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The ability of T-cells to respond to foreign antigens and to appropri-
ately regulate this response is crucial for maintaining immune
homeostasis. Using combinatorial peptide libraries, we functionally
measured broad T-cell reactivity and observed impaired reactivity in
established models of T-cell receptor repertoire restriction and in
previously unrecognized disease contexts. By concurrently analyzing
T-regulatory and T-effector cells, we show strong functional correla-
tion between these subsets in healthy individuals and, strikingly, that
alterations of this balance are associated with T helper type 2 (Th2)-
mediated disease in a lymphopenic setting. Finally, we demonstrate
that peptide-based priming of polyclonal naive cells with relatively
low concentrations skews toward Th2 differentiation. These findings
provide unique insight into the pathophysiology and functional con-
sequences of abnormal T-cell repertoires and into differentiation of
human naive T-cells.

atopy | immune deficiency

he ability of T-cells to respond to foreign antigens is crucial in

mounting immune responses against viral, bacterial, and fungal
pathogens and relies on the recognition of antigenic epitopes by
T-cell receptors (TCRs). As the specific ligands that will be en-
countered are unknown, the immune system relies on maintaining
a diverse TCR repertoire to ensure effective responses. “Holes,” or
skewing of the repertoire, lead to missing responses and infection, as
seen in HIV (1), aging (2) and various immune deficiencies (3), or
abnormal responses leading to autoimmunity or atopy (4).

Global evaluation of T-cell reactivity is of fundamental im-
portance for understanding disease etiologies and treating
patients with suspected effector (Teff) or regulatory (Treg)
T-cell repertoire abnormalities, but it is complicated by the
need to assess the vast polyclonality of TCRs. MHC-tetramer
technology has allowed for quantification of the number of epi-
tope-specific CD8 or memory CD4 cells (5), and more recent
advances using magnetic bead enrichment, synthetic antigens, and
polyclonal amplification techniques have allowed for enhanced de-
tection of rare, naive antigen-specific cells (6-8). However, examin-
ing selected peptides determined a priori precludes analysis of
comprehensive TCR responsiveness. Well-established systematic
approaches using synthetic-peptide combinatorial libraries have
proven useful for identifying T-cell ligands including for trans-
genic mice (9) and T-cell clones (10, 11). In theory, use of similar
libraries in a fundamentally different manner could be used to
evaluate the reactivity of polyclonal T-cell populations to arrays of
peptides. Such an application could be used to better identify and
characterize diseases associated with T-cell repertoire restriction.

Repertoire restriction could affect the extent of overlap in
antigen-specificity in reactivity between Teff and Treg reper-
toires. Dysregulation of such a balance could contribute to dis-
ease phenotypes. Considerable evidence indicates that Teff and
Treg cells respond to the same exogenous antigens, presumably
to fight infection while maintaining immune homeostasis (12—
14). Studies in mouse models suggest that Treg TCR repertoire
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breadth and the antigen-specificity of Tregs are important deter-
minants in the suppression of autoimmunity, whereas restricted
Treg TCR repertoires, specifically in the context of lymphopenia,
can lead to T helper type 2 (Th2)-associated disease (15-17);
however, analogous associations have not been identified in
humans. Despite evidence for the intersecting reactivity of Tregs
and Teffs, clonotypic analyses repeatedly suggest that even in the
context of restricted TCR repertoires, the TCRs of Tregs are largely
distinct from effector cells (18-22), complicating the recognition of
abnormalities in regulatory cell specificity. Characterization of such
diseases could have implications for treatment and for the role of
Tregs in allergy and other forms of immune dysregulation.

We have used combinatorial peptide libraries to study the
breadth of human polyclonal T-cell responses. By quantitatively
evaluating responses of CD4 cells to a group of these libraries, we
were able to discriminate normal and abnormal T-cell functional
diversity in a variety of diseases. We also investigated the func-
tional overlap between Treg and Teff reactivity and demonstrate
that abnormalities in this overlap are associated with allergic dis-
ease in lymphopenic settings, providing evidence for an important
role of regulatory cell antigen-specificity in immune surveillance.
Finally, we examined human polyclonal CD4 differentiation from
naive precursors and show that low peptide dose can skew toward
Th2 differentiation.

Results

Peptide Pools Induce MHC Class ll-Dependent Activation and Proliferation
of CD4 Cells. To measure global functionality of T-cell subsets, we
wanted a system capable of surveying reactivity to a broad array of
antigens without particular concern for discerning individual acti-
vating epitopes. Previous studies have demonstrated the ability of
soluble combinatorial peptide libraries to elicit proliferation of
T-cell clones (9), and we speculated that they could be used to
activate polyclonal T-cells. We synthesized pools of 15-mer peptides
fixed at a single amino acid position and randomized at the other 14
positions (Table S1 and SI Experimental Procedures). The de-
fined length of 15 amino acids optimized the system for stimu-
lation of CD4 cells (23), and similar approaches in CDS8 cells
would be complicated by strict peptide length requirements
(24). Twenty pools (1-20) were fixed with one of each of the 20
amino acids at position five, another 20 (21-40) at position six,
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and another 20 (41-60) at position eight. Each of the nonfixed
positions was synthesized with a random amino acid. Given the
possibility for peptide ends to lie outside the open-ended MHC
class II molecule (25), we chose central positions to fix to
maximize the likelihood that those residues would lie within the
binding groove.

Peripheral blood mononuclear cells (PBMCs) from a healthy
donor were stimulated with individual peptide pools, and acti-
vation was measured by surface up-regulation of CD69 and
CD98 on CD3+CD4+ cells after 40 h (Fig. 14). The similar
kinetics of CD69 and CD98 allowed for robust and consistent
short-term measurement of activation. Individual pools induced
up-regulation of these markers in a small but measurable per-
centage of cells (Fig. 24). Similar activation was measured in
naive or memory cells (Fig. 1B and Fig. S14). The phenotypes of
reactive cells were not significantly altered by stimulation, as
sorted naive cells stimulated with these peptide pools in the
presence of autologous dendritic cells (DCs) showed minimal
changes in surface markers (Fig. S1B). Six-day stimulation (Fig.
1B) led to proliferation of peptide-specific cells, as measured by
carboxyfluorescein succinimidyl ester (CFSE) (Fig. 2C). Stimu-
lation was dose-dependent (Fig. SIE) and could be inhibited by
an MHC class II blockade that did not reduce activation induced
by anti-CD3 and anti-CD28 (Fig. 2 D and E and Fig. S1 C
and D).

Aggregation of Responses to Multiple Peptide Pools Allows for
Functional Analysis of CD4 T-Cell Repertoire. PBMCs were divided
into 60 wells, each stimulated with a single peptide pool (Fig. 1 4
and B). In a single donor, the levels of CD69 and CD98 surface
up-regulation and proliferation differed across peptide pools
(Fig. 34 and Fig. S1F). We ranked the aggregate responses from
largest to smallest, and responses were designated positive when
the measured value was greater than four SDs above the mean of
five unstimulated PBMC wells (Fig. 3B). Data from 11 healthy
donors could be represented by mean and SE across peptide pools
(Fig. S1 G and H). Interestingly, compiled data revealed that
certain fixed positions encouraged greater TCR binding across
multiple donors, which could reflect public T-cell responses or
differences in universal biochemical affinity for certain residues
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Fig. 1. Randomized peptide pools as a technique to evaluate TCR repertoire
from PBMCs or sorted cell subsets. (A and B) PBMCs were cultured at 200,000
cells per well with IL-2 in multiple wells. (A) After 40 h, cells were stained for
phenotypic markers and the activation markers CD69 and CD98. (B) Cells were
stained with CFSE and cultured for 6 d. (C and D) Monocytes were isolated
from PBMGCs and cultured in IL-4 and GM-CSF. After 5 d, DCs were activated
with TNF-o, and 2 d later were cocultured with autologous, sorted naive, or
central memory CD4 cells in the presence of IL-2. (C) Forty-hour activation or
(D) naive differentiation by intracellular cytokine stain.
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Fig. 2. Peptide pools induce MHC class Il-dependent activation and pro-
liferation of CD4 cells. (A-C) Shown are representative contour plots of
CD69/CD98 up-regulation of gated total (A) or naive (B) CD4 cells from
a healthy volunteer’s PBMC in response to no stimulation, peptide pool #47,
and staphylococcal enterotoxin B (SEB). (C) CFSE dilution of CD4 cells after
6 d after the same type of stimulation. (D and E) CD69/CD98 up-regulation of
gated CD4 cells stimulated as in (A) in the presence or absence of an MHC
class Il blocking antibody added at time of stimulation. (D) Representative
contour plots and (E) first 30 peptide pools. Dotted line represents mean
percentage CD69/CD98 expression of five unstimulated wells.

(26, 27). As anticipated, across individuals, levels of short-term
activation correlated with, but were not always accurate
predictors of, proliferation (Fig. 3C). In addition, there was
considerable overlap of reactivity between naive and memory
subsets (Fig. 3D).

Although commonly used techniques for measuring TCR
repertoires generally focus on numerical diversity, this method
was instead focused on reactivity. We aimed to gauge the ability
of an individual’s T-cell compartment to respond to a broad
spectrum of antigenic stimuli, which provides different information
about TCR repertoires beyond whether the responding cells are
clonally related or distinct. We therefore examined several models
of altered TCR repertoires to measure the alteration’s effect on
functional diversity.

Previous studies have shown that naive cells have greater nu-
merical TCR diversity than memory cells (28, 29). Across mul-
tiple healthy donors, naive CD4 T-cells appeared to have a more
broad functional reactivity than memory cells, and collectively,
naive cells responded positively to a mean of 89% and memory
cells to a mean of 72% of peptide pools (Fig. 44). It is possible
that memory reactivity is underestimated, as memory cells had
significantly higher background activation than naive cells, in-
creasing the level of CD69/CD98 up-regulation required for
a positive response. However, memory cells have been shown to
have a decreased threshold of activation (30), which would be
expected to increase the measured breadth of reactivity. Dif-
ferences in background activation were not observed in any other
comparisons we performed.

We next examined TCR reactivity across a large donor age
range, as it has been reported that clonotypic TCR diversity of
naive cells decreases with age (31). Functional naive diversity did
indeed decrease with age, seemingly most markedly after the age
of 80 y (Fig. 4B). However, in contrast to previous data using
limiting dilution, we found that memory responsiveness was un-
changed (Fig. S24) (31). Background activation of naive cells or
TCR reactivity of both subsets with anti-CD3 and anti-CD28
stimulation did not vary with age (Fig. S2B).

Analysis of CD4+ Repertoires Reveals Functional Repertoire Restriction

in Human Immunologic Diseases. After validating the ability of our
assay to detect T-cell repertoire alterations, we wanted to apply it
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Fig. 3. Peptide pools differentially activate and induce proliferation of CD4
cells across normal controls. (A and B) Percentage CD69+ and CD98+ of CD4
cells from a representative control in response to 60 different peptide pools.
Dotted line indicates four SDs above the mean of five unstimulated wells. (C)
Correlation of activation and proliferation induced by peptide pools of a
representative donor. The response to each peptide pool is denoted by a
single dot. (D) Correlation between activation response of naive and memory
CD4 subsets of a representative control.

to investigate repertoire restriction in immunologic diseases. We
first analyzed samples from patients with idiopathic CD4 lym-
phopenia (ICL), a disorder with unknown etiology characterized
by low CD4 counts and opportunistic infections (32) that had
been reported to be associated with reduced TCR repertoire
when measured by heteroduplex analysis (33). We found
marked functional restriction of the naive TCR repertoire in
patients with ICL, but not the memory compartment (Fig. 4 C
and D and Fig. S2C), suggesting that the functional repertoire
restriction is confined to this subset. Again, anti-CD3 and anti-
CD28 stimulation and background activation were not differ-
ent between patients and control participants (Fig. S2E). In
addition, within the ICL cohort, the percentage of positive
responses was not dependent on total CD4 counts (Fig. S2D).
To further confirm that activated CD4 cells were independent of
the overall percentage of CD4 cells, CD4 cells from a healthy
donor were sorted, titrated back into the PBMCs at decreasing
ratios, and stimulated with a peptide pool, which did not affect
the surface activation levels (Fig. S2F).

We next examined a previously unstudied model of repertoire
restriction by analyzing the reactivity of central memory CD4 cells
from participants with STAT3 mutations leading to the autosomal
dominant hyper-IgE syndrome (AD-HIES). Central memory cells
from these patients have increased Ki-67 expression, consistent
with high turnover compared with control patients (34). Such
turnover either could be a result of compensatory homeostatic
clonal expansion in response to the reduction of total central
memory cells, which would lead to a reduction in the functional
diversity of the cells, or could represent a differentiation state that
immediately follows or precedes entry to or exit from this memory
compartment, which should have no effect on diversity. Autolo-
gous monocyte-derived DCs were cocultured with sorted cell
subsets, stimulated with peptide pools for 40 h, and stained for
CD69 and CD98 surface expression (Fig. 1C). AD-HIES central
memory cells responded positively to far fewer peptide pools than
did control central memory cells (Fig. 4 E and F). This was not due
to either an antigen-presentation or an intrinsic signaling defect
because the frequency of peptide-responsive AD-HIES-naive cells
was similar to that seen in control patients, and the central memory
cells up-regulated CD69 and CD98 appropriately after anti-CD3
and anti-CD28 stimulation (Fig. S3 4 and B).

Barber et al.

Inappropriate Functional Overlap Between Treg and Teff Subsets Is
Associated with Atopy. Having demonstrated the potential of our
peptide libraries to evaluate global TCR reactivity, we wished to
analyze the relationship between regulatory and effector T-cell
subsets simultaneously. By gating on Helios+ Foxp3+ CD4+
T-cells, we could concurrently interrogate TCR responsiveness of
Tregs and Teffs (Fig. 5 A and B). In healthy donors, we found
a strong and statistically significant correlation between Teff and
Treg functional reactivity, indicating intersection of antigen re-
activity (Fig. 5 C and E). Previously unactivated Tregs are most
likely the source of these Foxp3+ Helios+ cells after activation, as
similar activation of sorted CD25— CD127+ CD4 cells did not lead
to significant Foxp3 or Helios up-regulation (Fig. S44), and the
small percentage of CD69+/CD98+ Tregs in unstimulated wells
was similar to the total number of CD4 cells.

We then used our approach to determine whether a lack of
functional correlation between Treg and Teff TCR repertoires
might explain immune dysregulation seen in two models of human
allergic disease associated with lymphopenia. Reconstitution of
lymphopenic mice with a limited TCR repertoire can lead to ele-
vated serum IgE and Th2 pathology, which appears to be de-
pendent on the complexity of Treg TCRs (16). We therefore
speculated that impaired functional overlap between Tregs and
Teff could cause analogous, previously unreported allergic phe-
notypes defined by high IgE and atopy in a subset of patients
with ICL (Table S2) or in a subset of patients treated for SCID
resulting from adenosine deaminase deficiency (ADA-SCID)
(Table S3) who also have high IgE and atopy.

We found that ICL patients with atopic phenotypes had mark-
edly reduced correlation of Teff and Treg reactivity compared with
patients with ICL without elevated IgE (Fig. 5 D and E) and that
these results could not be accounted for by lower total CD4 cell
counts or by cell signaling defects (Fig. S4 B and C). The presence
of severe atopy alone does not necessarily lead to such Treg/Teff
functional imbalances, as a patient without lymphopenia but with
severe, uncontrolled atopic dermatitis had a normal Treg/Teff
correlation (Fig. S4D).

Similar results were obtained from patients treated for ADA-
SCID when comparing those patients with high IgE and specific
allergic phenotypes with those patients without (Fig. 5E), even
though similarly weakened TCR activation, elevated Th2 cyto-
kines, and lymphopenia were noted in both atopic and nonatopic
patients. Similar to the patients with ICL, these results suggest
that the specific allergy noted in patients with ADA-SCID is
associated with discordance between Treg and Teff reactivity.

Peptide Libraries Induce Differentiation of Naive CD4 Cells, and Low
Peptide Dose Skews Toward Th2 Differentiation. In addition to the
failure of Treg repertoires to adequately suppress Teff, the de-
velopment specifically of Th2 disease in the context of lympho-
penia has been postulated to be a result of the lack of high-
affinity competition for given antigens (35). This is predicated on
the assumption that lower-affinity T-cells would differentiate
into Th2 cells because of weaker TCR signaling at priming (36).
However, this phenomenon has not been directly observed in
human cells because of the difficulty in identifying peptides that
could prime sufficient numbers of polyclonal naive T-cells. Sorted
naive, CFSE-labeled CD4 cells were cocultured with autologous
monocyte-derived DCs and peptide pools (Fig. 1D). On day 7, cells
were restimulated with phorbol-12-myristate-13-acetate/ionomycin
and examined for cytokine production. Short-term activation, pro-
liferation, and both Thl and Th2 cytokines were observed with
peptide pool priming in serum-free media with only exogenous IL-2
added (Fig. 6 A-C). Lower peptide doses led to a greater per-
centage of IL-13+ and IL-4+ cells among expanding cells and
greater IL-4 transcript, as measured by real-time PCR, even with
almost identical levels of proliferation at the higher doses (Fig. 6 D
and E and Fig. S4F). Likely because of differences in stimulation,
Th2-promoting doses differed between peptide pools and individ-
uals; however, unlike IL-13 and IL-4, IFN-y did not increase at
lower concentrations (Fig. S54).
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Discussion

Using combinatorial peptide libraries, we have functionally eval-
uated global TCR repertoires and studied the differentiation of
polyclonal naive cells using peptide antigens. The purpose of using
these libraries was not to mimic or discover naturally occurring
antigens but, rather, to broadly sample TCR reactivity and to assess
TCR repertoires on a functional, rather than numerical, basis. Our
results corroborate the findings of commonly used measurements
of TCR diversity in several models of restricted TCR repertoires
and provide further insight into diseases associated with TCR
repertoire restriction. Simultaneous assessment of Treg and Teff
repertoires revealed considerable functional intersection between
these subsets in healthy individuals and that disruption of this

parity correlates with failure to control Th2-associated disease in
lymphopenic settings. Finally, we provide evidence that human
T-cells are predisposed to Th2 differentiation with weak antigenic
stimulation at priming.

Given the vast polyclonality of T-cells, the requirement of TCR
specificity for activation, and the sheer number of individual pep-
tides making up the combinatorial peptide libraries, it is difficult
to analyze the specific peptide-MHC-TCR interactions occur-
ring in our system. Of note, the libraries are not fully defined.
The synthesized peptides likely represent a selection from
a much larger theoretical pool because of biochemical con-
straints, which worked to our advantage, as the sparser subset of
all possible peptides led to a meaningful dynamic range of acti-
vation. Our goal was not to further characterize the T-cells that
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respond to the peptide pools, such as whether their TCRs are
related or distinct, or the types of peptides eliciting a response
but, rather, to provide an unbiased view of global T-cell reactivity.
Regardless of whether the cells responding to pools are clonally
similar or diverse, a larger response to an individual pool or
broader responses to many pools suggests an enhanced capacity to
react to broad antigen repertoires.

Several limitations exist with most current measures of TCR
repertoires; perhaps most important, that functionality is not di-
rectly measured but, rather, inferred from numerical measures.
Sequencing of TCRs may provide the most direct measurement of
diversity currently available, but technical constraints prevent
analysis of heterodimer af chains, thus omitting a significant source
of functional TCR responsiveness (28). More important, primary
TCR sequences do not confer knowledge of functional diversity:
Single TCRs may be cross-reactive for multiple peptides, which can
confer protection against infection or cause autoimmunity, and
multiple TCRs can react to a single antigen (37-40). Further, the
overlap in reactivity between T-cell subsets with distinct TCR
sequences would go unrecognized using TCR sequencing alone.
Our approach provides a direct method for measuring TCR func-
tional diversity as it manifests in T-cell activation and proliferation
and represents a complementary approach to TCR sequencing.

As recognized in previous studies, the observed age-associated
decline in the naive repertoire has important implications for
primary T-cell responses of older individuals (31). Analysis of the
repertoires of patients with ICL suggests that they are able to ef-
fectively generate a diverse memory compartment, even though
the functionality of their naive repertoire is compromised. We have
also revealed restricted functionality of AD-HIES central memory
repertoires, potentially contributing to the increased risk for vari-
cella zoster virus (VZV) reactivation seen in these patients that
was originally attributed solely to the reduction in number of
central memory cells (34).

Reports investigating the intersection between Treg and Teff
repertoires in mouse models have shown that TCR CDR3 sequences
can overlap to a limited degree (19-21); however, distinct Treg and
Teff TCR repertoires appear able to respond to the same foreign
antigen (18, 41). Our data indicate that there is considerable
correlation in reactivity between Treg and Teff subsets in normal
control patients, implicating a mechanism for the control of in-
flammation in which effector and regulatory cells are activated by
similar antigenic epitopes.

Although severe impairment of Treg activity leads to marked
autoimmunity and allergic phenotypes in both humans and mouse

A Unstimulated ~ Peptide Pool #47

models (42, 43), it is unclear whether milder abnormalities such
as the failure of antigen-specific Tregs to regulate effector cells
specific for the same antigens could account for less severe clin-
ical phenotypes. We show that reduced correlation of Treg and
Teff reactivity to peptide pools in both patients with ICL and
patients treated for ADA-SCID is associated with high IgE levels
and allergy. A previously proposed mechanism for the de-
velopment of Th2 pathology could account for this association:
Studies in mice have found that restricted Treg repertoire com-
bined with fewer total CD4 cells could lead to the emergence of
low-affinity effector cells, which are normally suppressed by regu-
latory T-cells and concealed by high-affinity responses, responding
to antigen (16, 35), and that these weak TCR interactions tend to
favor Th2 differentiation, as previous studies have shown in
mice (36) and as shown by data here in humans as well. Lym-
phopenia may exacerbate the potential for Treg/Teff discor-
dance, and it is possible that similar dysregulation could exist in
lymphoreplete settings.

The findings described here have many implications for both
basic and clinical research. The restricted reactivity of the rep-
ertoires observed here in several contexts are likely to have
functional consequences, such as increased infection in older
individuals and patients with ICL, as well as increased suscepti-
bility to VZV reactivation in patients with AD-HIES. Functional
measurement of global Teff/Treg overlap may help predict and
understand disease states such as autoimmunity or immune
reconstitution inflammatory syndromes and graft vs. host dis-
ease. The significant correlation between activation of Treg
and Teff subsets in normal control patients warrants further
investigation into how this overlap manifests during antigen
encounter, whereas the breakdown in this relationship un-
derlying a Th2 phenotype suggests therapy targeting Treg
specificity for the treatment of allergy. Wedded with TCR se-
quencing, measurement of functional overlap of activated Treg
and Teff would permit direct interrogation of the relationship
between the two repertoires. Furthermore, investigation of pep-
tide-induced differentiation of naive cells may aid in the un-
derstanding of human polyclonal T-helper differentiation, which
to date has only been studied with mitogens and superantigens.

Experimental Procedures

Subjects. Patients with AD-HIES were enrolled under National Institute of
Allergy and Infectious Diseases (NIAID) Institutional Review Board (IRB)-
approved Protocol 00-1-0159 and/or Protocol 10-1-0148. Patients with ICL
were enrolled under NIAID IRB-approved protocols 09-1-0069, 07-1-0033, or

2
g
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H| Unstimulated 1.27 '
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10-1-0148. Patients with ADA-SCID were enrolled under National Human
Genome Research Institute IRB-approved Protocols 01-HG-0189 or 00-HG-
0209. Three older patients were enrolled under Protocol GRC98-12-28-01.
Buffy coats of normal controls were obtained from the National Institutes of
Health Blood Bank. Peripheral blood mononuclear cells were prepared by
Ficoll-gradient centrifugation and cryopreserved.

Stimulation Assays. PBMCs were thawed, washed with PBS, and resuspended
at 1 million cells per milliliter in Roswell Park Memorial Institute medium 1640
(GIBCO) supplemented with 10% (vol/ivol) FCS (Gemini Bio-Products), 100 U/mL
penicillin, 100 pg/mL streptomycin, 29.2 pg/mL L-glutamine (all GIBCO) (R-10),
and 5 U/mL recombinant human IL-2 (5 U/mL, PeproTech). To single wells in
a 96-well plate, 200 pL of cell suspension were added such that each well
contained 200,000 cells. For proliferation assays, the CellTrace CFSE Cell Pro-
liferation Kit (Invitrogen) was used according to the manufacturer’s protocol.
Cells were stimulated with peptide pools (final concentration 100 pM, unless
otherwise noted), staphylococcal enterotoxin B (1 pug/mL, Sigma-Aldrich), or
anti-CD3 (OKT3; 1 pg/mL, eBioscience) and anti-CD28 (1 pg/mL, BD Biosciences).
After 40 h or 6 d, cells were washed and analyzed by flow cytometry.

Coculture Assays. CD14+ monocytes were purified from PBMC by positive
selection with antibody-coated microbeads (Miltenyi Biotec) and cultured in
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R-10 with IL-4 (50 ng/mL, R&D Systems) and GM-CSF (100 ng/mL, PeproTech).
After 5 d, TNF-a (10 ng/mL, R&D Systems) was added to activate DCs. On day
7, naive (aqua—CD3-CD4-CD25-CD27-CD45R0O-) or central memory (aqua—
CD3-CD4-CD25-CD27-CD45R0-) cells were purified by FACS sorting and
cocultured at a ratio of 50:1 with autologous DCs in X-Vivo 15 serum-free media
(Lonza). Cells were then cultured for 7 d before restimulation with phorbol-12-
myristate-13-acetate (20 ng/mL, Calbiochem) and ionomycin (1 pM, Calbiochem)
in the presence of Brefeldin A (10 pg/mL, Sigma) for 6-12 h. Intracellular cytokine
staining was then performed.

Statistics. Statistical significance was calculated from the median value
with a one-tailed Mann-Whitney test with GraphPad Prism 5.0 Software
(GraphPad Software Inc), and r? values were calculated using GraphPad
Prism 5.0 Software.
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S| Experimental Procedures

Peptide Libraries. Sixty peptide pools were synthesized by and
purchased from Pepscan. The libraries were prepared on solid
phase on a Syro multiple peptide synthesizer (MultiSynTech), us-
ing fluorenylmethoxycarbonyl/tert-butyl chemistry. The peptides
were synthesized starting from a preloaded p-benzyloxybenzyl
alcohol resin and, after completion, were cleaved from the resin
with concomitant removal of the protecting groups. Pools
comprised 15 mers fixed at a single amino acid position and
randomized at all others. Twenty pools were fixed at position
five, 20 at position six, and 20 at position eight. Each set of 20
had one pool fixed with every amino acid (Table S1). Four
micromol of each library were resuspended in 200 pL dimethyl
sulfoxide (Sigma-Aldrich), followed by dilution with 200 pL
deionized water and stored at 4°C.

MHC Class 1l Antibody. IVA12 monoclonal antibody against HLA
DR, DP, and DQ was purchased from American Type Culture
Collection and provided by C. Prussin (National Institutes of
Allergy and Infectious Diseases, Bethesda).

Allergic Diagnoses. Allergic diagnoses of patients with ADA-SCID
and ICL were all made by the same team of allergists and immu-
nologists on the basis of detailed clinical histories in conjunction with
pulmonary function testing where relevant; skin prick testing (Greer
Laboratories, Lenoir, NC); to 20 specific allergens (Army Centralized
Allergen Extract Laboratory, Walter Reed National Medical Center,

Barber et al. www.pnas.org/cgi/content/short/1302103110

Bethesda); and/or serum allergen-specific IgE levels performed by
a commercial laboratory (Mayo Medical Laboratories, Rochester,
MN) or by using the Phadia ImmunoCAP System (Phadia AB).

Flow Cytometry. Cultured cells were washed, thawed with PBS,
and stained with aqua viability dye (Invitrogen). The following
surface and intracellular markers were used for 40-h activation
assays or for 6-d proliferation assays: CD3-QDot605 (Invitrogen);
CD3-Alexa Fluor700, CD4-PE-Cy7, CD4-APC, CDS-APC-H7-
PacificBlue, CD45RO-TRPE, CD27-PE-Cy5, CDG69-FITC,
CD98-PE (all BD Biosciences); and FoxP3-efluor450 and Helios-
Alexa Fluor647 (both eBioscience). The FoxP3 staining kit and
protocol (eBioscience) was used to stain for both FoxP3 and
Helios. Intracellular cytokine staining was performed using
a saponin fix/perm protocol (Current Protocol in Immunology,
unit 6.24). The following antibodies were used: IFN-y-V450, IL-
4-PE (both BD Biosciences), and IL-13-APC (BioLegend).

PCR Analysis. RNA was isolated with the RNeasy Mini Kit
(Qiagen), as per manufacturer’s instructions. cDNA was reverse
transcribed with the High-Capacity Reverse Transcription Kit
(Applied Biosystems). Triplicate real-time PCR reactions were
performed in 20 pL volume with 18s Hs99999901 s1 and IL-4
Hs00174122_m1 (Applied Biosystems). Transcripts were mea-
sured relative to 18S levels to normalize for cDNA inputs. PCR
reactions underwent 40 cycles and were analyzed on an ABI
7500 Real Time Thermal Cycler (Applied Biosystems).
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Fig. S1. (A) Representative contour plots of CD69/CD98 up-regulation of gated memory CD4+ cells from peripheral blood mononuclear cells (PBMCs) of
a normal donor in response to no stimulation, peptide pool #47, and staphylococcal enterotoxin B (SEB) after 40 h. (B) Phenotypic markers of sorted naive cells
cocultured with autologous dendritic cells after 40 h of stimulation. (C) Carboxyfluorescein succinimidyl ester dilution with and without addition of MHC class II
blocking antibody across the first 14 peptide pools. (D) Class 2 blockade with anti-CD3 and anti-CD28 stimulation. (E) Activation response to first 10 peptide pools
at 100 uM and 50 pM concentrations. Lines connect individual peptide pools. (F) CFSE dilution in response to peptide pools from a single donor. Dotted line
indicates four SDs above the mean of five unstimulated wells. (G and H) Aggregated data for activation (G) and proliferation (H) of CD4 cells after stimulation of
PBMC from 11 different donors with peptide pools. Data are represented as mean + SEM.
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Fig. S2. (A) Percentage of positive responses to peptide pools of memory cells across ages. (B) Reactivity to anti-CD3 and anti-CD28 stimulation for naive and
memory CD4 subsets, and background activation for naive cells. (C) Percentage of positive responses for naive and memory subsets for control patients (n = 11)
and patients with ICL (n = 7) (**P < 0.005). (D) Total CD4 count plotted against the percentage of positive responses for ICL naive cells. (E) Anti-CD3 and anti-
CD28 and background activation of naive cells. (F) CD4+ cells were sorted out from PBMCs and titrated back in at varying percentages, stimulated with peptide

pool 26, and measured for CD69 and CD98.
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Fig. S5. Autologous, monocyte-derived dendritic cells were cocultured with sorted or column-purified naive cells. Pictured is IFN-y and IL-13 after 7 d with

varying doses of peptide pool 47.
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Table S1. Sixty randomized peptide pools

Pool no. Peptides

1 XXXKXAXXKKKXXXXKK
2 XXXXCXXXKKXXXXKK
3 XXXXDXXXXXXXXKX
4 XXXXEXXXXXXXXKK
5 XXXXFXXXXKKKKKK
6 XXXXGXXKKKXXXXKK
7 XXXKXHXXXXKXXXXKK
8 PO:0:0:69:0:0:0:0:0:0:0:0:0'¢
9 P O10:0:0:9:0:0:0:0:0:0:0:0:0'¢
10 XXXXLXXXXKXXXXKK
11 XXXXMXXKKKXXXKK
12 XXXXNXXKKKXXXXKK
13 XXXXPXXXXKXXXXKK
14 PO00:(6):0:01010:0:0:0:0:0'¢
15 XXXXRXXKKKXXXXKK
16 XXXKXSXXKKKXXXXKK
17 P0G 10:0:0:0:0:6:0:0:0:0'¢
18 :0:0:0:410:0:0:0:0:0:0:0:0:0'¢
19 XXXXWXXKKKXXXXKK
20 XXXXYXXKKKXXXXKK
21 p:0:0:0:0:9.9:0:0:0:0:0:0:00'¢
22 :0:0:0:0:(6):0:0:0:0:0:0:0:0'¢
23 XXXXXDXXKXXXXKK
24 XXXXXEXXXXXXXKK
25 XXXXXFXKKKXXXXKK
26 P0:0:0:0:(c)0:0:0:0:0:0:010'¢
27 XXXXXHXXXKXXXXKK
28 P O0:0:0:6 9:0:0:0:0:0:0:010'¢
29 D:0:0:0:014:9:0:0:0:0:0:0:0:0'¢
30 :0:0:0.0.¢ H:0:0:0.0.0:0:0:0:¢
31 p:0:0:0:014 1 10:0:0:0:0:0:00'¢
32 XXXXXNXXXXKKKKK
33 b:0:0:0:014:2:0:0:0:0:0:0:0:0'¢
34 XXXXXQXXXXKKKKK
35 XXXXXRXXKXKXXXXKK
36 :0:0:0.0.4:):0:0:0.00:0:0:0:¢
37 XXXXXTXXKKXXXXKK
38 10:0:0.0410:0:0:0.0.0:0:0:0:¢
39 p:0:0:0:014,):0:0:0:0:0:0:0:0'¢
40 XXXXXYXKXKKKKKK
a1 XXXXXXXAKKXXXKK
42 XXXXXKKCXXXXKKK
43 XXXXXXXDXXXXXKXK
44 XXXXXXXKEXXXXXKX
45 XXXXXXXFXXXXXKK
46 P O:0:0:0:0:0:(c)0:0:0:0:010'¢
47 XXXXXXXHXXXXXKK
48 P O00:0:0:0:4 90:0:6:0:0:0'¢
49 XXXXXXXKXKXXXXKK
50 0:0:0.0:0:0:¢ H.0:0:0:0:0:0:¢
51 XXXXXXXMEXKXXXXKK
52 P O10:0:0:0:014.)0:0:0:0:0:0'¢
53 XXXXXXXPXXXXXKK
54 010:0:6:0:0:(6) 0:0:0:0:0:0'¢
55 XXXXXXXRXKXXXXKK
56 XXKXXXXKSKXXXXKK
57 XXXXXXXTKXXXXKK
58 P O10:0:0:0:0:4'00:0:0:0:0:0'¢
59 :0:0:0.0.0:0:41).0.0.0:0:0:0'¢
60 O10:0:0:0:016 9:0:0:6:0:0:0'¢

Sixty pools of 15-mer peptides with a single amino acid position fixed and
15 randomized were synthesized. Pools 1-20 are fixed at position five, pools
21-40 at position six, and 41-60 at position eight. Random amino acid po-

sition is indicated by an X.
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Table S2. Characteristics of patients with idiopathic CD4 lymphopenia

Total
Patient no. IgE, 1U/mL Percentage CD4+ of T-cells  CD4 count  Asthma Atopic dermatitis
1 264 235 237 Yes Yes
2 6,417 49.4 257 No Yes
3 17,095 63.5 189 Yes Yes
4 5.5 43 37 No No
5 50 2.4 13 No No
6 13.3 40 223 Yes No
7 8.8 4 70 No No
8 7.6 17 115 No No

Bold represents the three allergic patients with high IgE and clinical evidence of allergy. Normal IgE levels are
between 0 and 90 IU/mL. Total CD4 count given as cells/microliter.

Table S3. Characteristics of patients treated for SCID due to adenosine deaminase deficiency

Percentage Allergic Atopic
Patient identifier Treatment IgE, 1U/mL CD4+ of T-cells Total CD4 count Allergic rhinitis asthma dermatitis
ADA13 GT, still on PEG-ADA 3,400 24 86 No Yes No
ADA17 GT, still on PEG-ADA 1.314 23 560 Yes Yes Yes
ADA5 GT, off PEG-ADA 30.6 57 79 Yes No No
ADA16 GT, off PEG-ADA 492* 79 283 No No No
ADA4 BMT, off PEG-ADA <1.0 68 244 No No No

Patients treated with gene therapy (GT), bone marrow transplant (BMT), or pegylated bovine adenosine deaminase (PEG-ADA). Bold represents the two
allergic patients with high IgE and clinical evidence of allergy. Total CD4 count given as cells per microliter.

*This patient had high IgE but no clinical allergy or positivity to an array of immunocaps, unlike the patients in the atopic group.
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