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Epitope Specificity Delimits the Functional Capabilities of
Vaccine-Induced CD8 T Cell Populations

Brenna J. Hill,* Patricia A. Darrah,* Zachary Ende,* David R. Ambrozak,*
Kylie M. Quinn,* Sam Darko,* Emma Gostick,Jr Linda Wooldridge,fF

Hugo A. van den Berg,§ Vanessa Venturi,! Martin Larsen,”’# Miles P. Davenport,11
Robert A. Seder,* David A. Price,*" and Daniel C. Douek*

Despite progress toward understanding the correlates of protective T cell immunity in HIV infection, the optimal approach to Ag
delivery by vaccination remains uncertain. We characterized two immunodominant CD8 T cell populations generated in response to
immunization of BALB/c mice with a replication-deficient adenovirus serotype 5 vector expressing the HIV-derived Gag and Pol
proteins at equivalent levels. The Gag-AI9/H-2K? epitope elicited high-avidity CD8 T cell populations with architecturally diverse
clonotypic repertoires that displayed potent lytic activity in vivo. In contrast, the Pol-LI9/H-2D epitope elicited motif-constrained
CD8 T cell repertoires that displayed lower levels of physical avidity and lytic activity despite equivalent measures of overall
clonality. Although low-dose vaccination enhanced the functional profiles of both epitope-specific CD8 T cell populations, greater
polyfunctionality was apparent within the Pol-LI9/H-2D" specificity. Higher proportions of central memory-like cells were present
after low-dose vaccination and at later time points. However, there were no noteworthy phenotypic differences between epitope-
specific CD8 T cell populations across vaccine doses or time points. Collectively, these data indicate that the functional and
phenotypic properties of vaccine-induced CD8 T cell populations are sensitive to dose manipulation, yet constrained by epitope

specificity in a clonotype-dependent manner. The Journal of Immunology, 2014, 193: 000-000.

he development of an effective HIV vaccine depends on
a thorough understanding of the immunological determi-
nants of protection. Despite emerging insights from studies
of exposed uninfected individuals (1, 2), much of the global re-
search effort has necessarily focused on individuals who exhibit
a degree of viral suppression, such as elite controllers and long-
term nonprogressors (3). It is clear from these studies that CD8
T cells play a critical role in the containment of HIV replication (4).
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In the absence of strong quantitative correlates of control (5, 6),
several qualitative attributes have been linked with CD8 T cell
populations that mediate effective antiviral immunity in HIV-
infected individuals. Favorable characteristics include broadly di-
rected targeting of Gag-derived epitopes (7, 8), especially those re-
stricted by HLA-B molecules (9), high-avidity interactions with
cognate Ag (10, 11), and the ability to proliferate (12, 13) and deploy
multiple effector functions upon Ag encounter (14). The latter in-
clude direct killing of HIV-infected cells (15, 16), which is incor-
porated in measurements of viral suppressive activity in vitro (17,
18). In addition, both central memory (19) and effector memory (20,
21) phenotypes have been associated with viremic control, particu-
larly in the absence of negative regulation (22-25). More recently, the
clonotypic composition of HIV-specific CD8 T cell populations has
also emerged as a key correlate of immune control (26, 27). These
properties are interlinked and reciprocally affected by viral load, but
nonetheless serve as guides to inform further studies (28-30).

To assess the capacity of a vaccine to elicit favorable immune
profiles, we examined the effect of Ag dose on HIV-specific CD8
T cell responses in mice immunized with a replication-deficient
adenovirus serotype 5 vector expressing full-length Gag and Pol
(Ad5.Gag.Pol) at equivalent levels. Immunodominant epitope-
specific CD8 T cell populations were mapped and characterized
extensively in terms of magnitude, clonality, avidity, function, and
phenotype across multiple tissues over time after single-shot ad-
ministration of high- or low-dose Ad5.Gag.Pol. The data highlight
a complex relationship between these parameters within the
vaccine-induced, epitope-specific CD8 T cell compartment.

Materials and Methods
Mice
Female H-2 BALB/c mice were purchased from The Jackson Laboratory

and maintained in the Vaccine Research Center Animal Care Unit under
pathogen-free conditions. All experiments were approved by the Vaccine
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Research Center Animal Care and Use Committee. Mice were 4—6 wk old
at the time of study.

Adenoviral vector and vaccination

All vaccinations were performed with Ad5.Gag.Pol driven from the immediate
early CMV enhancer/promoter (GenVec). In brief, the HIV subtype B gag and
pol polyprotein gene cassette was inserted in place of the deleted E1 region of
the adenovirus genome. The HIV gag gene was truncated to remove the final
two segments (pl and p6) and ligated in frame to the HIV pol gene. Con-
sequently, both genes were expressed equally (31, 32). Vaccine vectors were
supplied at 2.9 X 10" particle units (PU)/ul. Vaccinations were conducted
using one-time, split-site inoculations of Ad5.Gag.Pol in a total volume of
100 wl. Low-dose vaccination comprised 10° PU total in 100 pl, and high-
dose vaccination comprised 10'° PU total in 100 wrl (33-37). In all cases,
equal 50-l aliquots of the vaccine were administered s.c. in each footpad.

Tissue extraction and processing

All experiments were performed using tissues isolated directly ex vivo.
Spleen, lung, draining lymph node (popliteal), and peripheral blood were
sampled according to standard protocols in compliance with the guidelines
of the Vaccine Research Center Animal Care and Use Committee.

Peptides

All peptides were synthesized to >75% purity in 96-well format at a scale
of 2.5 ng/well (New England Peptide). Lyophilized peptides were dis-
solved in HPLC-grade DMSO at high concentration (typically 100 mg/ml,
depending on solubility). For all functional assays, the final concentration
of each individual peptide was 2 pg/ml unless stated otherwise.

Peptide sensitivity assay

Splenocytes from vaccinated mice were stimulated with serially diluted
peptides (Gag-AlI9 or Pol-LI9) at concentrations ranging from 2 pg/ml to
2 X 107! wg/ml. Samples were tested by both ELISPOT analysis and
intracellular cytokine staining for IFN-y production.

IFN-y ELISPOT analysis

A matrix approach was used to map vaccine-induced T cell responses,
generally comprising 23 peptide pools with 11 to 12 peptides in each pool;
each individual peptide was present in two unique pools. To map the novel
epitope in the immunodominant region of Pol defined by this approach,
nonamer peptides overlapping by eight residues were used in walk assays.
Splenocytes or lung cells were washed and resuspended in complete
RPMI medium (RPMI 1640 supplemented with penicillin, streptomycin,
L-glutamine and 10% FCS) containing 10 U/ml DNAse I (Roche Diag-
nostics). IFN-y ELISPOT plates were prepared according to the manu-
facturer’s specifications (BD Biosciences). Assays were set up in duplicate
with 10° cells/well in a final volume of 100 pl containing each relevant
peptide at a concentration of 2 wg/ml. Plates were then incubated overnight
at 37°C and processed following the manufacturer’s instructions. Spot-
forming units (SFU) were counted using an automated ELISPOT reader
(CTL). Negative control wells without exogenous peptide were included on
each plate and averaged 1 SFU/well (range 0-10). Positive responses were
assigned at >100 SFU/well. Epitope identification was based on the ob-
servation of similarly immunodominant responses across two overlapping
peptide pools.

Abs

The following directly conjugated mAbs were used in various combinations
for the analysis of CD8 T cell function and phenotype: 1) anti-CD8§-
allophycocyanin-Cy7, anti-TNF-PE-Cy7, anti-CD14-FITC, anti-CD16-
FITC, and anti-CD19-FITC (BD Pharmingen); 2) anti-CD3-Pacific
Blue, anti—-CD4-Alexa Fluor 700, anti—-IFN-y-PE, anti—-IL-2—PerCP-
Cy5.5, anti-CD43-PE-CyS5, and anti-CD62L-PE-Cy5 (BioLegend); and
3) anti—-KLRG1-allophycocyanin (eBioscience). For indirect staining, anti—
CCR7-biotin (BD Pharmingen) was combined with streptavidin conju-
gated to QD655 (Invitrogen). A green fluorescent amine-reactive dye
(GriVid; Invitrogen) was used as a viability marker to exclude dead cells
from the analysis (38, 39). The following directly conjugated mAbs were
used for the analysis of CD8 T cell activation and exhaustion: 1) anti—
CD160-PE and anti-LAG3-PE (eBioscience); and 2) anti-ICOS-PE and
anti-NKG2D-PE (BD Pharmingen).

Polychromatic flow cytometry

Freshly prepared cells from each tissue were resuspended at 107 cells/ml
in complete RPMI medium (RPMI 1640 supplemented with penicillin,

streptomycin, L-glutamine and 10% FCS); aliquots of each cell suspension
were then added at 100 pl/well to a 96-well tissue-culture plate. For func-
tional analyses, all wells were supplemented with the costimulatory mAb anti-
CD28 (2 wg/ml; BD Biosciences). Pools of 15-mer peptides overlapping by
11 residues were used to identify vaccine-induced HIV-specific T cell
responses across the complete Gag and Pol proteins, as contained in the
vector insert. The optimal Gag-AlI9 and Pol-LI9 peptides were used to
characterize immunodominant responses in the CD8 T cell compartment. In
all assays, anti-CD28 mAb in the absence of exogenous peptide addition was
used as a negative control, and anti-CD3 mAb (1 pwg/ml; BD Pharmingen)
was used as a positive control. After incubation for 1 h at 37°C, brefeldin A
(10 pg/ml; Sigma-Aldrich) was added to all samples, which were then in-
cubated for a further 5 h at 37°C. Intracellular cytokine staining was per-
formed as described previously (6). For phenotypic analyses, Ag-specific
CDB8 T cell populations were defined using fluorescent peptide-MHC class I
(pMHC 1) tetramers. Stained samples were acquired using an LSRII flow
cytometer modified to enable the simultaneous detection of up to 18 fluo-
rophores (BD Biosciences). A minimum of 10° events was collected per
sample. Electronic compensation was conducted with Ab-capture beads (BD
Biosciences) stained separately with individual mAbs used in the test samples.

Data analysis was performed using FlowJo software version 8.7.3 (Tree
Star). The SPICE software suite (Mario Roederer, Vaccine Research Center,
National Institute of Allergy and Infectious Diseases, National Institutes of
Health) was used to generate graphical representations and conduct sta-
tistical analyses. Response gates were set on live CD3"CD8" T cells after
aggregate exclusion. Background values were subtracted to calculate
specific cytokine production.

Polyfunctionality was quantified as described previously (40). Briefly,
the polyfunctionality index (I) is defined as the weight sum of the fre-
quencies (F;) of cells performing i functions out of n measured functions as
follows:

srorx (1) .

We applied a conservative weight of polyfunctionality (¢ = 1), and all three
functional parameters were considered equally important.

Analysis of MHC restriction

Adherent 1.929 murine fibroblasts were transduced singly with vaccinia
viruses encoding the H-2 proteins K¢, LY, or D such that the resulting
transductants expressed only one MHC restriction element (41, 42). Each
transduced cell line was pulsed with or without the Pol-LI9 peptide for 2 h
at 37°C, washed three times in complete RPMI medium (RPMI 1640
supplemented with penicillin, streptomycin, L-glutamine and 10% FCS),
and then mixed with splenocytes from vaccinated mice at an E:T ratio of
20:1. Peptide-specific responses were evaluated on the basis of intracel-
lular cytokine production.

Tetramer staining and flow cytometric sorting

Fluorescent tetrameric pMHC I complexes of AMQMLKETI/H-2K® (Gag-
Al9s_73) and LVGPTPVNI/H-2D? (Pol-LI9-4 s4) were either provided by
the National Institutes of Health Tetramer Core Facility or produced in-
house as described previously (43). Cells were pelleted and resuspended in
200 pl complete RPMI medium and then stained with tetramer (1 pg/test
with respect to the pMHC I monomeric component) for 20 min at 37°C.
After washing, cells were surface stained with the following panel: GriVid,
anti-CD3-Pacific Blue, anti-CD4-Alexa Fluor 700, anti—-CD8-allophyco-
cyanin—-Cy7, anti-CD14-FITC, anti-CD16-FITC, anti-CD19-FITC, anti—
CD62L-PE-Cy5, and anti-CCR7-QD655. Viable CD3*CDS8*tetramer”
cells were sorted at >99% purity directly into RNAlater (Applied Bio-
systems) using a modified FACSAria flow cytometric sorter (BD Bio-
sciences) and stored immediately at —80°C prior to clonotype analysis.
Tetramer-binding events routinely comprised <0.02% of the CD8 T cell
population in nonvaccinated mice.

Clonotype analysis

A template-switch—anchored RT-PCR was used to characterize and quantify
all expressed TRB gene products within each tetramer-sorted CD8 T cell
population (200-5000 cells/sample) as described previously (44, 45).

In vivo cytotoxicity assay

Measurement of in vivo cytotoxic activity was performed as described
previously with minor modifications (46). In brief, target splenocytes from
naive syngeneic mice were split equally into four tubes. Cells in two tubes
were pulsed with either Gag-AlI9 or Pol-LI9 peptide (2 pg/ml) for 2 h at
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37°C; cells in the other two tubes remained unpulsed. After washing twice
in complete RPMI medium, peptide-pulsed targets were labeled at 37°C
using 10 uM CFSE (CFSE™) or 25 uM CMTMR (CMTMR") in PBS for
12 min or 20 min, respectively. Unpulsed cells were similarly labeled using
1 uM CFSE (CFSE®) or 2.5 uM CMTMR (CMTMR'"). CFSE labeling
was quenched by the addition of FCS to a final concentration of 20% (v/v).
Cells were then washed with complete RPMI medium, pelleted, and
resuspended in PBS at a concentration of 10° cells/ml. All four populations
of target cells were subsequently mixed together in equal numbers in ice-
cold PBS, such that recipient vaccinated mice received 2 X 107 cells of
each population in a single i.v. tail vein injection. As a control, naive mice
were adoptively transferred with an identical number of target cells. Re-
cipient mice were sacrificed 24 h after cell transfer. Splenocyte mononu-
clear cells were prepared and analyzed by flow cytometry. The percentage
of specific lysis was determined using the following formulae: 1) ratio of
recovery of peptide-pulsed splenocytes to non—peptide-pulsed splenocytes =
(percentage of CESE™ or CMTMR™ cells)/(percentage of CFSE° or
CMTMR cells); and 2) specific lysis (%) = 100 X (1 — [ratio of re-
covery of peptide-pulsed splenocytes to non—peptide-pulsed splenocytes]).

Statistical analysis of clonotypic repertoires

To compare epitope-specific TCR repertoires between tissues, doses, and
time points, we used two measures of clonotypic diversity: 1) the number
of unique TCR amino acid clonotypes (defined by their V3 and JB gene
usage and the CDR3 amino acid sequence); and 2) Simpson’s diversity
index (47). The degree of TCRP sequence variation was assessed on the
basis of V3 usage or the proportion of the TCRp repertoire conforming to
a specific amino acid motif (for Pol-LI9, where V[3 usage was relatively
conserved). The Morisita-Horn similarity index was used to assess the
similarity between TCRf repertoires (48). The Simpson’s diversity and
Morisita-Horn similarity indices account for both the variety of TCRB
clonotypes and the number of copies of each TCR{ clonotype in the
epitope-specific TCRP repertoire per sample. Both indices range in value
from O (minimal diversity/similarity) to 1 (maximal diversity/similarity). A
randomization procedure was used in the estimation of the diversity and
similarity measures to correct for differences in sample size (47, 48), and
was based on the acquisition of 15 unique TCRB sequences per sample.
Samples with <15 unique TCRp sequences were excluded from the sta-
tistical analysis. A two-way ANOVA on the ranks of values (for TCRB
diversity or percentage of the TCRp repertoire conforming to a motif) and
Bonferroni posttest were used to assess differences in the epitope-specific
TCRP repertoires between paired tissue samples and between mice vac-
cinated at different doses. A Mann—-Whitney U test was used to compare
the TCR repertoire similarity of paired tissue samples between groups of
mice vaccinated at different doses. Randomization procedures and calcu-
lations of the diversity and similarity measures were performed using
Matlab (The Mathworks). Statistical analyses were performed using
GraphPad Prism (GraphPad).

N-addition and germline identity analysis

The CDR3 for each sequence was defined by first identifying TRBV and
TRBJ gene usage by pairwise alignment and subsequently by identifying
the conserved cysteine at position 104 within the TRBV gene and the
conserved phenylalanine at position 118 within the TRBJ gene that define
the boundaries of the CDR3B. Additionally, the number of germline
nucleotides from the TRBV and TRBJ genes that were used within the
CDR3p3 was captured for each sequence from the pairwise alignment.
Subsequently, TRBD gene usage as well as the length of the retained
TRBD sequence were identified using a local implementation of an al-
gorithm written to identify and delimit 7TRBD gene usage within the
CDR3p (49). The number of nucleotide additions within the CDR3f was
defined as the length of the CDR3@ less the total number of nucleotides
contributed by the TRBV, TRBJ, and TRBD genes.

Tetramer association and dissociation kinetics

For tetramer association, the kinetics has the following form:

dy(t

W) _y ~ 1yttt
where y(t) is the experimental readout (staining intensity), Y is propor-
tional to the rate of tetramer recruitment from solution, and I,z (t) is the
time-varying effective instantaneous relaxation rate of the system (the
parameter Y is proportional to a number of relevant quantities, such as
tetramer concentration, TCR density, and the conversion of stained TCRs
to relative staining intensity in percentage). Although a full solution for
I.(t) can be obtained by analyzing the complete kinetic system that takes

all different bound forms of the tetramer into account, this involves more
parameters than the data permit to be estimated. Therefore, a phenome-
nological approach was taken, assuming:

Icff (t) :Ix+(lo - Ix)eimf

where Ij and I.. represent the initial and final effective relaxation rates and
m represents an empirical rate parameter. Comparison with the dynamics
of the full system (data not shown) indicates that this simplified approach
adequately captures most of the initial transient behavior.

For tetramer dissociation, tetramers are considered to bind to TCRs on
the membrane at one, two, or three sites. The single-site association rate is
., and the single-site dissociation rate is v. As a straightforward conse-
quence of the combinatorics of ligands combining, the transition rates
between the various bound states are as depicted in the diagram.

AP

T T T T 7 7y

Let z; denote the number of tetramers bound at ¢ sites, relative to the
total amount present at time ¢ = 0. The kinetics is then described by the
following differential equations:

dz(;t(t) = —6pz(t)—(2v + p)z2 (¢) + 3vas(t)
dx;t(t) = 2u(t) — 3vas(t)

with initial condition z; = x, = 0 and x3 = 1 (this assumes that all tet-
ramers are triply bound at the start of the experiment). The readout of the
experiment is represented as follows:

y(t) = yo + (100% — yo) (@1 (¢) + 22 (t) + 23(t))
where y(t) is the signal as expressed a percentage of the starting value.

Precursor frequencies of epitope-specific CD8 T cells

Single-cell suspensions of splenocytes from four independent naive
BALB/c, vaccinated BALB/c, or OT1 Ragﬂf mice were incubated for
1 h at room temperature with the relevant pMHC I tetramer (Gag-AlI9 or
Pol-LI9), both in allophycocyanin-conjugated and PE-conjugated forms,
and anti—-CD8-Cy5.5-PerCP (BD Biosciences). Cells were washed once
in complete RPMI medium (RPMI 1640 supplemented with penicillin,
streptomycin, L-glutamine and 10% FCS) and magnetically enriched for
the allophycocyanin and PE labels (Miltenyi Biotec). Enriched cells
were then stained with GriVid and the following directly conjugated
mAbs: 1) anti-CD4-Alexa Fluor 594 and anti—-CD43-PE-Cy5 (Bio-
Legend); and 2) anti-CD14-FITC, anti-CD16-FITC, and anti-CD19-
FITC (BD Pharmingen). Samples were acquired using an LSRII flow
cytometer (BD Biosciences), and data analysis was performed using
FlowJo software version 8.7.3 (Tree Star).

Results

Two immunodominant epitopes induce Ag-specific CD8 T cells
after vaccination with Ad>5.Gag.Pol

To determine response breadth and characterize immunodo-
minant epitopes in BALB/c mice after vaccination with Ad5.Gag.
Pol, we performed IFN-y ELISPOT assays using matrices of
overlapping peptides as described previously (50-52). Consis-
tent with other reports, the H-2K“restricted epitope Gages_73
AMQMLKETI (Gag-Al9) was the immunodominant target de-
rived from this protein in BALB/c mice (53). In contrast, Pol-
derived epitopes have not been well characterized in this model.
Initial analyses revealed a potential immunodominant epitope
within the Pol region KAIGTVLVGPTPVNIIGRN, which eli-
cited response magnitudes at least 3-fold greater than those
observed with other peptide pools across the complete protein.
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Fine mapping identified the minimal epitope as Pol;¢ g4
LVGPTPVNI (Pol-L19) and the restriction element as H-2D? (data
not shown). All subsequent experiments focused on CD8 T cell
responses directed against these two immunodominant epitopes.

Pol-LI9—specific CD8 T cells predominate at acute time points
after vaccination

Next, we vaccinated BALB/c mice with either low (108 PU) or high
(10'° PU) dose Ad5.Gag.Pol and determined the magnitude of
CD8 T cell responses specific for Gag-Al9 and Pol-LI9 at day 10,
month 1, and month 3 postvaccination in spleen, lung, lymph
node, and blood. Results are shown for each tissue at each time
point (Fig. 1). Overall, Pol-LI9-specific CD8 T cell responses
were immunodominant at day 10 postvaccination, regardless of
Ad5.Gag.Pol dose. By month 3 postvaccination, however, Gag-
AlI9-specific and Pol-LI9-specific CD8 T cell responses were
equivalent in magnitude and more robust after high-dose AdS.
Gag.Pol administration.

TCRs specific for Pol-LI9 exhibit type 3 (public) and type 4
(near-public) bias

To examine the effects of Ag dose on CD8 T cell clonality after
vaccination, we sorted Gag-Al9 and Pol-LI9 tetramer-binding CD8
T cell populations directly ex vivo by flow cytometry and analyzed
TCR usage across all time points and all tissues using a template-
switch anchored RT-PCR as described previously (44, 45). Overall,
CD8 T cells specific for Gag-AI9 and Pol-LI9 exhibited skewed
hierarchies comprising a small number of dominant clonotypes

and several subdominant clonotypes (Fig. 2A). Notably, Gag-AI9—
specific CD8 T cells showed no preference for TRBV/TRBJ usage
and lacked any obvious sequence motif in the CDR3f loop. In
contrast, Pol-LI9—specific CD8 T cells exhibited preferential usage
of TRBV16 and TRBJ2-5 and displayed a CDR3[3 motif with the
amino acid sequence CASSLXGGXQDTQYF that was shared
between individual mice. Furthermore, Pol-LI9-specific CD8
T cell populations contained a significantly greater number of
public clonotypes, defined on the basis of amino acid identity,
compared with Gag-AlI9—specific CD8 T cell populations (Fig. 2B);
this observation held across time points and vaccine doses (p <
0.0001; one-way ANOVA). Collectively, these features constitute
type 3 (public) and type 4 (near-public) repertoire bias (54).

Clonotypic diversity is evident in both immunodominant
epitope-specific CD8 T cell populations

Next, we quantified repertoire diversity at the CDR3[3 amino acid
sequence level using Simpson’s diversity index (47). Gag-AlI9—
specific CD8 T cells exhibited diverse repertoires across all tis-
sues, regardless of vaccine dose. After high-dose vaccination,
however, repertoire diversity within this specificity decreased at
month 3, which could reflect the loss of higher avidity effector
CD8 T cells (Fig. 3A, 3C) (55). Despite preferential usage of
TRBV16/TRBJ2-5, Pol-LI9-specific CD8 T cells also exhibited
substantial CDR3f3 amino acid sequence diversity, irrespective of
tissue location or Ag dose. However, in contrast to Gag-AI9—
specific CD8 T cells, Pol-LI9—specific CD8 T cells retained their
clonotypic diversity after high-dose vaccination (Fig. 3B, 3D).
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Repertoire overlap between tissues within individual mice was
assessed using the Morisita-Horn similarity index (48). Relatively
few clonotypes were shared across anatomical sites within the
Gag-Al9—specific CD8 T cell repertoires (Fig. 3G). As diversity
decreased after high-dose vaccination, however, the Morisita-Horn
index increased, indicating a greater degree of tissue overlap in
each mouse. In contrast, substantial clonotypic sharing was ap-
parent within the Pol-LI9-specific CD8 T cell repertoires across
tissues (Fig. 3H).

In further analyses, no preferential TRBV usage was observed for
Gag-Al9-specific CD8 T cells (Fig. 3E). For Pol-LI9-specific
CD8 T cells, however, preferential usage of TRBV16/TRBJ2-5
with a CASSLXGGXQDTQYF motif was apparent regardless of
vaccine dose or tissue location (Fig. 3F).

Pol-LI9—specific CD8 T cell clonotypes have fewer nucleotide
additions and are closely related to germline sequence

Public clonotypes are made more readily during the V(D)J re-
combination process because they trend toward germline sequence
(56). By comparative analysis of each clonotype, we found that
Gag-Al9—specific TCRs contained significantly greater numbers
of nucleotide additions at the junctional regions compared with
Pol-LI9-specific TCRs at the corresponding time points (day 10:
p < 0.0001; month 1: p =0.0013; month 3: p < 0.0001) (Fig. 4A).
Consistent with these findings, Pol-LI9—-specific TCRs were sig-
nificantly more germline-like compared with Gag-AlI9—specific
TCRs at all time points (day 10: p < 0.0001; month 1: p = 0.0009;
month 3: p < 0.0001) (Fig. 4B).

As Pol-LI9-specific TCR repertoires are highly public, have
fewer nucleotide additions, and are closely related to germline
sequence, we sought evidence of convergent recombination. The
latter is a mechanism that explains how TCR sharing between
individuals is directly related to TCR production frequency deter-
mined by the relative generation efficiency of particular nucleotide
and amino acid sequences during the recombination process (57,
58). For motif-bearing TRBV16/TRBJ2-5 clonotypes, multiple
nucleotide sequences were found to encode each public CDR33
(Supplemental Fig. 1A). Moreover, several distinct recombination

events could produce the same nucleotide sequence (Supplemental
Fig. 1B). These findings suggest that such clonotypes are likely to
be produced efficiently by convergent recombination.

Pol-L19-specific CD8 T cells occur at higher precursor
frequencies

In view of the early immunodominance of CD8 T cell responses to
Pol-LI9 and the convergent nature of the corresponding TCR
repertoires, we measured CD8 T cell precursor frequencies in mice
that had not been exposed to Ag (59-61). As expected, Pol-LI9—
specific precursors were present at higher frequencies than Gag-
Al9-specific precursors in the total CD8 T cell pool, although this
difference did not reach statistical significance using a Wilcoxon
matched-pairs signed-rank test (p = 0.08) (Supplemental Fig. 2A).

Gag-Al9—specific CD8 T cell populations bind Ag more avidly

To determine whether the striking differences in clonality were
associated with differential Ag avidity, we conducted pMHC I
tetramer association and dissociation assays (62). In all experi-
ments, Gag-AI9—specific CD8 T cells displayed faster on-rates
and slower off-rates (Supplemental Fig. 2B). Consistent with
these data, Gag-Al9—-specific CD8 T cells also displayed func-
tional outputs at lower peptide concentrations in dose-titration
experiments (Supplemental Fig. 2C). Thus, Gag-AI9—-specific
CD8 T cells bind cognate pMHC I Ag more avidly and with
greater functional sensitivity than Pol-LI9—specific CD8 T cells.

Acute epitope-specific CDS T cell responses are more
polyfunctional after low-dose vaccination

To characterize the functional quality of epitope-specific CD8
T cells after vaccination with varying Ag doses, single-cell sus-
pensions from spleen, lung, draining lymph node, and blood were
stimulated ex vivo with peptides corresponding to the two defined
immunodominant epitopes and analyzed by polychromatic flow
cytometry. Results are shown for each tissue derived from BALB/c
mice at day 10, month 1, and month 3 after vaccination with either
low (10 PU) or high (10'° PU) dose Ad5.Gag.Pol (Fig. 5,
Supplemental Fig. 3). All samples were analyzed independently
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FIGURE 3. Characteristics of TCRB rep-
ertoires specific for Gag-Al9 and Pol-LI9.
The diversity of Ag-specific TCRf reper-
toires was assessed using the number of
different TCRB clonotypes (A and B) and
Simpson’s diversity index (C and D). (E) The
percentage of each TRBV is represented per
mouse for Gag-Al9-specific TCRB clono-
types. (F) The extent to which Pol-LI9—spe-
cific TCRB repertoires conformed to the
CASSLXGGXQDTQYF amino acid motif is
shown per mouse, where TCRf3 sequences
with a CDR3p length of 15 aa used either
TRBV16 or TRBV3 and TRBJ2-5. (G and
H) The degree of overlap between TCRp
repertoires sampled from spleen, lung,
lymph node (LN), and blood was assessed
using the Morisita-Horn similarity index.
The index value on the vertical axis of each
horizontal line extending between two dif-
ferent tissues represents the similarity be-
tween those two tissues. The Simpson’s
diversity and Morisita-Horn similarity indi-
ces account for both the number of different
TCRp clonotypes and the clonal dominance
hierarchy and vary in value between 0 (min-
imal diversity/similarity) and 1 (maximal
diversity/similarity). The number of clono-
types, Simpson’s diversity index, and the
Morisita-Horn similarity index were esti-
mated for all samples having an equal sam-
ple size of 15 TCRp sequences. Analyses are
shown for samples with at least 15 TCRB
sequences and only for mice with spleen and
lung samples that both yielded at least 15
TCRP sequences.

using permutation tests in the SPICE software suite and a poly-
functionality index (40) to quantify and compare the combinato-
rial expression of IFN-y, TNF, and/or IL-2.

In general, high-dose vaccination elicited functional responses of
greater magnitude at all time points (Fig. 1). At day 10, however,
a greater proportion of Ag-specific CD8 T cells produced multiple
cytokines after low-dose vaccination. Although these dose-related
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differences failed to reach significance, the trend is consistent with
previous reports (36, 63). At later time points, polyfunctionality

indices were generally equivalent between vaccine doses. How-

ever, some notable epitope-specific differences were observed.
After high-dose vaccination, for example, the proportion of poly-
functional Gag-Al9-specific CD8 T cells increased with time in
some instances, likely reflecting a preferential loss of effector cells
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FIGURE 4. Nucleotide addition analysis and determination of percent
identity with germline sequence. Comparison of nucleotide additions (A)
and percent identity with germline sequence (B) between Ag-specific
TCRR repertoires at each time point after vaccination. Statistical analyses
were performed using the Wilcoxon matched-pairs signed-rank test; p
values are shown for significant comparisons between specificities at
equivalent time points. Error bars represent the SD in each analysis.

after the initial expansion. In contrast, Pol-LI9-specific CD8
T cells mobilized by low-dose vaccination retained more poly-
functional profiles over time compared with their counterparts
elicited by high-dose vaccination. Thus, at least acutely, vacci-
nation with low-dose Ag can enhance the functional profile of
HIV-specific CD8 T cells.

Despite these differences in functionality between vaccine doses
and time points, the most striking feature of the analysis emerged
when epitope specificities were compared under identical con-
ditions. In the majority of cases, Pol-LI9—specific CD8 T cells were
more polyfunctional than Gag-Al9-specific CD8 T cells. Al-
though some exceptions were noted at later time points linked to
the epitope-specific effects described above, these data indicate
that the nature of Ag engagement by the available cognate TCR
repertoire is a major determinant of CD8 T cell functionality.

Gag-Al9—specific CDS8 T cells exhibit more potent cytotoxic
activity

Next, we measured cytotoxic activity in vivo at day 10 and month 3
after vaccination (46). At both time points, regardless of the initial
vaccine dose, Gag-Al9—specific CD8 T cells exhibited greater
cytotoxicity than Pol-LI9—specific CD8 T cells, despite the greater

frequency of the latter (Fig. 6). This difference between specif-
icities was most marked at day 10 and, on the assumption of
equivalent lytic potential, likely reflects the highly avid mobili-
zation of effector CD8 T cells specific for the Gag-AlI9 epitope.

The phenotypic properties of vaccine-induced
immunodominant epitope-specific CD8 T cell populations are
largely indistinguishable

To establish the memory phenotype of CD8 T cell populations
specific for Gag-AlI9 and Pol-LI9, we analyzed cell-surface ex-
pression of CD43, KLRG1, and CCR7. In addition, we quantified
CD160, LAG3, ICOS, and NKG2D to determine the state of ex-
haustion (Supplemental Fig. 4). In general, greater proportions of
central memory-like cells were present after low-dose vaccination
and at later time points (Fig. 7). However, there were no note-
worthy phenotypic differences between Gag-Al9-—specific and
Pol-LI9—specific CD8 T cell populations across vaccine doses or
time points.

Discussion

In this study, we examined several proposed CD8 T cell-associated
correlates of HIV protection in a mouse vaccination model. Two
immunodominant epitopes were identified within the AdS5.Gag.Pol
insert. The Gag-AI9 epitope elicited CD8 T cell populations with
structurally diverse TCR repertoires that were largely private in
nature and displayed minimal overlap between tissues. In contrast,
the Pol-LI9 epitope elicited CD8 T cell populations with highly
constrained TCR repertoires that were largely public in nature and
displayed substantial overlap between tissues. The Pol-LI9—spe-
cific TCRs contained fewer nucleotide additions and exhibited
greater germline identity with evidence of convergent recombi-
nation. Consistent with these observations and the early immuno-
dominance of Pol-LI9-specific CD8 T cells, we found higher
precursor frequencies for this epitope in naive mice. These results
are consistent with previous studies that link precursor frequency to
immunodominance within the CD8 T cell compartment (64—69).

Despite profound differences in clonotypic architecture, both
immunodominant epitope-specific CD8 T cell populations dis-
played comparable levels of repertoire diversity at early time points
postvaccination. However, a significant decrease in diversity and
clonotype number per repertoire was observed for Gag-AI9—spe-
cific CD8 T cell populations after high-dose vaccination. This
could reflect a preferential loss of high-avidity epitope-specific
clonotypes under conditions of high Ag load (55). In contrast,
Pol-LI9—specific CD8 T cell populations maintained clonotypic
diversity over time after high-dose vaccination, possibly reflecting
lower overall Ag avidities and more uniform interclonotypic
profiles. Thus, a low-dose vaccination strategy enables broader
clonotypic persistence, at least for epitope-specific CD8 T cell
populations with diverse available repertoires, thereby seeding
a more expansive long-term memory pool (70).

In keeping with previous studies (36, 63), low-dose vaccination
elicited greater frequencies of polyfunctional epitope-specific CD8
T cells compared with high-dose vaccination at acute time points.
However, these effects were marginal compared with the profound
functional differences between epitope specificities. In most com-
parisons, Pol-LI9—-specific CD8 T cells displayed greater poly-
functionality than Gag-Al9-specific CD8 T cells with respect to
cytokine production. This observation is consistent with previous
reports showing that TCR repertoire diversity as an independent
parameter does not predict the functional profile of epitope-specific
CD8 T cell responses, but contrasts at first sight with the generally
accepted link between Ag avidity and polyfunctionality (10, 71—
75). Conversely, Gag-Al9—specific CD8 T cells exhibited far more
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FIGURE 5. Functional analysis of Ag-specific CD8 T cells after vaccination. The polyfunctionality index was calculated for Gag-AI9—specific and Pol-
LI9—specific CD8 T cell responses in spleen (A), lung (B), lymph node (C), and blood (D) after vaccination with either low-dose (L) or high-dose (H)
Ad5.Gag.Pol as indicated. Intracellular cytokine staining was performed for IFN-y, TNF, and IL-2 after peptide stimulation ex vivo. Boolean gate arrays
were created using the FlowJo platform to determine the frequency of each of the eight possible response patterns per cell. Nonspecific background events
were subtracted from responses measured in the stimulated samples for each response pattern individually. Statistical analyses were performed using the
Wilcoxon matched-pairs signed-rank test. Significant comparisons are denoted as follows: *p < 0.05, **p < 0.01.

potent cytotoxic activity than Pol-LI9—specific CD8 T cells. Al-
though this observation is consistent with the higher overall Ag
avidity and functional sensitivity of Gag-AI9—specific CD8 T cells,

FIGURE 6. In vivo cytotoxicity of Ag-specific CD8
T cells after vaccination. Specific elimination of pep-
tide-pulsed targets was measured simultaneously for
both Gag-Al9-specific and Pol-LI9-specific CD8
T cell populations in vivo at day 10 (A) and month 3
(B) after vaccination with the indicated doses of AdS.
Gag.Pol. Statistical analyses were performed using the
Wilcoxon matched-pairs signed-rank test.
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why Pol-LI9-specific cytotoxic activity improved dramatically
between day 10 and month 3 postvaccination, especially in view of
the increase in central memory-like cells, which express fewer

cytolytic enzymes (76-78). Nonetheless, it seems likely that higher
avidity Gag-Al9-specific clonotypes within the structurally diverse
repertoire differentiate acutely into lytic effector cells after Ag
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engagement. Such a process would explain the relatively restricted
functional profile of primary Gag-Al9-specific CD8 T cell respon-
ses, as well as the observed clonotypic contraction over time, es-
pecially after high-dose vaccination.

The phenotypic characteristics of Gag-AI9-specific and Pol-LI9—
specific CD8 T cell populations, both in terms of memory differen-
tiation and activation/exhaustion status, were virtually indistinguish-
able across corresponding vaccine doses and time points. This
remarkable degree of comparability contrasts starkly with the
epitope-specific functional dichotomy noted above. In general, higher
frequencies of central memory-like cells were elicited by low-dose
vaccination. On the basis that these early memory cells retain the
ability to produce IL-2 readily in response to Ag encounter (79-81),
this finding may explain why more polyfunctional epitope-specific
CD8 T cell responses were observed after low-dose vaccination.

In summary, our data suggest that the functional and phenotypic
properties of vaccine-induced CD8 T cells are sensitive to dose
manipulation above the immunogenicity threshold, yet differen-
tially constrained by the nature of the targeted Ag. Epitope spec-
ificity therefore emerges as a key consideration for rational vaccine
design, delimiting most notably the functional profile of mobilized
CD8 T cell populations in a clonotype-dependent manner.
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Motif-related TCR amino acid sequences using the TRBV16 and TRBJ2-5 genes
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Supplemental Figure 1. Convergent recombination in the Pol-LI9-specific CD8 TCRp repertoire.

(A) The Pol-LI9-specific CD8 TCRJ repertoire using the TRBV16 and TRBJ2-5 genes comprises the majority

of sequences that conform to the CASSLXGGXQDTQYF amino acid motif. A subset of each of the consensus
sequences is shown. One possible alignment of the nucleotide sequences with the TRBV16 (blue), TRBD1 or
TRBD?2 (red), and TRBJ2-5 (green) genes involving a minimal number of nucleotide additions (black) is shown
for each nucleotide sequence. Some amino acid sequences were found to be encoded by a variety of nucleotide
sequences. This is demonstrated for the amino acid sequences CASSLAGGNQDTQYF, CASSLAGGDQDTQYF
and CASSLAGGAQDTQYF. (B) An example of the multiple recombination events at the V(D)J junction, involving
no more than two nucleotide additions, that can produce one of the nucleotide sequences (yellow box) encoding
CASSLAGGNQDTQYF is shown. Some of these gene recombination events involve few nucleotide additions
and are thus expected to recur frequently. (C) The germline genes are shown for reference.
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Supplemental Figure 2. Analysis of precursor frequency, antigen avidity and functional sensitivity.

(A) Precursor frequency measurements are shown as proportions of the total CD8 T cell pool. Four naive animals were
assayed for the presence of Gag-Al9-specific and Pol-LI9-specific CD8 T cells by tetramer staining. Statistical analysis was
performed using the Wilcoxon matched-pairs signed rank test. (B) Representative tetramer association and dissociation
analyses are shown for Gag-Al9-specific and Pol-LI9-specific CD8 T cell populations. Non-linear least squares fitting of the
described model yielded the following association (left panel) values: for Gag-Al9, Y = 11.1%, lg = 75.7, l« = 0.104,

m = 13.0; for Pol-LI19, Y = 4.49%, lg = 99.1, lw = 0.0223, m = 14.9. All rates are expressed in min-1. The important
parameter is Y, which is proportional to the TCR/pMHCI on-rate. Parameter estimates for tetramer dissociation

(right panel) were as follows: for Gag-Al9, u =0, v = 0.17, yg = 93%; for Pol-LI9, u = 0.17, v = 0.29, yg = 71%. All rates

are expressed in min-1. (C) Functional sensitivity analysis was performed using intracellular cytokine flow cytometry across
a range of peptide concentrations. Peptides were assayed at ten-fold dilutions in splenocyte cell suspensions from a
vaccinated animal. Values as percentages of the total response were calculated by nonlinear regression analysis. Red
circles, Gag-Al9; blue symbols, Pol-LI9.
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Supplemental Figure 3. Functional analysis of antigen-specific CD8 T cells after vaccination.

(A-D) SPICE analysis of functional CD8 T cell responses specific for Gag-Al9 and Pol-LI9 in spleen (A), lung

(B), lymph node (C) and blood (D) at day 10 (upper panel), month 1 (middle panel) and month 3 (lower panel)
after vaccination with either low dose or high dose Ad5.Gag.Pol as indicated. Intracellular cytokine staining was
performed for IFNy (G), TNF (T) and IL-2 (2) after peptide stimulation ex vivo. Boolean gate arrays were created
using the FlowJo platform to determine the frequency of each of the eight possible response patterns per cell.
Non-specific background events were subtracted from responses measured in the stimulated samples for each
response pattern individually. Frequencies for each functional permutation are shown in bar charts with error bars
representing the standard error of the mean. Responses from eight mice for each tissue at each time point are
displayed.
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Supplemental Figure 4. Activation and exhaustion status of antigen-specific CD8 T cells after vaccination.
Polychromatic flow cytometry was used to determine the surface expression of activation (ICOS) and exhaustion (CD160,
LAG3 and NKG2D) markers at day 10 and month 3 post-vaccination. The Gag-Al9-specific and Pol-LI9-specific CD8 T
cell populations were compared across vaccine doses and time points as indicated. Statistical analyses were performed
using the Mann-Whitney and Wilcoxon matched-pairs signed rank tests.
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