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ABSTRACT

Zika virus (ZIKV) is a mosquito-borne pathogen that caused an epidemic in 2015–2016. ZIKV-specific T cell responses are functional

in animal infection models, and helper CD4 T cells promote avid Abs in the vaccine context. The small volumes of blood available

from field research limit the determination of T cell epitopes for complex microbes such as ZIKV. The goal of this project was efficient

determination of human ZIKV CD4 T cell epitopes at the whole proteome scale, including validation of reactivity to whole pathogen,

using small blood samples from convalescent time points when T cell response magnitude may have waned. Polyclonal enrichment

of candidate ZIKV-specific CD4 T cells used cell-associated virus, documenting that T cells in downstream peptide analyses also

recognize whole virus after Ag processing. Sequential query of bulk ZIKV-reactive CD4 T cells with pooled/single ZIKV peptides and

molecularly defined APC allowed precision epitope and HLA restriction assignments across the ZIKV proteome and enabled discovery

of numerous novel ZIKV CD4 T cell epitopes. The research workflow is useful for the study of emerging infectious diseases with a

very limited human blood sample availability. ImmunoHorizons, 2020, 4: 444–453.
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INTRODUCTION

Acquired, specific T cell immunity is typically required to clear
self-limited infections, to maintain an equilibrium with chronic
infections, and to enhance functional Ab responses in the
vaccination context. Inclusion of microbial Ags that strongly
stimulate T cell immunity, and, in particular, specific CD4 T cells
are required to trigger lymph node germinal center reactions in
which Ag-specific B cells undergo Ig class switching and affinity
maturation. T cells typically recognize discretemicrobial peptides,
termed epitopes. Epitopes are also essential for analytic methods
that use peptide–HLA oligomeric reagents, such as tetramers, to
analyze pathogen-specific T cells ex vivo. Finally, knowledge of
T cell epitopes facilitates therapy using virus-specific T cells that
are isolated for adoptive immunotherapy or for the sequencing of
their TCRs, which can then be used for transgenic TCR therapy.

Identification of viral T cell epitopes typically uses PBMCs as a
source of T cells. Blood contains only a small minority of the total
T cells in a human (1) such that T cells that function as T follicular
helper cells in lymph node germinal center reactions (2) and
tissue-resident memory cells that control infections in barrier
tissues (3) might be considered ideal for epitope discovery. These
sites are difficult to access, especially in field research conditions
during emerging epidemics. It is now recognized, using TCR
hypervariable CDR3 sequencing as barcodes for T cell clonotypes,
that blood can serve as a surrogate for actual sampling of the T cell
repertoire at tissue sites. In the case of Zika virus (ZIKV), infected
cells circulate in blood (4) such that T cells may also exert a direct
antiviral function in the circulation.

Commonly, T cell epitope discovery methods test peptides
from the microbial proteome and use PBMCs for readout. One
challenge is that as pathogen genomes increase in size, more and
more blood is needed. If T cells recognize diverse epitopes and the
integrated size of the response is low, reactivity to individual
peptides may fall below the lower limit of detection of direct ex
vivo assays. For example,we found that for the large-genome virus
HSV-1, only a subset of proven CD4 and CD8 T cell epitopes
recognized by blood T cells could be detected by ex vivo IFN-g
ELISPOT (5, 6). Peptide pools can partially mitigate low blood
availability, but solubility and solvent toxicity can still be limiting.
Follow-up assays and thus more blood are required to definitively
show reactivity to single peptides within reactive pools. In
addition, techniques, such as intracellular cytokine staining,
ELISPOT, and mRNA detection, are cell destructive. Thus,
important follow-up work after initial epitope discovery, such as
determination of minimal epitopes via truncations, testing for
cross-reactivity with peptides from phylogenetically related
organisms or strain variants, measurement of functional avidity
frompeptidedose-response assays, definitionofTCRsequences of
reactive T cells, and determination of HLA restriction, requires
additional blood.

To overcome these obstacles, several groups use T cell surface
activation-induced markers (AIM) or surrogates, such as fluores-
cent dye dilution, for activation to sort live peptide-reactiveT cells.
After expansion, enriched, live peptide-reactive cells can be used

for downstream studies (7). AIM enrichment using peptide
stimulationofPBMCdoesnot,however, documentTcell reactivity
with whole pathogen. Because T cell cross-reactivity to diverse
sequence-related and even disparate microbial peptides is
ubiquitous (8, 9), it is important to include tests of recognition
of the microbial pathogen in the process of T cell epitope
determination.

The recentZIKVepidemic presents anurgent need for vaccine
development. Several lines of evidence from animal models
suggest that T cells are a functionally important component of
thehost response tobothvaccinationand infection (10).Wesought
to query the;10,800-nt ZIKVRNAgenome encoding a predicted
3423 aa polyprotein using one aliquot of;10–153 106 PBMCfrom
;10mlof blood.TheAIMworkflowbuilds in recognitionofwhole
ZIKV Ag and provides ample T cells for downstream analyses.
Using these methods, we have discovered many novel ZIKV CD4
T cell epitopes. The results indicate that broad CD4 recognition of
ZIKV in the context of not just HLA-DR but also, frequently, of
HLA-DQ and -DP alleles, is consistent with Ag presentation by
professional APC in vivo. The response is diverse and includes
several proteins in addition to the envelope (ENV) protein
important for neutralizing Ab (11). The methods are relevant to
field studies for novel and emerging pathogens that are conducted
under conditions in which large blood specimens are impractical.

MATERIALS AND METHODS

Cells and viruses
Vero cells (CCL-81) were obtained from American Type Culture
Collection (Manassas, VA). The Fortaleza strain of ZIKV was
originallyprovidedbyDr.M.Diamond(WashingtonUniversity, St.
Louis, MO). ZIKV was expanded on Vero cells to titers of 13 107

PFU/ml. PBMC were obtained in Puerto Rico or Florida with
consent from adult blood donors identified by screening with
serologic/PCR tests for ZIKV infection. Venous blood was
processed to PBMC using standard Ficoll centrifugation, and cells
weremaintained in liquidnitrogenuntil use.ArtificialAPC (aAPC)
were cell lines transduced to express single human HLA class II
heterodimers (Supplemental Table I). aAPCbasedonRM3human
lymphomacells (12)weremaintained inRPMI1640with 10%FCS,
25 mM HEPES, 1% penicillin–streptomycin, 1% nonessential
amino acids, and 1 mM sodium pyruvate. Selection for transduc-
tants was maintained with 700 mg/ml G418 and 12 mg/ml
blasticidin (all from Thermo Fisher Scientific, Waltham, MA).
For selected aAPC, HLA expression was induced with 10 mg/ml
sodium butyrate (Thermo Fisher Scientific) for 24–48 h prior to
testing. aAPC and nontransfected controls based on murine adher-
ent DAP.3 cells were cultured in the same media with 200 mg/ml
G418 for transductants. HLA surface expression on transduced
cell lines was checked after trypsinizing cells if necessary and
staining first with unconjugated anti-pan-HLA-DR, -DP, or -DQ
mAbs (13) or no first-Ab negative control, followed by washing
and staining with PE-conjugated secondary goat anti-mouse IgG
(BioLegend, SanDiego, CA) and analyzed by flowcytometry. Some
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cell lines were checked with PE-Cy7–conjugated anti–HLA-DR
clone L243 or relevant isotype control (BioLegend). Only aAPC
withHLAexpressionwereused (SupplementalTable II).Cell lines
were tested for Mycoplasma (MycoAlert; Lonza, Walkersville,
MD). Positive cell lines were treated for Mycoplasma positivity
with ciprofloxacin (10mg/ml; Hospira, Lake Forest, IL) for 3–4wk
and retested to ensure clearance. EBV-transformed lymphocyte
continuous lines (EBV-LCL) were cultured (14) from ;2.5 3 105

donor-thawed PBMC for use as autologous APC.

ZIKV Ags
Vero cells were infected at a multiplicity of infection of ;5. At
48 h, a moderate cytopathic effect was visible. ZIKV- or mock-
infectedVero cellswere scraped fromplastic 75-cm2 cultureflasks
and collected by centrifugation at 4003 g for 10min. Supernatant
was collected, aliquoted into 100-ml droplets, andUV-C irradiated
for 30 min at 10 cm from a GT15T8 bulb for 30 min. Peptides
(Supplemental Table II) covered the ZIKV strain Fortaleza
proteome (GenBank KX811222.1). These were synthesized as
20-aa-long, overlapping by 10 aa for ZIKV proteins nonstructural
protein 1 (NS1), NS3, NS5, and ENV as reported previously (15, 16)
(GL Biochem, Shanghai, China). Similar peptides were obtained
for the following ZIKV proteins: anchored capsid protein (ancC,
also termed C for capsid), glycosylated precursor of M (preM),
NS2A,NS2B,NS4A,NS4B, and2K (GenScript Biotech, Piscataway,
NJ). Peptides were dissolved in DMSO (Thermo Fisher Scientific)
at 20mg/ml. Pool stocks of#20 peptides containing 1 mg/ml each
peptide (detailed in Supplemental Table II) were tested at final
concentrations of 1 mg/ml each. Single peptides were tested at
specified concentrations.

ZIKV-reactive T cell lines
We modified AIM-based sorting (6, 8, 17–19) to enrich ZIKV-
reactive cells. Thawed PBMCwere cultured at 2–43 106 cells per
well in 24-well plates in 2 ml/well T cell medium (TCM; RPMI
1640 with 25 mM HEPES, 1% penicillin–streptomycin, 2 mM
L-glutamine, 5% FCS [Thermo Fisher Scientific], and 5% human
serum [Valley Biomedical, Winchester, VA]). Mock or ZIKV Ags
were added at 1:60 dilution for 18 h in humidified, 37°C, 5% CO2

conditions. Cells were stained with a mixture of anti–CD3-ECD
(clone UCHT1; BeckmanCoulter, Brea, CA), anti–CD4-PE (clone
A161A1; BioLegend), anti–CD8-FITC (clone MHCD0801-4;
Thermo Fisher Scientific), anti–CD137-allophycocyanin (clone
4B4-1; BD Biosciences, San Jose, CA), and 7-AAD viability stain
(BD Biosciences). Live CD3+CD82CD4+CD137high cells were
sorted (FACSAria II; BD Biosciences). The threshold for CD137
positivity was set using PBMC from separate persons seroposi-
tive for HSV-1 and stimulation with UV-treated HSV-1 Ag, as
described previously (6). CD137high cells were expanded poly-
clonally once with PHA as mitogen and further expanded with
anti-CD3 mAb as mitogen (19).

T cell functional assays
Bulk responderswere tested in [3H]thymidineproliferation assays.
For a peptide pool or single peptide to be considered reactive, the

response measured as cpm were required to be at least twice that
of DMSO negative control, and single peptides were required to
be reactive in at least three separate assays at a concentration of
1mg/ml or lower (below). Triplicate 96-wellwells contained 53 104

autologousEBV-LCL, 5–103 104 responder cells, andAg in200ml
of TCM. On day 3, 0.5 mCi/well [3H]thymidine (PerkinElmer,
Waltham,MA)was added, and 18 h later, cells were harvested and
counted (TopCount; PerkinElmer). After identification of active 20-
aa peptides, triplicate HLA-restricting locus/dose-response assays
used 0.01, 0.1, and 1 mg/ml peptide in the absence or presence of
blocking anti–HLA-DR, -DP, or -DQmurinemAb ormedia control.
The in-house cell culture supernatant-based mAb preparations
were used at a final concentration of 25% (13). HLA-restricting
alleles were then studied in triplicate using aAPC (above) and a
secreted IFN-g ELISA readout. For RM3-based aAPC, 53 104 cells
perwell were used in 96-well U-bottomplateswith responders and
peptide, as above. ForDAP.3-based aAPC, 33 104 cellswere seeded
the day before use into 96-well flat bottom plates, and responders
and peptides were added as above. Selected DAP.3 aAPC were
treatedwith 10mg/ml sodiumbutyratediluted froma 1mg/ml stock
in sterile PBS after seeding with a PBSwash prior to adding 13 105

responder cells. aAPC-based assays used TCM with selective
antibiotic discontinuation after T cell addition. After 24 h, super-
natants were removed, and IFN-g was measured (20).

HLA typing
Dried blood spots were provided to Cisco Systems (Seattle, WA),
where DNA was extracted, and HLA type was determined by
sequencing (21).

Database submission
Epitope-level information, epitope, and assay identification codes
are deposited at the Immune Epitope Database and Analysis
Resource (IEDB) (22) as submission 1000842.

RESULTS

ZIKV-infected donors
Subjects with PCR-proven ZIKV infection diagnosed in Puerto
Rico or Florida in the fall of 2016 were enrolled in the Recipient
Epidemiology and Donor Evaluation Study. Characteristics of the
Recipient Epidemiology and Donor Evaluation Study design,
specimen collection during and after the ZIKV outbreak, and
ZIKV PCR and Ab assays have been published (23, 24). Each
subjectwas seropositive for dengue IgGAbs at their initial visit. Six
subjects ranging inage from21 to70yold (fourwomen, twomen)at
the timeofZIKVdiagnosiswere studiedbetween82and100dafter
initial diagnosis (Table I). At this time, all subjects were ZIKV IgG
seropositive. Each had been IgM positive at one or more time
points, but three had reverted to negative and twowere equivocal.

Enrichment of ZIKV-reactive CD4+ T cells
Exposure of PBMC from most ZIKV-immune individuals to cell-
associated ZIKV Ag led to a small but detectable increment in live
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CD3+CD4+CD137high lymphocytes at 18 h (representative donor,
Fig. 1; summarized inTable II). For somedonors, the proportion of
CD4 T cells expressing CD137 was ,0.01%, and there was no
mathematical difference from mock stimulation, but cells were
collected regardless. Previously, we used PHA as a functional
viability control, leading to CD137 expression by 5–50% of T cells
(8, 19). We omitted this to use as many cells as possible for ZIKV
stimulation.A smallnumberof activatedTcells, ranging from83 to
354 cells per donor, were sorted (Table II). CD137high cells were
expanded polyclonally to .1 3 108 cells per donor and frozen as
multiple identical aliquots.

Detection of ZIKV epitope-specific CD4 T cells
We detected ZIKV peptide-reactive lymphocytes in five of six
T cell lines of CD137high origin. Representative results for subject
24 (Table I) show several positive peptide pools, confirmed in
follow-up assays of single peptides (example, Fig. 2). In this case,
two adjacent peptides, NS4B aa 13–32 LSHLMGRREEGA
TIGFSMDI and NS4B aa 22–41 EGATIGFSMDIDLRPASAWA
(the overlapping region aa 22–32 is underlined and peptides are
detailed in Supplemental Table II) were strongly positive,
suggesting the presence ofT cells recognizing aa 22–32. Reactivity
was also noted for theC-terminal adjacent peptideNS4B aa 31–50,
indicating that this particular donor recognized at least two
discrete epitopes in the N-terminal region of NS4B. In addition,
the polyclonal ZIKV-reactiveCD4T cell line also reacted toNS4A
aa 73–92 within this pool.

Epitope confirmation and HLA restriction
HLA studies typically began at the locus level, with inclusion of
blocking murine mAb capable of inhibiting Ag presentation by all
HLA-DR, -DP, or -DQ allelic variants. To improve discrimination,
peptides were titrated from 1.0 to 0.01 mg/ml. As representative
examples, for subject 24, reactivity to NS4B aa 13–32 and aa 22–41
was nearly completely inhibited by anti–HLA-DQ at each peptide
concentration. There was slight inhibition for anti–HLA-DR and
no inhibition for anti–HLA-DP (Fig. 3). To determine the HLA-
restricting allele, we tested a panel of aAPC expressing subject-
specificHLA-DQ aswell as -DRmolecules. Only aAPC expressing
HLA-DQB1*06:02 were able to trigger T cell reactivity, again with
identical findings for both overlapping NS4B peptides (Fig. 4).
Concordant with the identification of this candidate, the HLA-
restricting allele, both longer NS4B peptides, and the shared aa

22–32 region were predicted to tightly bind HLA-DQB1*06:02
using computational algorithms (22).

Integrated CD4 T cell reactivity to ZIKV
The conservative criteria outlinedabovewere used to assignZIKV
epitopes for five participants (Table III). For peptide–participant
pairings with peptides that were reactive at least twice at 1 mg/ml
but for which HLA restriction could not be determined, epitopes
are still considered confirmed. In some cases, no substantial
inhibition was noted in anti-HLA blocking mAb experiments. In
othercases, restrictingHLAloci couldbediscernedusingmAb,but
specific alleles could not be demonstrated, given lack of suitable
aAPC.

A total of 27 distinct peptideswere reactive, including six pairs
of adjacent overlapping peptides and one triad of adjacent,
overlapping peptides. Peptides NS1 aa 91–110, ancC aa 10–29,
andENVaa 131–150were found tobeantigenic in twodonors each.
The latter two peptides drove distinct CD4T cell responses, as the
use of aAPC defined restriction by both DPB1*04:01 and DRB1*13:

TABLE I. Participants and specimens used in this study

PBMC Specimen
a

HLA Class II

Donor Specimen ID Sex Age
b

Day ZIKV IgG ZIKV IgM DRB1 DRB3/4/5 DQB1 DPB1

4 ZVPR8726 F 21 100 pos pos *04:11 *13:03 3*01:01 4*01:03 *03:01 *04:02 *04:01 *14:01
10 ZVPR2339 M 54 100 pos equiv *11:04 *16:01 3*02:02 5*01:01 *03:01 *05:02 *01:01 *02:01
12 ZVPR6617 F 36 90 pos equiv *13:03 *16:01 3*01:01 5*02:02 *03:01 *05:02 *01:01 *10:01
17 ZVPR6947 F 56 88 pos neg *04:07 *13:01 3*02:02 4*01:03 *03:02 *06:02 *04:02 *01:05
24 ZVFL4418 F 70 95 pos neg *01:01 *15:03 5*01:01 *05:01 *06:02 *01:01 *30:01
28 ZVPR5399 M 52 82 pos neg *01:02 *04:11 4*01:03 *03:02 *05:01 *04:02 *01:24

aDay of PBMC specimen after initial diagnosis of ZIKV infection and seroreactivity to ZIKV Ag on day of PBMC collection.
bAge at time of ZIKV diagnosis.
Abbreviations used in this table: equiv, equivocal; F, female; M, male; neg, negative; pos, positive.

FIGURE 1. Gating scheme of AIM enrichment of polyclonal ZIKV-

reactive CD4 T cell lines.

Left four panels illustrate sequential gating scheme of single cells fol-

lowed by live CD3 T cells and then CD4+CD82 cells. At right, in the

upper panel, a representative donor shows low CD137 expression 18 h

after stimulation with negative control Vero cell preparation and, in

contrast, the lower panel shows specific activation of rare CD4 T cells

after stimulation with cell-associated, UV-treated ZIKV cell lysate.
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01 for ancC aa 10–29 and by both DPB1*02:01 and DRB1*01:01
for ENV aa 131-150. Taken together, these data imply CD4T cell
responses to between 23 and 29 ZIKV epitopes. The presence
of more than one HLA-restricting locus and allele for some
individual subject/peptides combinations (Table III) likely
indicates a polyclonal response. For example, for subject
17, polyclonal CD4 T cells reacted to peptide NS1 81–100
ENGVQLTVVVGSVKNPMWRG in the context of autologous
EBV-LCL used as an APC. aAPC analyses showed that both
DRA1*01:01/DRB1*13:01 and DQA1*01:02/DQB1*06:02 hetero-
dimers were able to present this 20-aa peptide to the expanded
CD137high CD4 T cell population (Fig. 4). Dual recognition of
some 20-aa-long peptides, presumably by distinct T cell
clonotypes, was supported by the presence of peptides with
high predicted binding avidity for each implicated peptide.
Using the NetMHCPan3.2 predictive algorithm (25), hosted at
IEDB, for this example, NS1 81–100 contained internal peptides
predicted to tightly bind to a peptide internal to both implicated
HLA-restricting alleles (Fig. 4). Without conducting truncation
analyses within overlapping antigenic peptides combined with

query with aAPC, including creation of CD4 T cell clones, the
complexity of responses contained with these polyclonal T cell
lines can only be estimated.

Given these levels of complexity, epitope counts and descrip-
tions of Ag immunodominance and epitope diversity remain
somewhat ambiguous. The number of reactive peptides detected
ranged from two (donor 12) to 12 (donor 17) per participant (Table
III). Overall, reactivity was present in each structural protein
derived by proteolysis of the ZIKV polyprotein (ancC, preM, and
ENV) and infive nonstructural proteins (NS1,NS2B,NS4A,NS4B,
and NS5). Among these, ENV and NS1 were the most frequently
recognized.Although the specificHLA-restricting alleles reflected
the subjects studied, there was fairly even representation of HLA-
DR, -DP, and -DQ loci, which restricted responses to 9, 8, and 10
peptides, respectively.

DISCUSSION

ZIKV caused globally widespread infections in regions hospitable
to insect vectors in 2015–2016. During this crisis, children of
thousands of pregnant women suffered profound neurodevelop-
mental damage related toZIKVcrossing theplacenta and infecting
embryonic brain cells (26). This has led to great interest in vaccine
development, with a principle goal of high-titer neutralizing Ab
(11). Recognizing the essential role of helper CD4 T cells in the
development of long-lasting and highly avid Abs, it is generally
agreed that vaccines should at a minimum elicit substantial CD4
T cell responses. In addition, T cells can have important antiviral
effector functions in animal models of ZIKV and other flavivirus
infections (27). Therefore, there has been intensive research into
the antigenic targets, phenotype, and Flaviviridae cross-reactivity

FIGURE 2. Definition of ZIKV peptides recognized by polyclonal ZIKV-reactive CD4 T cell lines enriched from ZIKV-seropositive donors.

At left, the AIM-enriched bulk T cells from donor 24 were queried with pooled proteome-covering ZIKV peptides using autologous EBV-LCL as APC.

At right, single peptides within pool 17 were tested. Assays were performed in triplicate and expressed as SD of the mean.

TABLE II. ZIKV activation-induced, marker-sorted CD4 T cells

Donor Specimen Identification Mock
a

ZIKV
a

CD137high Cells
b

4 ZVPR8726 ,0.01 ,0.01 83
10 ZVPR2339 0 0.1 122
12 ZVPR6617 ,0.01 ,0.01 175
17 ZVPR6947 0.01 0.02 161
24 ZVFL4418 0.04 0.06 301
28 ZVPR5399 0.08 0.10 354

aPercentage of live, lymphocyte-gated, CD3+CD4+CD82 cells expressing
CD137 in response to mock or ZIKV Ag.
bCell-sorter count of live CD3+CD4+CD82CD137high cells sorted in cells with
ZIKV Ag.
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of human ZIKV-specific T cells in both the infection and vaccine
contexts (24, 28).

ZIKV is representative of epidemic and pandemic viral
infections that periodically cause great morbidity, mortality, and
economic damage. Once a pathogen’s nucleic acid sequence is
identified, rapid determination of immunodominant T cell epi-
topes is essential for study of the immune correlates of infection
severity and possible immunopathology, and as a benchmark for
candidate vaccines. Although blood sampling is accepted for
medical purposes, health conditions, such as anemia, and cultural
standards may limit blood donations for research (29). Even if
generous amounts of research blood are available, some important
pathogens, such as Mycobacterium tuberculosis or Herpesviridae,
have quite large genomes, such that direct ex vivo study of the
entire predicted proteome is impractical and expensive. Strategies
to mitigate this include preliminary epitope mapping using large
PBMC harvests from consenting, immune donors and creation of
large peptide pools (“megapools”) from accreted, documented
peptide epitopes (30, 31). Related approaches use predictive
algorithms to define peptides that can bind a set of population-
prevalentHLA-allelic variants and assemblemegapools across the
pathogen’s proteome (32). These pathways, although yielding
much data, are limited to the HLA types included in the epitope
discovery or prediction pipelines that contribute to pool creation
and do not provide confirmation of T cell recognition of the
microbe.

In addition to these practical and medical considerations, the
magnitude of the pathogen-specific T cell response, especially at
memory time points, can be very low, providing an additional
challenge todirect ex vivo approaches. For example, the integrated
abundance of HHV-6B–reactive CD4 T cells in PBMC is on the
orderof 0.05% (19).Using cells expressingmultipleAIMmolecules

(CD137, CD69, and CD154), we were able to reliably enrich virus-
reactive cells to levels of up to 50%(19). ThisZIKVproject featured
both low immune responses and very limited blood volumes. After
addition of ZIKV Ag, both the absolute magnitude and increment
above negative control for CD137 expression by CD4 T cells was
minuscule or too small to detect (Fig. 1, Table II).

FIGURE 4. CD4 T cell recognition of ZIKV peptide NS1 81–100 is

restricted by two distinct HLA alleles.

APC expressing defined HLA class II heterodimers or nonexpressing

parental cells DAP.3 or RM3 (at left) were incubated with 20-mer

peptide NS 81–100, washed, and cocultured with expanded polyclonal

CD4 T cells enriched using CD137 expression after contact with whole

UV-treated ZIKV viral lysate. Data from triplicate assays are mean and

SD of IFN-g secretion at 24 h, as measured by ELISA. Insets are 14–15 aa

peptides internal to NS1 81–100 and their predicted binding to the

indicated HLA heterodimers, with core HLA binding motifs bold and

underlined. The vertical arrow in the lower portion connects the pep-

tide sequence with HLA DQA1*01:02/DQB1*06:02, the heterodimer

used to predict the IC50 value in the figure.

FIGURE 3. Example of determination of HLA-restricting locus and allele.

Left two panels show reactivity of polyclonal ZIKV-reactive CD4 T cells from donor 24 to the indicated peptides in proliferation assays using

autologous EBV-LCL as APC. Peptide identities and titrations from 1 to 0.01 mg/ml (1000–10 ng/ml) are indicated on the x-axis. Anti-HLA class II

mAbs or no Ab control used to test inhibition are indicated at top. Anti–HLA-DQ inhibited the response to both peptides. Right panel shows IFN-g

secretion by the same effector cells in response to 1 mg/ml peptide NS4A aa 13–32 (black bars) and aa 22–41 (hatched bars) using defined aAPC

expressing donor-specific HLA alleles. Only RM3 cells expressing DQB1*06:02 were active.
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Lack of PBMC to use as APC to query expanded, CD137high

polyclonal CD4 T cell lines, a quality control step used for several
pathogens (6, 8, 19), necessitated direct progression to ZIKV
peptide screens without this reassurance. Peptides covering the
predicted proteome were obtained for this purpose. Culture of
autologous EBV-LCL from the equivalent of 0.25 ml of blood,
although requiring a few weeks, provided an ongoing source of
APC for tests of fine specificity, and is a simple procedure. Overall,
despite the low levels of memory CD4 T cell responses, we
identified up to 30 CD4 T cell epitopes from;10 ml of blood per
donor from five donors. The essentially limitless supply of
responder cells and autologous aAPC, HLA typing, and a bank of
aAPC expressing defined HLA class II heterodimers further
allowed us to assign definitive HLA restriction to the majority of
epitopes.

Supernatant-derived ZIKV Ag was able to restimulate rare
CD4 T cells from PBMC that recognize not only abundant struc-
tural ZIKV Ags, such as ENV and ancC, but also nonstructural
proteins not thought to be present in virions. Overall, epitopes
detected in nonstructural proteins outnumbered those detected
from classic structural proteins. It is possible that small amounts
of viral proteins categorized as nonstructural were in fact
contained within virions. A survey of the literature reveals very little
proteomic study of ZIKV virions. Nonstructural proteins could

also be shed into the supernatant. It is also interesting that
prominent restriction by HLA-DQ and -DP alleles, in addition to
HLA-DR, was documented in our small specimen set. This may
correlate with in vivo infection of monocytes, as these cells
constitutively express each of these HLA class II gene products
(33). Although definition of CD4 T cell epitopes in ZIKV is
relatively mature, the precise HLA restriction of many epitopes
has not been demonstrated experimentally.

The use of a related, somewhat reversed workflow, starting
with polyclonal enrichment and expansion of peptide-reactive
cells, followed by readout with ZIKV-infected APC, has been
successful for both flavivirus-immune and naive blood donors.
Effector CD4 T cell lines from dengue-immune, ZIKV-naive
donors specific for cross-reactive peptides showed brisk cytokine
and granzyme B responses to HLA-appropriate, allogeneic EBV-
LCLAPC infectedwith an African strain of ZIKV (34).We plan to
examine the cytotoxic and other effector potential of ZIKV-
reactive CD4 T cells in response to ZIKV-infected APC in future
studies. In other viral systems, we have been able to readily clone
and expandT cell clones fromAIM-enriched T cell lines, perhaps
because of the strongly costimulatory effect of CD137 ligation
with an mAb that is integral to initial AIM cell sorting (17, 35).
Clones with fully defined specificity and HLA restriction should
enable us to determinewhether physiologically relevant cellswith

TABLE III. T cell epitopes in ZIKV detected using bulk ZIKV viral lysate-reactive CD4 T cell lines

Donor Protein (aa) Sequence HLA Loci
a

HLA-Restricting Allele(s)
b

4 ENV (301–320) KGVSYSLCTAAFTFTKIPAE DP HLA-DPB1*04:01
4 NS1 (91–110) GSVKNPMWRGPQRLPVPVNE DP HLA-DPB1*04:01
4 NS1 (101–120) PQRLPVPVNELPHGWKAWGK DP HLA-DPB1*04:01
4 NS2B (36–55) GLLIVSYVVSGKSVDMYIER DR HLA-DRB1*04:11
10 ancC (10–29) GFRIVNMLKRGVARVSPFGG HLA-DPB1*02:01
10 ancC (82–101) KKFKKDLAAMLRIINARKEK
10 ENV (101–120) WGNGCGLFGKGSLVTCAKFA HLA-DQB1*03:01
10 ENV (111–130) GSLVTCAKFACSKKMTGKSI HLA-DRB3*02:02
10 ENV (131–150) QPENLEYRIMLSVHGSQHSG HLA-DPB1*02:01
10 NS1 (141–160) KECPLKHRAWNSFLVEDHGF
12 NS1 (31–50) RYKYHPDSPRRLAAAVKQAW DR
12 NS1 (91–110) GSVKNPMWRGPQRLPVPVNE DP
17 ancC (10–29) GFRIVNMLKRGVARVSPFGG DR HLA-DRB1*13:01
17 ancC (37–56) LLLGHGPIRMVLAILAFLRF DR
17 ancC (46–65) MVLAILAFLRFTAIKPSLGL DR/DP HLA-DRB1*13:01
17 ENV (61–80) YEASISDMASDSRCPTQGEA DQ HLA-DQB1*03:02
17 ENV (391–410) VGEKKITHHWHRSGSTIGKA DR HLA-DRB1*04:07
17 NS1 (81–100) ENGVQLTVVVGSVKNPMWRG DQ HLA-DRB1*13:01, HLA-DQB1*06:02
17 NS1 (151–170) NSFLVEDHGFGVFHTSVWLK DP HLA-DPB1*04:02, HLA-DQB1*03:02
17 NS1 (161–180) GVFHTSVWLKVREDYSLECD DP HLA-DPB1*04:02, HLA-DQB1*03:02
17 NS1 (201–220) WIESEKNDTWRLKRAHLIEM HLA-DPB1*04:02
17 NS5 (221–240) WVSGAKSNTIKSVSTTSQLL DR HLA-DRB1*04:07, HLA-DRB1*13:01
17 PreM (64–83) DVDCWCNTTSTWVVYGTCHH DQ HLA-DQB1*06:02
17 PreM (73–92) STWVVYGTCHHKKGEARRSR DQ HLA-DQB1*06:02
24 ENV (131–150) QPENLEYRIMLSVHGSQHSG DR HLA-DRB1*01:01
24 NS4A (73–92) MRNKGIGKMGFGMVTLGASA DQ HLA-DQB1*06:02
24 NS4B (13–32) LSHLMGRREEGATIGFSMDI DQ HLA-DQB1*06:02
24 NS4B (22–41) EGATIGFSMDIDLRPASAWA DQ HLA-DQB1*06:02
24 NS4B (31–50) DIDLRPASAWAIYAALTTFI
24 NS5 (41–60) RRALKDGVATGGHAVSRGSA DR HLA-DRB1*01:01, HLA-DRB5*01:01

aSpecificity of HLA locus-specific mAb or mAbs causing substantial inhibition of proliferative responses by bulk ZIKV-reactive CD4 T cell lines in [3H]thymidine
incorporation assays. In some instances, inhibition was not noted with any anti-HLA mAb, whereas in others, more than one mAb led to inhibition.
bHLA loci expressed by aAPC, leading to specific secretion of IFN-g by bulk ZIKV-reactive CD4 T cell lines. In some instances, reactive aAPC were not detected.
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limited HLA class II expression can be recognized by virus-
specificCD4Tcells in the context of viral infection.Unfortunately,
we were not able to correlate T cell responses with clinical out-
comesbecauseofour small sample size andbecause thecell donors
were recruited from a blood donation program. Precisely defined
T cell epitopes are a necessary precursor for direct ex vivo studies
with peptide–MHC staining reagents, an important method for
establishing immune correlates of infection severity (36, 37).

Limited blood samples and logistics required us to cryopre-
serve PBMC. Some cells with the ability to present complex Ags,
such as plasmacytoid dendritic cells, are sensitive to freeze–thaw
and are studied fresh (38). However, plasmacytoid dendritic cells
are generally thought tohaveprimarily innate immunity functions,
whereas other blood leukocytes mediate most Ag presentation to
CD4 T cells. AIM work by our laboratory and others to enrich or
measure virus-specificCD4Tcell responses to peptide or complex
Ags generally uses cryopreserved PBMC (6, 8, 19, 32, 39, 40). This
indicates that cells with APC function do survive freeze–thaw,
whereas not ruling out a decrement. Limited research comparing
cryopreserved with fresh PBMC for CD4 T cell recall to complex
Ags is consistent with some decrease in magnitude of responses
but retention of proportionality within the results (41, 42).
Although the use of cryopreserved PBMC is almost universal in
humanTcell research requiringcomplexcohorts, raredonors, and
biocontainment, future research could compare responses be-
tween fresh and cryopreserved cells.

Wewere not able to include flavivirus-naive individuals in our
study. However, we feel it is unlikely that the epitope-specific
responses we detected came from the naive repertoire. In studies
of replication-competent flavivirus vaccines, such as yellow fever
virus strain 17D and attenuated dengue, that were conducted in
flavivirus-naive individuals, virus-reactive T cells were essentially
undetectable at baseline (43, 44). We found that HSV- and CMV-
seronegative persons had very low or undetectable virus-specific
T cells in PBMC, using direct ex vivo tests, including CD137-based
AIM (6, 38). Further research will be required to determine
whether the one-step restimulation used in this report was able to
amplify naive responses, which are reported to be present but in
very low abundance in virus-seronegative humans (45).

The parameters chosen for rare cell enrichment were tailored
to both the use of complex viral Ag as the initial stimulus and to
the biology of CD137 upregulation after stimulation of T cells.
Typically, direct ex vivo assays to detect recall responses can use
shorter times, on the order of 6–8 hours, for peptides, whereas for
complex Ags that require intracellular processing within APC,
longer periods are used. Studies show that 18–24 hours or more is
optimal for CD137 upregulation regardless of whether peptide of
complex Ags are used (7, 43, 46). These data inform the protocols
used forCD137-based rare cell enrichment and quantitative assays
(32, 39).

Our findings significantly extend previous communications
concerning the specificity of ZIKV-reactive T cells. Koblischke
et al. (47) used 15-mer overlapping peptides covering the ZIKV C,
preM, and ENV proteins and detected IL-2 secretion in ex vivo
ELISPOT from CD8-depleted PBMC. The donors were ZIKV-

positive travelers returned fromZIKVepidemic regionswithprior
flavivirus vaccination with live attenuated tick-born encephalitis
or yellow fever; all were dengue-seronegative. Compared with
flavivirus-naive controls, positive responses to ZIKV peptides
segregated with ZIKV-immune status and across the cohort were
detected for each ZIKV gene studied (47). Data integration with
CD4 T cell epitopes in the IEDB (22) identified several putative
immunogenic regions, including ENV 101–150, 301–320 and
391–410, NS1 151–180, and ancC 37–56 and 82–101 that overlap
with epitope regions described in this study. Previous studies
summarized in the IEDB identified 89 different Zika-derived CD4
epitopes, ;30% (n = 25) of which cluster (48) with the epitopes
identified in the current study. However, exact MHC restriction
has been defined for just 10 of the previously defined epitopes. By
comparison, the present analysis has identified 27 different
reactive peptide epitopes, of which 18 are novel, associated with
29 unique HLA class II epitope restrictions, none of which have
beenpreviouslydescribed.Thus, thecurrent studyhas contributed
a 3-fold increase in the number of defined Zika CD4-epitopeHLA
class II restrictions that can subsequently be used for generationof
multimeric reagents to further characterize Zika CD4 responses.

In conclusion, the level of ZIKV-reactive memory CD4 T cells
expressing the activationmarker CD137 in response towhole viral
recall Ag in healthy, dengue-seropositive adults, several months
after ZIKV infection,was quite low.Regardless, CD137AIM-based
virus-specific CD4 T cell enrichment led to readily expandable,
polyclonal cell populations that contained epitope-specific, ZIKV-
specific CD4 T cell recovery from the majority of donors.
Importantly, very small blood samples, acceptable in diverse
communities, were able to yield valuable viral T cell epitope
information, including precise HLA restriction information.
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