analyses of GAD-reactive CD4+ cells from T1D patients using HLA/peptide
tetramers revealed both high and low avidity populations with the former being more
susceptible to the induction of activation-induced cell death (AICD) [16,17]. It is possible that
high avidity T cells play a more prominent role in islet destruction in later disease stages when
antigen levels are limiting while low avidity cells predominate early in the pre-clinical phase
of T1D. This would have important implications in the scheduling and dosing of antigen-
specific preventive therapeutics in clinical trials.

To ascertain if GAD 555-reactive T cell populations undergo avidity maturation during
diabetes development, we compared the CD4+ T cell avidities of serial samples from
autoantibody-positive, at-risk subjects to those of T1D patients and autoantibody-negative
relatives of patients. We observed that only T cells from at-risk subjects demonstrated
significant avidity increases over time. The mechanism of avidity maturation in one of the at-
risk patients, who subsequently developed diabetes, was investigated and determined to be the
result of the outgrowth of T cells expressing higher affinity TCR.

Research design and methods

Subjects

All subjects were consented for study participation according to Benaroya Research Institute
Institutional Review Board-approved protocols. Peripheral blood was collected by venous
puncture into heparinized tubes and stored overnight. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-hypaque density gradient centrifugation, frozen in a 90%
bovine calf serum: 10% DMSO solution, and kept in liquefied nitrogen until use. At-risk
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subjects carried the HLA susceptibility alleles for T1D and tested positive for at least one
diabetes-associated autoantibody (GAD, IA-2 or insulin) on more than one occasion. Subject
characteristics are detailed in Table 1.

CD4+ cells were isolated from thawed PBMC using the Dynal® CD4 Positive Isolation Kit
(Invitrogen, Carlsbad, CA). The non-CD4 cell fraction was irradiated (5000 Rads), plated at
1.5x10%/well in a 48-well plate and incubated in culture medium (RPMI-1640 + 10% pooled
human serum) at 37°C in 6% CO,. After one hour, non-adherent cells were aspirated from
wells, and fresh culture medium was added along with 10 pug/ml of peptide and purified CD4
+ T cells (5x10°). Peptides, GAD 555-567 (NFFRMVISNPAAT) and HA 306-318
(PKYVKQNTLKLAT), were synthesized by AnaSpec (San Jose, CA) using standard fMOC
chemistry, and identities were verified using mass spectrometry and HPLC analysis. After 4—
5 days of culture, 48 ng/ml recombinant human IL-2 (Chiron Novartis, Emeryville, CA) was
added to each well. Cells were harvested on day 10 for ELISPOT and tetramer staining.

ELISPOT assays

The frequency of cytokine-secreting CD4+ cells was quantified using the human IFN-
ELISPOT kit according to manufacturer’s protocols (BD Pharmingen, San Diego, CA).
Autologous PBMC cleared of CD3-expressing cells using MACS anti-CD3 beads (Miltenyi
Biotech, Cologne, Germany) were used as antigen-presenting cells (APC) in ELISPOT assays.
Non-CD3 cells were incubated with diluted peptides for one hour at 37°C in 6% CO, prior to
adding 5x10* cells per well to antibody-coated, blocked ELISPOT plates. Peptide-cultured
CD4+ cells were then harvested and plated in triplicate at 1x10% cells per well. Plates were
incubated for 24 hours at 37°C in 6% CO, prior to washing and developing with AEC substrate
according to manufacturer’s instructions (Vector Laboratories, Burlingame, CA).
Development reactions were monitored via dissection microscope and stopped by addition of
distilled water after approximately nine minutes.

Well images were captured using a CTL-ImmunoSpot® S5 Micro Analyzer (Cellular
Technology Limited, Shaker Heights, OH), and quantities of spot-forming cells (SFC) in each
well were calculated using ImmunoSpot 5.0 Professional analysis software. Six wells were
selected from each longitudinal culture, and the global detection sensitivity level for
quantifying SFC was calculated using the SmartWell™ algorithm. At least 300 SFC from wells
containing high and low peptide concentrations were chosen, and the Autogating function was
utilized to set gate sizes such that > 95% of all sampled spots are recognized. Gate sizes typically
ranged from 0.001-0.1 mm?2. Frequencies of SFC were plotted against antigen concentrations,
and a curve was fit to the data using a 3-parameter logistic model, assuming a Hill coefficient
of one (GraphPad Prism 7, GraphPad Software, La Jolla, CA). ECsq values were calculated
for each curve and compared utilizing an F test that enables calculation of p-values.

Flow cytometry

Tetramers were synthesized by the BRI Tetramer Core Laboratory as previously described
[18]. Following a 10 day expansion period with peptide, approximately 50,000 CD4+ cells
were washed and incubated with 10 pg/ml of PE-labeled tetramer for 2-3 hours at 37°C. Cells
were then stained for 15 minutes on ice with fluorochrome-labeled antibodies prior to washing
with 1% BSA in PBS. As a negative control, cells were incubated with HLA-matched tetramers
presenting a non-specific peptide. The following antibodies were used: PECy7 or APC anti-
CD4 (Beckman Coulter, Fullerton, CA), APC anti-CD25 (BioLegend, San Diego, CA), APC
anti-CD5, FITC anti-CD81 (BD Pharmingen, San Diego, CA), FITC anti-TCRap, FITC anti-
IL-15Ra, APC anti-CD3g (eBioscience, San Diego, CA), PE anti-TCRV9, FITC anti-
TCRVp17, FITC anti-TCRV20 (Beckman Coulter, Fullerton, CA). All flow cytometry
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experiments were performed using a BD FACSCalibur (Becton Dickinson, San Diego, CA)
and data were analyzed using FlowJo software version 7.5.2 (TreeStar Inc., Ashland, OR).
Gates were set with the frequency of irrelevant tetramer-stained cells equal to 0.1%, and these
gates were used to calculate the percentage of cells stained with GAD peptide-loaded tetramers.

TCR VB repertoire analysis

Results

Expression of TCR BV genes was assessed using the Super TCRExpress™ Clonality Detecting
Kit according to manufacturer’s protocol (BioMed Immunotech, Alachua, FL). In brief, CD4
+ T cells were cultured with GAD and autologous APC for 10 days prior to tetramer-staining
as detailed above. After sorting approximately 1.5-6x103 of both tetramer-stained and
unstained CD4+ cells, RNA was extracted, cDNA was synthesized, and TCR genes were
amplified in a single step of 35 PCR cycles. A nested PCR amplified specific TCR genes using
TCR BV gene-specific oligonucleotides after an additional 33 cycles. PCR products were
resolved on a 4% high resolution agarose gel.

In order to assess autoreactive T cell avidity maturation over time in subjects at different stages
of T1D development, we calculated ECgq values of GAD 555-reactive CD4+ cells from
longitudinal PBMC samples drawn from autoantibody-positive at-risk subjects, autoantibody-
negative first-degree relatives and T1D patients. The ECg is the peptide dose that induces one-
half maximal levels of stimulation and inversely correlates with T cell functional avidity.
ECsq values were calculated from IFN-y ELISPOT assays of CD4+ cells cultured with
escalating doses of GAD 555. We also assessed the binding of HLA-DR4 tetramers presenting
either GAD 555 or its analog peptide, GAD 5571, to quantify the frequencies of antigen-specific
CD4+ cells in cultures.

We observed that eight of twelve (67%) at-risk subjects and two of four (50%) first-degree
relatives exhibited increasing numbers of IFN-y secreting cells as a function of antigen dose.
In contrast, only two of nine (22%) T1D patients exhibited dose-responses to GAD 555. All
samples that harbored IFN-y secreting cells also contained GAD 555 or GAD 5571 tetramer-
staining cells, but there was no correlation between the frequencies of tetramer-binding cells
and disease status (Table 2). The EC5g magnitudes were relatively heterogeneous among
responsive subjects regardless of disease status (Fig. 1). We observed that subjects 6660, 4845
and 6827 failed to demonstrate IFN-y responses in the follow-up samples even though tetramer-
staining cells were present (Table 2). We noted that follow-up samples from at-risk subjects
5571, 6212, and 8617 exhibited significantly lower ECsg values (p<0.05 by F test) than those
of initial samples implying a shift from a low to a high avidity response over time (Fig 2A, B,
and C). One of these subjects, 6212, was subsequently diagnosed with T1D; therefore, we
decided to further investigate T cell avidity maturation using samples from this bona fide pre-
diabetic patient.

We first wished to ensure that the avidity shift was specific for the GAD 555-responsive cells
and not a global phenomenon. Therefore, separate aliquots of samples from pre-diabetic subject
6212 were cultured with the influenza hemagglutinin 306-318 (HA 306) peptide for 10 days
prior to analyzing ECsq values by IFN-y ELISPOT assay. We observed no significant
differences between the HA 306-reactive T cell population ECgq values over time
demonstrating that avidity maturation only occurred in the GAD 555-reactive T cell population
(Fig. 2D).

We next sought to identify the mechanism of avidity maturation operable in this subject. Since
T cell avidity maturation has been demonstrated to result from the up-regulation of proteins
that enhance TCR signaling strength [7], we analyzed expression levels of several cell-surface
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molecules associated with T cell activation on expanded, GAD 555 tetramer-labeled cells. We
observed only modest increases (5-30%) in expression of TCR af, CD3e, CD4, CD25 and
CD81 on higher avidity cells from the follow-up sample while expression of CD5 was slightly
increased on cells from the initial sample (Fig. 3A). The IL-15Ra chain was up-regulated by
greater than 3-fold on the higher avidity cells compared to cells from the initial sample.

Another putative mechanism of avidity maturation is the preferential expansion of T cells
expressing high affinity TCR, which can be detected by the outgrowth of T cell clonotypes
over time [12,13]. To assess this as a possible avidity maturation mechanism, GAD 555
tetramer-binding and non-binding cells from the initial and follow-up samples from the pre-
diabetic patient were sorted by flow cytometry, and the TCR V3 repertoires of each population
were analyzed using a nested PCR-based technique. TCR BV gene expression by GAD 555
tetramer-binding cells differed between the two time points. In general, a broader repertoire of
TCR VP families was represented in the initial sample, while populations expressing TCR BV
9, 15, 17, and 20 were expanded in the follow-up sample (Fig. 3B upper and lower left, compare
boxes). Importantly, only minimal changes in the TCR V[ repertoires were observed in the
non-tetramer binding populations (Fig. 3B, upper and lower right). These findings suggested
that the avidity shift observed between samples correlates with the outgrowth of novel T cell
clonotypes in the GAD 555-reactive population.

In an effort to further characterize the operable avidity maturation mechanism, we expanded
CD4+ cells from the follow-up sample and isolated cells expressing TCR BV 9, 17, or 20 and
those expressing other TCR BV genes. Both populations were expanded with peptide for an
additional 10 days and then analyzed for the levels of tetramer-binding. The putative high
avidity cells expressing TCR BV 9, 17, or 20 exhibited higher tetramer-binding levels as
evinced by a higher mean fluorescence intensity (MFI) of tetramer staining compared to CD4
+ cells expressing other TCR BV genes (Fig. 4A). There was no difference in TCRo or
IL-15Ra expression levels between these two subsets (data not shown). Since avidity shifts
can result from repetitive exposure to antigen, we did not perform ELISPOT assays on sorted,
expanded cells. Instead, we assessed the ability of sorted cells to bind to decreasing quantities
of GAD 555 tetramers, which has been shown to correspond with TCR affinity [19]. Each
population demonstrated large decreases in the frequency of tetramer-staining cells over the
dilutions tested (Fig. 4B). By plotting the frequency of tetramer-staining cells from each
population as a percentage of the frequency of CD4+ cells stained by the highest tetramer
concentration (10 ug/ml), we observed that an increased proportion of CD4+ cells expressing
TCRBV 9, 17, or 20 were bound by low levels of tetramers compared to cells expressing other
TCR BV genes (Fig. 4C). Taken together, these data demonstrate that a subset of GAD 555-
reactive T cells expressing TCR BV 9, 17 or 20 is able to bind to lower quantities of tetramers
implying a higher TCR affinity for GAD 555. Therefore, itis most likely that avidity maturation
in this pre-diabetic subject results from the selective expansion of T cells expressing higher
affinity TCR.

Discussion

The avidity of a T cell population for antigen dictates the ability to differentiate into memory
cells and, ultimately, the effectiveness of an immune response [20]. In this study, we assessed
autoreactive CD4+ T cell avidity maturation in subjects at different stages of T1D development.
Since the frequency of autoreactive T cells in the peripheral circulation of T1D patients is very
low [17], CD4+ T cells were expanded for 10 days with GAD 555 prior to analysis by
ELISPOT. Antigen-limitation can result in the outgrowth of high avidity cells in cultures;
therefore, we utilized a modest dose (10 pg/ml) of peptide that has been demonstrated to expand
both high and low avidity populations in other systems [21]. In our hands, doses lower than 1
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ng/ml of GAD 555 fail to expand GAD-reactive cells making it unlikely that a dose of 10 pg/
ml is limiting and skews the response.

There were no significant differences in the proportions of subjects demonstrating IFN-y
responses in each group, which was not unexpected since autoreactive T cells have been shown
to be prevalent in both healthy and T1D subjects [5,6]. We had expected to observe a correlation
between avidity and disease status such that samples from T1D patients would exhibit the
highest avidities. However, the majority of T1D subject samples failed to secrete IFN-y in
response to GAD 555, and, of those that did, the avidities were no different from the at-risk
subjects and first-degree relatives. These findings may indicate that there is no absolute T cell
avidity threshold correlating with disease onset and that the range of GAD-reactive T cell
avidities is unique to each subject. Non-responsive T1D patients may reflect the natural loss
of GAD immunity due to reductions in the availability of islet antigens after diagnosis.

The observation of avidity maturation between samples from a pre-diabetic subject led us to
investigate two possible mechanisms by which this may have occurred: up regulation of
molecules associated with TCR signaling strength or outgrowth of T cells expressing high
affinity TCR. Expression levels of TCRaf3, CD3g, CD4, CD5, CD25 and CD8L1 differed very
little between samples, but there was greater than 3-fold increase in IL-15Ra chain expression
by the higher avidity GAD 555-responsive cells. Elevated serum levels of IL-15 have been
observed in T1D patients and islet transplant recipients on immunosuppressive therapies [22,
23]. Interestingly, IL-15Ra signaling has been demonstrated to play a role in avidity maturation
of mouse CD8+ T cells, in part, by inducing the up-regulation of Bcl-2, an anti-apoptotic
transcription factor [24]. Itis possible that the up-regulation of IL-15Ra on higher avidity GAD
555-reactive CD4+ cells serves to prolong their survival, particularly since cells of the same
specificity isolated from T1D patients have been shown to be more susceptible to AICD
compared to low avidity cells [16]. Since we did not assess levels of IL-15 in the T cell cultures
or compare long-term viabilities of the high and low avidity populations, additional studies are
needed to address potential mechanisms, if any, by which IL-15 signaling may promote CD4
+ T cell avidity maturation.

T cells expressing TCR BV 9, 15, 17 and 20 were preferentially expanded in the high avidity
pre-diagnostic sample. Subsequent analysis of these cells revealed that they exhibited higher
tetramer binding strengths as revealed by increased MFI of staining and a higher frequency of
stained cells at low tetramer concentrations. We conclude that expression of TCR BV 9, 17 or
20 is a marker of high affinity clonotypes that are selectively expanded during the pre-clinical
stage, and this is the dominant mechanism of avidity maturation in this subject.

These findings are compelling in that the avidity maturation mechanism we identified is similar
to that utilized by IGRP 206-reactive CD8+ T cells in pre-diabetic NOD mice; although, little
is known about the factors responsible for the induction of avidity maturation [15]. Antigen
dose has been reported to inversely correlate with the avidity of the responding T cell population
[25]. Since the pre-clinical stage of diabetes in humans and NOD mice is characterized by
progressive loss of islets, which are the presumed sources of GAD antigens, it is tempting to
speculate that the preferential outgrowth of high avidity clonotypes is the result of gradual
antigen limitation. However, Turner and colleagues have reported that reduced expression
levels of a neo-self antigen limits, rather than enhances, avidity maturation of CD8+ memory
T cells [26]. Also, reduced vaccine doses did not result in a statistically significant increase in
the clonal selection of high avidity CD4+ T cells in an immunization model system [27]. While
these data do not rule-out a role for progressive antigen reduction in T cell avidity maturation,
other factors probably play important roles. The type and activation states of APC mediating
T cell activation likely determine the magnitude of the response. Mature dendritic cells (DC)
are known to be potent inducers of immunity and have been shown to selectively induce high
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avidity CD8+ T cells regardless of antigen dose [28]. Moreover, it was recently reported that
plasmacytoid DC are expanded in recent-onset T1D patients and present higher levels of
antigen in the presence of autoantibodies [29]. The increase in avidity we observed between
pre-diabetic samples could be due to decreasing antigen doses or an increase in the prevalence
of mature DC over time.

These findings have important implications for future studies of autoreactive T cell populations
in T1D and other autoimmune diseases. Avidity maturation by selective expansion of a limited
repertoire may represent the means by which benign self-reactive T cells develop into a
pathological autoreactive population during type 1 diabetes development. Quantification of
autoreactive T cell avidities from longitudinal samples may serve as a means of further
identifying high-risk populations and staging patients for clinical trials of preventive or
interventional therapies. Indeed, antigen-specific therapies designed to elicit peripheral
deletional tolerance may be critically dependent on the avidity of the autoreactive T cells at
specific stages of the disease.
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Fig. 1.

Avidities of GAD 555-reactive CD4+ T cells from autoantibody negative first-degree relatives
(FDR), autoantibody positive, at-risk subjects (AR) and type 1 diabetic patients (T1D). ECsg
values were calculated by culturing initial (open squares) and follow-up (open triangles)
samples with escalating doses of GAD 555 and calculating ECsg values from dose-response
curves.
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Fig. 2.

GAD 555-reactive CD4+ T cell avidities of serial samples from at-risk subjects. Initial (open
squares) and follow-up (open triangles) CD4+ samples were analyzed for responses to
escalating doses of GAD 555. Dashed lines represent the 95% confidence intervals of the
regression curves, and the ECsq values are indicated to the right of each legend symbol. Data
are plotted as the percent of maximum spot forming cell frequencies for each sample. * denotes
ECs is significantly reduced (p < 0.05 by F test) compared to initial sample. A) At-risk subject
5571 responses to GAD 555. B) At-risk subject 6212 responses to GAD 555. C) At-risk subject
8617 responses to GAD 555. D) At-risk subject 6212 responses to HA 306.
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Fig. 3.

Expression levels of T cell signaling-associated molecules and TCR V repertoires of GAD
555-reactive CD4+ cells from pre-diabetic subject 6212. A) GAD tetramer-binding cells from
initial (open bars) or follow-up (closed bars) samples were stained with fluorochrome-labeled
antibodies with specificities for the indicated cell surface proteins. MFI denotes mean
fluorescence intensity. B) GAD 555 tetramer-binding (left panels) and non-binding cells (right
panels) from initial (top) and follow-up (bottom) samples were sorted, and the expression
patterns of TCR BV genes by each population were determined. White boxes denote TCR BV
genes that are expressed at higher levels by GAD-reactive CD4+ cells from the follow-up
sample.
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Fig. 4.

GAD 555 tetramer binding levels of V9+, 17+, 20+ CD4+ cells compared to V9-, 17-, 20-
CD4+ cells sorted from high avidity sample. A) GAD 555 tetramer binding by Vf9-, 17-, 20-
(left) or VB9+, 17+, 20+ (right) CD4+ cells after sorting and culturing for 10 days. MFI denotes
mean fluorescence intensity of PE-tetramer labeled populations in upper left or right quadrants.
B) Binding of diluted GAD 555 tetramer by sorted VB9+, 17+, 20+ (top) or V9-, 17-, 20-
(bottom) CD4+ cells. Tetramer concentrations are denoted at top. C) Data in B. expressed as
a fraction of maximum tetramer binding by sorted V39+, 17+, 20+ or VV39-, 17-, 20- CD4+
cells. Open squares = V3 9+, 17+, 20+ CD4+ population; closed squares =V 9-, 17-, 20- CD4
+ population.
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