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HIV-1-Specific CD8 T Cells Exhibit Limited Cross-Reactivity
during Acute Infection

Victor Y. Du,* Anju Bansal,* Jonathan Carlson,T Jesus F. Salazar-Gonzalez,*
Maria G. Salazar,* Kristin Ladell,SF Stephanie Gras,§’11 Tracy M. Josephs,§ Sonya L. Heath,*
David A. Price,“lt’|| Jamie Rossjohn,m"H Eric Hunter,# and Paul A. Goepfert*

Prior work has demonstrated that HIV-1-specific CD8 T cells can cross-recognize variant epitopes. However, most of these studies
were performed in the context of chronic infection, where the presence of viral quasispecies makes it difficult to ascertain the true
nature of the original antigenic stimulus. To overcome this limitation, we evaluated the extent of CD8 T cell cross-reactivity in
patients with acute HIV-1 clade B infection. In each case, we determined the transmitted founder virus sequence to identify the
autologous epitopes restricted by individual HLA class I molecules. Our data show that cross-reactive CD8 T cells are infrequent
during the acute phase of HIV-1 infection. Moreover, in the uncommon instances where cross-reactive responses were detected,
the variant epitopes were poorly recognized in cytotoxicity assays. Molecular analysis revealed that similar antigenic structures
could be cross-recognized by identical CD8 T cell clonotypes mobilized in vivo, yet even subtle differences in a single TCR-
accessible peptide residue were sufficient to disrupt variant-specific reactivity. These findings demonstrate that CD8 T cells are
highly specific for autologous epitopes during acute HIV-1 infection. Polyvalent vaccines may therefore be required to provide

optimal immune cover against this genetically labile pathogen.

Ithough antiretroviral therapy (ART) effectively controls
HIV-1 replication and reduces AIDS-associated mor-
tality (1), the infection remains a major threat to public
health. This statement is exemplified by the fact that the number of
new cases has remained largely unchanged in the United States
despite the availability of ART for nearly two decades (2).
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Moreover, although the emergence of pre-exposure prophylaxis
has been shown to reduce the risk of infection, it involves issues
related to consistent adherence (3). An effective HIV-1 vaccine is
therefore required to gain better control of the epidemic through
the prevention of transmission and to provide assistance in the
treatment of infected individuals who currently require daily ART.

It is well documented that CD8 T cells are necessary components
of an effective immune response against HIV-1 (4-8). However,
efforts aimed at developing protective T cell-based vaccines have
not been successful in terms of either preventing infection or
impacting disease progression in vaccinees who become infected
(9-11). One possible reason for these failures is the ability of HIV-
1 to mutate rapidly and evade CD8 T cell recognition (8, 12-17).
Indeed, this process accounts for much of the genetic diversity
observed within the circulating viral population (8, 14). Given the
frequency and predictability of these mutations (8, 12-16, 18, 19),
it is conceivable that CD8 T cells capable of targeting multiple
variant forms of an epitope would enhance immune control of
HIV-1 replication.

In the presence of a limited TCR repertoire (20), cross-reactivity
against variant Ags may be a critical feature of effective virus-
specific CD8 T cell populations (21-23). Several studies have
therefore attempted to correlate the degree of cross-reactivity
with HIV-1 control (23-29). However, this assessment is com-
plicated in the setting of chronic infection, where heterogeneous
viral quasispecies obscure the true identity of the inciting epitope
(23-25, 28). In contrast, CD8 T cell cross-reactivity has not been
studied extensively in acute HIV-1 infection. Prior works in this
area have focused primarily on cross-clade recognition in the
context of overlapping peptides (30-32), which still confounds
the identification of autologous versus cross-reactive responses
to specific epitopes. Thus, the extent and frequency of CD8
T cell cross-reactivity during the acute phase of infection is not
yet known.

In this study, we examined the ability of virus-specific CD8
T cells to cross-recognize naturally occurring epitope variants in a
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cohort of patients with acute HIV-1 clade B infection. The trans-
mitted founder virus (TFV) sequence was determined in each case to
define the true autologous epitopes for each individual HLA class I
(HLA-I) molecule. Our data show that cross-reactive CD8 T cells are
both uncommon and functionally impaired during acute HIV-1 in-
fection. These findings suggest that monovalent vaccines may not
induce optimal immune cover against this genetically diverse virus.

Materials and Methods
HIV-1 patient cohort

PBMCs and plasma samples were obtained from 11 patients acutely in-
fected with HIV-1 clade B. Acute infection was diagnosed at the first
screening visit by detectable HIV-1 viral RNA in plasma and a lack of HIV-
specific Abs on Western blot (33). TFV sequences were inferred from the
plasma of these 11 patients at Fiebig stage III or earlier using a single
genome amplification method, as described previously (34). Another pa-
tient with acute infection, contracted after immunization with an experi-
mental canarypox-vectored HIV-1 vaccine (35), was diagnosed at Fiebig
stage V, thereby precluding accurate determination of the TFV by single
genome amplification analysis. Population-based viral sequencing was
performed to determine the autologous HIV-1 sequence in this patient (35).
Immunogenicity studies were conducted using PBMCs obtained at a me-
dian of 31 d (range, 16-60 d) after the estimated date of infection (Table I).
All patients were recruited from the University of Alabama at Birmingham
HIV Infection Clinic after obtaining written informed consent and ap-
proval from the University of Alabama at Birmingham Institutional Re-
view Board for Human Use.

Peptide selection

Autologous peptides were designed for each acutely infected patient
based on HLA-I genotype and the TFV sequence, with reference to
optimal HLA-I-restricted epitopes described in the HIV Los Alamos
National Laboratory (LANL) Database (http://www.hiv.lanl.gov/content/
immunology/pdf/2009/optimal_ctl_article.pdf). All peptides relevant to
each individual HLA-I allele and TFV sequence were determined. For
each immunogenic autologous epitope, defined by IFN-y ELISPOT in a
prior study (Carlson et al., manuscript in preparation), two to eight
common variants (QuickAlign from the LANL) were selected for further
analysis. These variants represented the top 5-10 most commonly
occurring epitope mutations in relationship to the autologous form
(data available at QuickAlign from the LANL). A list of all autologous
epitopes and variants evaluated for cross-reactivity is shown in Supplemental
Table 1. Autologous or cross-reactive variant epitopes were defined as non-
escaped when they represented the most common sequence found in the
circulating HIV-1 clade B population (QuickAlign from the LANL) in the
absence of predicted HLA-I-associated polymorphisms (13). All other epi-
topes were classified as escaped.
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Peptide synthesis

Peptides (8-11 aa) representing immunogenic autologous epitopes and
their common variants tested for cross-reactivity were synthesized in a 96-
well array format (New England Peptide). Each peptide was reconstituted
at 40 mM in 100% DMSO and stored at —70°C.

IFN-y ELISPOT assay

ELISPOT assays were performed as described previously (36, 37). Spot
numbers were counted usin§ an automated plate reader (CTL Immuno-
Spot) and normalized to 10° PBMCs (spot-forming units [SFUJ/10%). A
positive response was defined as 55 SFU/10® PBMCs or greater when
exceeding the media-only negative controls by at least 4-fold. Stimulation
with PHA (10 pg/ml) was used as a positive control.

Predicted HLA-I binding affinity

Peptide affinity for HLA-I was predicted using the NetMHC software
program (version 3.2; http://www.cbs.dtu.dk/services/NetMHC-3.2/).

Ag sensitivity

Serial 10-fold dilutions of peptide were used in IFN-y ELISPOT assays to
stimulate functional responses. Ag sensitivity was measured as the peptide
concentration eliciting 50% of the maximal IFN-y response, or ECsg (25,
26, 38), which was calculated using GraphPad Prism software (version
6.0). Additional evaluations were based on response magnitude (SFU/10°
PBMCs).

In vitro expansion of CD8 T cell lines

In vitro expansion of autologous epitope-specific CD8 T cell lines was
performed as described previously (39). Briefly, freshly thawed cryo-
preserved PBMCs were distributed on a 48-well plate at 1.2 X 10°
cells/ml in serum-free RPMI 1640 medium. Supernatants containing
nonadherent cells were removed after incubation for 2 h at 37°C. Ad-
herent cells, mainly monocytes, were irradiated (3300 rad, 45 min) and
pulsed for 2 h with the appropriate peptide (10 uM). CD8 T cells were
isolated from the nonadherent cells using an untouched CD8" isolation
kit (Miltenyi Biotec) and plated onto peptide-pulsed monocytes in the
presence of complete medium (RPMI 1640 plus 10% HyClone serum)
containing IL-7 (25 ng/ml). IL-2 (50 U/ml) was added every 2-3 d and
CD8 T cells were restimulated with peptide-pulsed monocytes on day 7.
Effector responses were evaluated on day 13 using a 6 h flow-based
assay.

Intracellular cytokine staining

Intracellular cytokine and effector molecule production was assessed
using flow cytometry as described previously (40). Briefly, 10° cells were
pulsed with peptide at a concentration of 10 uM in the presence of
costimulatory Abs (anti-CD28 and anti-CD49d), anti-CD107a-FITC,
monensin, and brefeldin A (all from BD Biosciences). After 6 h, the

Table I. Clinical and HLA-I data
HLA-T Alleles”

Patient” Fiebig® DPIY Log VL CD4/ HLA-A1 HLA-A2 HLA-B1 HLA-B2 HLA-C1 HLA-C2
PHI-1 I 31 5.53 415 03:01 23:01 07:02 44:03 04:01 07:02
PHI-2 1T 31 4.34 479 02:01 03:01 07:02 07:02 07:02 07:02
PHI-3 1 51 5.40 395 29:02 29:02 07:02 44:03 04:01 16:01
PHI-4 1 42 4,74 932 03:01 66:01 42:01 58:02 06:02 17:01
PHI-5 1 33 7.26 230 02:01 02:05 35:01 44:03 04:01 04:01
PHI-6 I 32 4.68 671 68:02 74:01 07:05 53:01 04:01 15:02
PHI-7 1 23 7.00 237 02:01 24:01 07:02 07:02 07:02 07:02
PHI-8 1 30 5.23 286 11:01 11:01 35:01 51:01 04:01 15:02
PHI-9 1 16 6.45 719 68:01 68:01 15:03 58:02 02:10 06:02
PHI-10 1T 21 6.00 472 02:01 03:01 07:02 14:02 07:02 08:02
PHI-11 1 20 6.68 164 03:01 23:01 15:10 44:03 04:01 08:02
PHI-12 \" 60 4.81 321 02 02 27 44 02 05

“Four-digit HLA-I typing was resolved for all patients except PHI-12.
PTEV sequences were predicted for all patients except PHI-12.

“Fiebig stage at which single genome amplification was performed to define the TFV sequence for all patients except PHI-12.
dDays postinfection (number of days between estimated date of infection and sample collection for immunogenicity testing).

“Plasma HIV-1 RNA copies/ml.
/Absolute CD4 T cell counts (cells/pl).
VL, viral load.

/TOZ ‘v Jequieda uo 1senb Aq /1o’ jounwiw i [mmm/:dny wouy papeojumod


http://www.hiv.lanl.gov/content/immunology/pdf/2009/optimal_ctl_article.pdf
http://www.hiv.lanl.gov/content/immunology/pdf/2009/optimal_ctl_article.pdf
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502411/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502411/-/DCSupplemental
http://www.cbs.dtu.dk/services/NetMHC-3.2/
http://www.jimmunol.org/

3278

cells were stained with a Live/Dead dye (Invitrogen), anti-CD3-Alexa
Fluor 780 (eBioscience), and anti-CD8-PE (BD Biosciences). The cells
were then permeabilized and labeled with anti—IFN-y-Alexa Fluor 700,
anti—-IL-2-allophycocyanin, anti-TNF-a-PECy7, and anti-granzyme
B-V450 (all from BD Biosciences). At least 100,000 CD3* events were
acquired on an LSR II flow cytometer (BD Immunocytometry Systems), and
data were analyzed using FlowJo software (version 9.6.4; Tree Star). Poly-
functionality analysis was performed using Boolean gating with SPICE and
PESTLE software (version 5.1; National Institute of Allergy and Infectious
Diseases).

Cytotoxicity assay

A killing assay based on 7-aminoactinomycin D (7-AAD) staining was
performed according to a modified protocol derived from prior studies
(29, 41). This assay directly measures target cell apoptosis (29, 42) as an
indicator of CD8 T cell cytotoxicity. To avoid repeated exposure to
cognate peptide stimulation, PBMCs from HIV-1-seronegative donors
were used to generate target cells. The HIV-1—-seronegative donors were
matched at the relevant HLA-I allele restricting the peptide of interest.
CDA4 T cells were enriched from these PBMCs by magnetic depletion of
CD8 T cells (Dynabeads CD8; Invitrogen) and activated for 2 d with
PHA (5 pg/ml) in the presence of IL-2 (100 U/ml). Activated CD4
T cell targets (1 X 10%) were then pulsed for 1 h with the relevant au-
tologous HIV-1 peptide or variants thereof (10 wM). An irrelevant
peptide pool representing epitopes derived from CMV, EBYV, and in-
fluenza virus (2 pg/ml per peptide; National Institutes of Health AIDS
Reagents Program) was used as a negative control. Peptide-pulsed target
cells were cocultured with the appropriate epitope-specific CD8 T cell
lines for 24 h at different E:T ratios as indicated and subsequently
stained with anti-CD3-Pacific Blue (BD Biosciences) and anti—CD4-
Alexa Fluor 780 (eBioscience). The cells were then washed, stained
with 7-AAD (0.25 pg; BD Biosciences) for 20 min at 4°C, and analyzed
by flow cytometry. Target cell killing by epitope-specific CD8 T cell
lines was determined using the following formula adapted from a pre-
vious description (41): % cell death = [(% TAAD" target CD4 with
effector — % 7AAD™ target CD4 without effector)/(100 — % 7AAD*
target CD4 without effector)] X 100.

Crystallization, data collection, and structure determination

Soluble complexes of HLA-B*(07:02 with the Nef RL9 peptide (RPMTYKGAL)
or the single-substituted variant RFL9 (RPMTFKGAL) were prepared
as described previously (43). Briefly, the H chain of HLA-B*07:02 and
B>-microglobulin were expressed separately in Escherichia coli and pu-
rified from inclusion bodies. After refolding in vitro, peptide-HLA
(pHLA) complexes were purified using ion exchange chromatography.
Crystals of pHLA (5 mg/ml) in 10 mM Tris-HCI (pH 8) and 150 mM
NaCl were grown by the hanging-drop vapor-diffusion method at 20°C
with a protein/reservoir drop ratio of 1:1. Crystals were formed in 18%
polyethylene glycol 4000, 0.1 M ammonium acetate, and 0.1 M sodium
cacodylate at pH 6.5. Crystals were soaked in a cryoprotectant solution
containing mother liquor with the polyethylene glycol 4000 concentration
increased to 30% (w/v) and flash frozen in liquid nitrogen. Crystallo-
graphic data were collected on the microfocus beamline MX2 at the
Australian Synchrotron (Clayton, VIC, Australia) using the ADSC
Quantum 315r detector (at 100K). Data were processed as described pre-
viously (44, 45). The final models were validated using the Protein Data
Bank validation site (http://www.rcsb.org/pdb), and the final refinement
statistics are summarized in Table II. Coordinates were submitted to the
Protein Data Bank with codes SEOO for HLA-B*07:02-RFL9 and 5EO1
for HLA-B*07:02-RL9. Molecular graphics were created using PyMol
software.

Thermal stability assay

The stability of pHLA complexes was determined using a thermal shift
assay performed in a real-time detection system (Rotor-Gene 3000; Corbett
Life Science). Protein unfolding was monitored with the fluorescent dye
Sypro Orange (Sigma-Aldrich). Two concentrations (5 and 10 uM) of each
pHLA complex in 10 mM Tris-HC1 (pH 8), 150 mM NaCl were heated
from 30 to 95°C at a rate of 1°C/min. Fluorescence intensity was measured
with excitation at 530 nm and emission at 555 nm. The thermal melting
point represents the temperature at which 50% of the protein is unfolded.
Experiments were carried out in quadruplicate.

Molecular analysis of TCR usage

Clonotypic analysis of epitope-specific CD8 T cell populations was
performed as described previously with minor modifications (46). Briefly,

POORLY CROSS-REACTIVE HIV-SPECIFIC CD8 T CELLS

viable tetramer” CD8 T cell populations were sorted directly ex vivo by
flow cytometry at >98% purity, and all expressed TRB gene products
were amplified without bias using a template-switch anchored RT-PCR
(47). Amplicons were then subcloned, sequenced, and analyzed in ac-
cordance with IMGT nomenclature (48).

Statistical analysis

Statistical evaluations were conducted using a Fisher exact test, an area-
under-the-curve—based paired ¢ test, the Wilcoxon matched-pairs signed-
rank test, and a Spearman rank correlation. All p values were calculated
using GraphPad Prism software (version 6.0). Significance was assigned at
p values <0.05.

Results
CDS8 T cells are poorly cross-reactive during acute HIV-1
infection

In the present study, we evaluated the extent of CD8 T cell cross-
reactivity and the qualitative features of cross-reactive responses
elicited during acute HIV-1 infection. Immunogenicity data
from 11 acutely infected patients showed a total of 18 autolo-
gous responses from 87 tested within PBMCs (49). The 18
autologous epitopes are listed in Supplemental Table 1. Each of
these epitope-specific responses was subsequently analyzed for
cross-recognition of the most frequently occurring variants in
an IFN-y ELISPOT assay. Only 5 of the 18 CD8 T cell re-
sponses were cross-reactive (Fig. 1A, Supplemental Table I).
However, these five autologous responses collectively cross-
recognized 15 of 29 epitope variants (Fig. 1B, Supplemental
Table I). Thus, although only a minority of autologous epitopes
induce cross-reactive responses during acute HIV-1 infection,
variant cross-recognition is extensive among the resultant CD8
T cell populations.

We also separated the data according to whether CD8 T cell
responses were induced in vivo by epitopes without evidence of
escape (nonescaped epitope) or epitopes with evidence of escape
(escaped epitope) prior to infection (see Materials and Methods).
Of the five autologous CDS8 T cell responses deemed to be cross-
reactive, only one was induced by an escaped epitope (Fig. 1A,
Supplemental Table I). Furthermore, the four nonescaped epitope-
specific CD8 T cell responses cross-recognized significantly greater
numbers of variants compared with the single escaped epitope-
specific CD8 T cell response (14 of 21 versus 1 of 8, respectively;
p = 0.01; Fig. 1B).

Cross-reactive killing of HIV-1—-specific targets is compromised
during acute infection

A pertinent quality of HIV-1-specific CD8 T cells is the ability to
kill infected targets (36, 39). To address whether cross-reactive
responses were similarly cytotoxic, we generated CD8 T cell
lines specific for three HLA-B*07:02-restricted epitopes: Rev
RL10 (RPAEPVPLQLgs 75), Nef RL9 (RPMTYKGAL;7 gs),
and Nef RFL9 (RPMTFKGAL;;_gs). CD4 T cells from HIV-1—
seronegative donors matched for the appropriate HLA-I allele
were pulsed with the relevant autologous epitope or variant and
used as targets in a 7-AAD staining assay (Fig. 2A). Compared
with the autologous epitopes RL10 and RL9, all variants eli-
cited lower levels of cytotoxicity (Fig. 2B, 2C). In contrast, the
CD8 T cell line specific for RFL9, an escaped counterpart of
RL9, displayed similar cytotoxicity against autologous and
variant epitopes (Fig. 2D). However, RFL9-specific cytotoxic-
ity was already compromised relative to autologous killing by
the nonescaped RL9-specific CD8 T cell line (Fig. 2C, 2D).
Across all comparisons, cytotoxicity was significantly impaired
against cross-reactive versus autologous epitopes (p = 0.002;
Fig. 2E).
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A B
FIGURE 1. CDS8 T cells are poorly cross-reactive
during acute HIV-1 infection. CD8 T cell responses 100, " 100, 0= 0.01
to autologous epitopes (n = 18) were evaluated for k] |_|
variant cross-reactivity in an IFN-y ELISPOT assay g 80 .g g 80 14721
(Supplemental Table I). The fraction on top of each -'3 g N
bar in (A) represents the number of autologous re- g 60+ [ g, 60- 15/29
sponses that displayed cross-reactive responses/ E §' 8
number of autologous responses tested. (B) The g 40- a4 518 ‘s © 401
percentage of epitope variants that were cross-rec- hy 1/4 i:
ognized by the autologous responses (fraction on X 20 ° 20- 1/8
top) is indicated. A Fisher exact test was used to
determine statistical significance. 0- . 0-
Non-escaped Escaped Total Non-escaped Escaped Total

Autologous and cross-reactive CD8 T cells exhibit similar ex
vivo polyfunctionality

Prior studies have implicated a role for CD8 T cell polyfunctional-
ity in the control of HIV-1 replication (50, 51). We therefore exam-
ined ex vivo functional responses elicited by paired autologous
and cross-reactive epitopes. Representative flow cytometry plots
depicting cytotoxic responses (IFN-y/CD107a and IFN-vy/gran-
zyme B) for an autologous/variant RL9 pair are shown in Fig. 3A
(the corresponding 7-AAD data are illustrated in Fig. 2C). The
overall polyfunctional profile (IFN-v, IL-2, TNF-a, CD107a, and
granzyme B) was similar in response to the autologous and cross-
reactive epitopes (Fig. 3B). Moreover, robust cytotoxic responses
were observed for both the autologous and cross-reactive epitopes
tested against RL10-specific CD8 T cell lines in vitro, albeit at lower

Fig. 1A). This particular variant was associated with minimal kill-
ing activity (Fig. 2B). Taken together, these data reveal a poor cor-
relation between cytotoxic activity and polyfunctionality in response
to cross-reactive epitopes.

Cross-reactive epitopes bind HLA-I with similar predicted
affinities

Prior studies have indicated that HLA-I binding correlates di-
rectly with immunogenicity and may contribute to the generation
of potent antiviral CD8 T cells (52, 53). Using NetMHC soft-
ware, we assessed the predicted HLA-I binding affinity (peptide
concentration required for 50% binding, or ICsy) for the five
founder epitopes with cross-reactive responses and their corre-
sponding variants. We did not detect a statistically significant
difference in binding affinity between autologous and variant

magnitude for one of the variants (RPTEPVPFQL; Supplemental epitopes that elicited a response by IFN-y ELISPOT (Fig. 4).
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FIGURE 2. Cross-reactive killing of HIV-1-specific targets is compromised during acute infection. Activated CD4 T cells from HLA-I-matched HIV-1-
seronegative individuals were pulsed with autologous or variant peptides and used as targets in a 7-AAD staining assay to assess killing by epitope-specific
CD8 T cell lines (see Materials and Methods). (R) Representative flow cytometry plots showing the accumulation of peptide-pulsed 7-AAD* CD4 T cells
after incubation with RL10-specific CD8 T cells at E:T ratios of 0:1 and 1.5:1. (B—D) Graphical representations of percentage target cell death mediated by
CD8 T cells specific for the HLA-B*07:02-restricted epitopes RL10 (B), RL9 (C), and RFL9 (D). Sequences of the autologous and variant peptides used to
pulse target cells are indicated in the boxes. A pool of peptides representing epitopes derived from CMV, EBYV, and influenza virus (CEF) was used as a
negative control. (E) The area under the curve (AUC) was compared for cumulative percentage target cell death resulting from autologous versus cross-
reactive killing by CD8 T cells. A paired ¢ test was used to determine statistical significance.
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FIGURE 3. Autologous and cross-reactive CD8 T cells exhibit similar ex vivo polyfunctionality. Ex vivo intracellular cytokine staining was used to
evaluate a subset of autologous/cross-reactive variant pairs (n = 4). (A) Representative cytotoxic responses (IFN-y/CD107a and IFN-y/granzyme B) are
shown for the autologous RL9 epitope and one of its variants. (B) The polyfunctional profile depicted using PESTLE and SPICE software is shown for all
autologous/cross-reactive pairs (n = 4). Effector and cytokine functions are denoted as: 2, IL-2; 107a, CD107a; G, IFN-v; Gran, granzyme B; TNF, TNF-a.

However, nonimmunogenic variants displayed significantly lower
predicted binding affinities compared with the corresponding au-
tologous epitopes (p = 0.02; Fig. 4). These data suggest that HLA-
I binding is an important prerequisite for variant cross-reactivity
but fail to provide an explanation for impaired cytotoxicity.

Poor cross-reactive killing is associated with low Ag sensitivity

The ability of CD8 T cells to respond at low Ag concentrations
has been associated with enhanced elimination of infected targets
and is an important feature of HIV-1 control (25, 38, 54, 55). As
previous studies have linked Ag sensitivity to TCR recognition of
pHLA (25, 38, 54, 56), we indirectly assessed whether inferior
cross-reactive targeting might be associated with poor TCR
avidity by measuring Ag sensitivity directly ex vivo (see Materials
and Methods). Cross-reactive CD8 T cell responses against most
of the epitope variants evaluated for cytotoxic activity required
higher peptide concentrations (lower Ag sensitivity) to stimulate a
50% maximal IFN-y response (Fig. SA, 5B). The autologous
RFL9 epitope-specific response, which exhibited similar target
killing to its cross-reactive counterpart (Fig. 2D), displayed
comparable Ag sensitivity for the variant (Fig. 5C). Similar pat-
terns emerged when we examined the absolute magnitude of the
IFN-vy response at each peptide concentration (Supplemental Fig.
2A-C). By estimating ECso (peptide concentration stimulating
50% maximal response), we saw a trend toward higher values for

the epitope variants (p = 0.06; Fig. SD). Additionally, we observed
a significant negative correlation between ECsy and CD8 T cell-
mediated target killing assessed from area under the curve (+* = 0.53,
p = 0.04; Fig. 5E). These results indicate that the impaired cyto-
toxic activity of cross-reactive CD8 T cells is associated with
lower levels of Ag sensitivity.

Weakly cross-reactive variants fail to downregulate CD8

As CD8 downregulation after antigenic stimulation is associated
with enhanced Ag recognition and target killing (29, 57), we an-
alyzed CD8 expression by RL10 epitope-specific T cells in vitro
following exposure to autologous and variant peptides (the cor-
responding 7-AAD data are shown in Fig. 2B). Only the variant
that elicited the weakest cytotoxic response (RPTEPVPFQL;
Fig. 2B) failed to downregulate CD8 expression (Supplemental
Fig. 1B).

CDS8 T cells targeting the HLA-B*27:05—restricted KK10
epitope can exhibit limited cross-reactivity during acute
infection

Prior studies have suggested that protective HLA-I molecules
restrict cross-reactive T cell responses that may contribute to HIV-1
control (23, 24, 26). In particular, the HLA-B*27 allele is thought
to exert its protective effect via targeting of the immunodominant
p24 Gag epitope KK10 (KRWIILGLNK63_272) (26, 58-60). The
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FIGURE 4. Predicted HLA-I binding affinity is lower for non-
immunogenic epitope variants. Predicted pHLA binding affinity (peptide
concentration required for 50% HLA-I binding, or ICso) was quantified
using the NetMHC software program (version 3.2). Results were compared
among immunogenic autologous epitopes associated with cross-reactive
responses (n = 5; Supplemental Table I) and variants that elicited (+) or did
not elicit (—) a response (determined by IFN-y ELISPOT). The Wilcoxon
matched-pairs signed-rank test was used to determine statistical significance.

ability of KK10-specific CD8 T cells to cross-recognize common
variants has also been implicated in the control of viral replication
during chronic infection (26). None of the 11 patients from whom
TFV sequences were derived possessed protective HLA-I alleles.
We therefore obtained samples from an HLA-B*27* patient di-
agnosed with acute infection after receiving an experimental HIV-
1 vaccine (35). The TFV sequence could not be resolved in this
patient because his infection was identified at Fiebig stage V.
However, population-based sequencing predicted that the wild-
type KK10 epitope was dominant from the time of HIV-1 acqui-

HLA B*07:02 RL9
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sition until 32 mo postinfection (35). This patient mounted robust
CDS8 T cell responses against KK10 (35), akin to observations in
other HLA-B*27* subjects acutely infected with HIV-1 clade B
(60). In an IFN-y ELISPOT assay, we tested KK10-specific CD8
T cells from this individual for cross-reactivity against two epitope
variants with stable HLA-I binding (26, 35, 61). Positive responses
were detected in each case (data not shown). We then generated a
KK10-specific CD8 T cell line to evaluate cytotoxic activity. CD4
T cells pulsed with the variant peptides were killed poorly relative
to the autologous epitope (Fig. 6A). Similarly, cross-recognition of
both variants was associated with impaired ex vivo Ag sensitivity
(Fig. 6B, Supplemental Fig. 2D). These data suggest that even
cross-reactive CD8 T cells restricted by a protective HLA-I allele
can be compromised in their ability to kill infected targets during
primary HIV-1 infection.

Molecular similarities enable TCR-mediated cross-reactivity

To understand the molecular determinants of cross-reactivity,
we focused on the HLA-B*07:02—restricted Nef epitopes RL9
(RPMTYKGAL7;_g5) and RFL9 (RPMTFKGAL;; g5), both of
which were autologous sequences tested for cross-reactivity in
two different individuals (Fig. 2C, 2D). RL9-specific CD8 T cells
failed to cross-recognize RFL9, whereas RFL9-specific CD8
T cells effectively cross-recognized RL9 (Supplemental Table I).
In thermal stability assays, no significant differences were de-
tected between the RL9-HLA-B*07:02 complex (63.8 = 0.9°C)
and the RFL9-HLA-B*07:02 complex (60.9 = 1.4°C). These
findings suggest that neither Tyr nor Phe at peptide position 5
affect pHLA stability.

Next, we solved the crystal structures of RL9-HLA-B*07:02 and
RFL9-HLA-B*07:02 at 1.85 and 1.70 A resolution, respectively
(Fig. 7A, 7B, Table II). Superimposition of the HLA-B*07:02 bind-
ing clefts showed no movement, with a root mean square distance of
0.12 A (Fig. 7C). The different peptides also adopted a similar

HLA B*07:02 RFL9
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*@¢ -------F-- (variant)
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FIGURE 5. Poor cross-reactive killing is associated with low Ag sensitivity. Autologous and variant peptides were serially diluted 10-fold and used to
stimulate PBMCs in an IFN-y ELISPOT assay. The response at each peptide concentration was normalized as the percentage of maximal IFN-y—secreting
cells. (A—C) Ag sensitivity of CD8 T cells specific for the HLA-B*07:02-restricted epitopes RL10 (A), RL9 (B), and RFL9 (C). Sequences of the autologous
and variant peptides are indicated in the boxes. (D) Comparison of ECs, values, measured in each case as the peptide concentration eliciting 50% of the
maximal IFN-y response, for the autologous and cross-reactive epitopes shown in (A)—(C). (E) Correlation between area under the curve (AUC) derived
from the 7-AAD killing assay (see Fig. 2E) and ECsy, for all responses shown in (A)—(C). The Wilcoxon matched-pairs signed-rank test and Spearman rank
correlation, respectively, were used to determine statistical significance in (D) and (E).
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conformation (root mean square distance of 0.15 A) (Fig. 7D). Of
note, the distinct residues at position 5 (Tyr and Phe) were solvent
exposed and therefore available for TCR-mediated contacts.

The structural similarities between RL9-HLA-B*(07:02 and
RFL9-HLA-B*07:02 suggest that specific TCRs may be able to
cross-recognize both complexes. To test this hypothesis, we con-
ducted a molecular analysis of TCR expression in tetramer*CD8"
T cell populations isolated directly ex vivo from an acutely in-
fected individual with comparable responses to the autologous
RFLY and variant RL9 epitopes (Fig. 2D). The corresponding
repertoires were almost identical, dominated in each case by a
TRBV7-9/CASSLALGTQVAFF/TRBJ1-1 clonotype (Table III).
These data indicate that structurally conserved variants can be cross-
recognized by the initially mobilized autologous epitope-specific
CD8 T cell population in the context of acute HIV-1 infection.

Enhanced CD8 T cell cross-reactivity during chronic HIV-1
infection

Prior reports have suggested that the CD8 T cell repertoire expands
and diversifies during persistent viral infection and may therefore

A

Peptide concentration (M)

become more cross-reactive (26, 62, 63). All 12 patients in our
cohort were placed on ART shortly after acute infection, but 6
individuals still had detectable viremia (median viral load, 29,666
plasma HIV-1 RNA copies/ml; range, 87-132,000), likely due to
adherence difficulties with the complicated regimen prescribed in
this study (64). To evaluate the possibility that cross-reactivity
may develop with time, we quantified variant-specific responses
during chronic infection in these six patients. Although we did not
detect responses to epitope variants during acute infection, we
observed an increase in cross-reactivity at chronic time points in
four of six patients (Fig. 8A-F). This increase was significant
across all comparisons (p = 0.0003; Fig. 8G). Due to the likely
presence of viral quasispecies during chronic infection, however,
these responses may represent the de novo emergence of variant-
specific CD8 T cells.

Discussion

Cross-reactivity is a potentially desirable attribute of Ag-specific
CD8 T cells operating within a finite immune system (21, 22)
and has been associated with responses that are likely to control

B

FIGURE 7. Structural comparison of cross- recogmzed Nef-derived peptides bound to HLA-B*07:02. The structures of RL9 (RPMTYKGAL) and RFL9
(RPMTFKGAL) in complex with HLA-B*07:02 were solved by x-ray crystallography (Table II). (A) RFL9 (magenta sticks) or (B) RL9 (blue sticks) are
shown in the Ag-binding cleft (gray cartoon) of HLA-B*07:02. Position 1 (P1) arginine, P5 tyrosine or phenylalanine, and P9 leucine are labeled. (C)
Overlay of the Ag-binding cleft (residues 1-180) of HLA-B*07:02 (light pink cartoon) bound to RFL9 (magenta sticks) and HLA-B*07:02 (light blue
cartoon) bound to RL9 (blue sticks). P1 arginine, P5 tyrosine or phenylalanine, and P9 leucine are labeled. (D) Side view of the overlay showing RFL9

(magenta sticks) and RL9 (blue sticks) bound to HLA-B*07:02 (gray).
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HLA-B*07:02 (RPMTYKGAL)

HLA-B*07:02 (RPMTFKGAL)

Data collection statistics
Temperature
Space group i
Cell dimensions (a, b, ¢) (A)
Resolution (A)
Total number of observations
Number of unique observations
Multiplicity
Data completeness (%)
I/O']
Rpima (%)

Refinement statistics
Water
Rl‘aclor’7 (%)
Rfreeb (%)
RMS deviations from ideality

Bond lengths (A)

100K
P2,2,2,

50.66, 81.86, 110.37
46.04-1.85 (1.95-1.85)
292,311 (42,140)
39,928 (5,704)

100K
P2,2,2,

50.84, 81.98, 110.77
46.20-1.70 (1.79-1.70)
288,139 (41,681)
50,622 (7,409)

Bond angles (°)
Ramachandran plot (%)
Allowed region
Generously allowed region
Disallowed region

73 (1.4) 5.7 (5.6)
99.8 (99.3) 98.2 (99.7)
9.8 (2.0) 77 (2.5)
73 (43.3) 8.2 (52.2)
490 587
19.72 17.61
25.36 22.08
0.01 0.01
0.50 1.61
98.1 98.1
1.90 1.90
0.00 0.00

Bolded/underlined entries show the residue difference between the two peptides, and italic entries correspond to crystallographic nomenclature and rules.

ZRpim = Spal /(N — DI Sl i — <Ia>| g <Ipa>.

RMS, root mean square.

HIV-1 (24, 25). However, this phenomenon is not well under-
stood during acute infection, where naturally elicited HIV-1-
specific CD8 T cells suppress the initial viremia and dictate
long-term outcome (4, 7). To address this knowledge gap, we
performed a comprehensive evaluation of CD8 T cell cross-
reactivity in patients with acute HIV-1 clade B infection. Im-
portantly, we also determined the TFV sequence in each case.
The low frequency of epitope mutations in patients identified at
Fiebig stage III or earlier facilitated the accurate identification of
immunodominant CD8 T cell responses (65, 66). Our results
suggest that cross-reactive CD8 T cells are infrequent during
acute HIV-1 infection. Moreover, in the uncommon instances
where cross-reactive responses were detected, the variant epi-
topes were poorly recognized in cytotoxicity assays. These
findings applied to both neutral (HLA-B*07) and protective
(HLA-B*27) restriction elements.

The inferior cytotoxic capacity of cross-reactive CD8 T cells
during acute HIV-1 infection likely reflects the exquisite speci-
ficity of the immune system, although differences in epitope
processing and HLA-I binding may also play a role (5, 52, 67—
70). Although we did not assess Ag processing efficacy, we did

Riacior = 2nklllFol = [Fell/ZnialFo for all data except 5%, which were used for Ry, calculation. Values in parentheses are for the highest resolution shell.

find that nonimmunogenic epitope variants bound HLA-I with
lower affinities, at least as determined in silico. In contrast,
cross-recognized variants exhibited HLA-I binding affinities
comparable to those determined for the corresponding autolo-
gous epitopes. This finding was confirmed experimentally for
the RL9 and RFL9 epitopes in the context of HLA-B*(07:02.
Nonetheless, variant-specific responses typically displayed at-
tenuated levels of Ag sensitivity. Thus, impaired cross-reactivity
during acute HIV-1 infection reflects both diminished HLA-I
binding and suboptimal TCR recognition within the initially
mobilized CD8 T cell population.

The crystal structures of RL9 and RFL9 in complex with HLA-
B*07:02 revealed remarkably similar peptide conformations in the
Ag-binding cleft, with the solvent-exposed tyrosine and phenylala-
nine residues at position 5 likely facilitating TCR cross-recognition.
Indeed, autologous RFL9-specific CD8 T cells were highly cross-
reactive against the RL9 variant and both epitope forms were tar-
geted by almost identical TCR repertoires. It is less clear, however,
why autologous RL9-specific CD8 T cells did not cross-recognize
RFL9. One clue may come from a previous study involving the
EBV-derived epitope FLRGRAYGL (EBNA3Aj,5_333), in which

Table III. Clonotypes of representative autologous and cross-reactive CD8 T cells

TRBV CDR3p TRBJ Frequency (%) Count
Autologous RFL9 (RPMTFKGAL)
7-9 CASSLALGTQVAFF 1-1 96.67 87
7-9 CASSLALGTQAAFF 1-1 1.11 1
7-9 CASSLALGTQVASF* 1-1 1.11 1
7-3 CASSLNGDTQYF 2-3 1.11 1
Cross-reactive RL9 (RPMTYKGAL)
7-9 CASSLALGTQVAFF 1-1 95.12 78
7-3 CASSLGLDIPGELFF 2-2 1.22 1
7-9 CASSLALGAQVAFF 1-1 1.22 1
7-9 CASSLALGTQVASF* 1-1 1.22 1
7-9 CASSLALGTRVAFF 1-1 1.22 1

Overlapping clonotypes are indicated in bold type and symbol matched.
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FIGURE 8. Enhanced CD8 T cell cross-reactivity during chronic HIV-1 infection. (A-F) In six individuals sampled at the acute and chronic stages of
HIV-1 infection, CD8 T cell responses specific for autologous founder viral epitopes (n = 28) were evaluated for variant cross-reactivity in an IFN-y
ELISPOT assay (Supplemental Table I). An overall comparison of cross-reactivity between acute and chronic infection is shown in (G). In each panel, the
fraction represents the number of autologous responses that displayed cross-reactivity/number of autologous responses tested; the asterisks signify a lack of
cross-reactive responses. A Fisher exact test was used to determine statistical significance.

a Tyr to Phe substitution led to a decrease in TCR binding affinity
due to the absence of an exposed hydrogen bond (43). A similar
scenario may lead to the mobilization of subtly different CD8
T cell clonotypes in the presence of a TFV incorporating the RL9
epitope, potentially constraining variant cross-reactivity within the
cognate TCR repertoire (71, 72).

Several studies have suggested that cross-reactive CD8 T cells
are associated with viral control during chronic HIV-1 infection
(23-26). For example, work by Ladell et al. (26) elegantly dem-
onstrated the expansion of a KK10-specific clonotype that effec-
tively cross-recognized both the autologous epitope and a common
variant during the transition from acute to chronic HIV-1 infection.
This may be an exceptional case associated with elite control,
however, as our data show that cross-reactive responses in the
acute phase of infection are typically suboptimal with respect to
variant-specific cytotoxicity. Indeed, the HLA-B*27" individual in
our cohort was unable to suppress viral replication effectively and
was started on ART soon after diagnosis. Nonetheless, ongoing
recruitment of new clonotypes may enable variant recognition via
repertoire diversification over time (62). Effective immune control
of HIV-1 may therefore depend not only on the initially mobilized
CD8 T cell repertoire (73), but also on the availability of specific

clonotypes within the naive pool that can reinforce particular
epitope-specific responses in the face of emerging variants (63).

Although we did not demonstrate the in vivo relevance of CD8
T cell cross-reactivity, our work suggests that immunization
with epitope variants may be required as part of an effective vac-
cine against HIV-1. Certain polyvalent formulations (e.g., mosaic
vaccines) are designed in precisely this way to broaden the initial
response (74, 75). However, the present study also shows that
immunogenicity (e.g., as measured in IFN-y ELISPOT assays)
does not equate with efficacy (i.e., lysis of HIV-1-infected targets).
Detailed functional evaluations will therefore be required to assess
the potential utility of vaccines that aim to elicit cross-reactive
CD8 T cell responses.
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Supplemental Figure 1. In vitro expanded RL10-specific CD8 T-cell lines elicit polyfunctional autologous and
cross-reactive responses with down-regulated CD8 expression. CD8 T-cell lines were stimulated with the RL10
epitope and common variants in an ICS assay. (A) Dual production of IFN-y/CD107a and IFN-y/Granzyme B after
stimulation with the indicated peptides. (B) Mean fluorescence intensity (MFI) for CD8 expression by CD8 T cells
expressing IFN-y after stimulation with the indicated peptides.
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Supplemental Table 1. List of HIV-1 epitopes encoded by transmitted founder virus (TFV) that were tested for cross-reactivity
Response
Epitope number] Name | Sequence’ | Classification] Protein | Epitope location” | HLA-T restriction | Variant sequences tested | Classification] Acute ] Chronic
RL9 | RPMTYKGAL |Non-escaped| Nef 7185 BH07:02
2 TL10 | TPGPGIRYPL |Non-cscaped| Nef 128137 B07:02
3 TKIO Non-escaped | Env 3746 A03:01
TVYYGVPAGR
TVHYGVPVWR
[ RLT0 scaped | Rev 6675 BH07:02 TEPVEE
RPTEPVPLEL
RPAEPVPFOL
RPTEPVPLOL N
N
5 RFL9 | REMTEKGAL | Escaped | Nef 7785 B07:02 v
N
N
N
N
N
N
N
G DA9 | DRFYKTLRA | Non-escaped | Gag 298306 BFI402 N
N
7 QK9 | OTYAGIKVK | Non-escaped | Pol ESX=Es) AT0301 N
N
N
§ GL9 | GHKATGTVL | Non-escaped| Pol 124132 B15:03 N
N
N | N
9 RY9 | RKAKITRDY |Non-escaped| Pol 975-986 B*15:03 N[ N
N
N
0 V10 | ILKEBVHGVY |Non-escaped| Pol 6447 BF15:10 N
N
N
N
N
N | N
N
T TIS | TAFTIPSI | Non-cscaped| Pol 23290 BST01 N N
N | N
B AKO | AVDLSHFLK | Non-escaped | Nef 8492 T N[ N
N | N
N
N
N
3 FLO | FPVRPQVPL | Non-escaped| Nef 6876 B*07:02 N
N
N
N
N
N
FRVIPRVEL N
@ FRI0 Non-escaped | Nef G877 B07:02 Ki N
FPVKPOVPVR N
FPVKPOEPLI N
FPVIPOVPLR N
FPVIPOVPLET N
15 HII0 | HPRISSEVAI | Non-escaped| Vi 4857 B*07:02 N
Escaped | N
16 QPK9 | QIYEGIKVK | FEscaped | Pol E2RER) AT03:01 Non-escaped | N | N
Escaped | N
Escaped | N
7 FKL9 | FPVKPQUPL | Escaped | Nef 6876 B07:02 Non-escaped | N | Y
Escaped | N | ¥
8 ALK9 | ALDLSHFLK | Escaped | Nef 3492 ASTIOT Non-escaped| N | N
N[ N
N | N
N | N
N| N
& KWO | KYKLKHIVW | Non-cscaped | Gag 2836 AT2402 I N | N
KYQLKHIVW N | Y
0 AR Non-escaped | Gag ATTTOT Si N | N
Al N | Y
2 SMO | SPAIFOSSH | Non-escaped| Pol 311319 B*07:02 SPATFOCSH N[ ¥
SPATFQASM N | v
2 RWS | RYPLTFGW | Non-escaped| Nef 134141 AT2402 REPLTFGW N[ Y
RYPLCFGW N | v
B RL9 | RPMTYKGAL |Non-escaped| Nef 7785 B*07:02 RPHTYKAAL Escaped | N | ¥
RPMTYKAAY Escaped | N | ¥
2] TMKIT| THMYCVAQK | FEscaped | Gag $491 ASTEOT TLYCVHQR Non-escaped| N | N
VLYCVHOR Escaped | N | N
TLYCVHOK Escaped | N | ¥
75 AEWI11| AEOASQEVKNW| FEscaped | Gag B 202 AEQASQDVKNW | Non-escaped| N | Y
26 ALR9 | ALDLSHFLR | Escaped | Nef AF0301 AVDLSHFLK Non-escaped| N | Y
ALDLS st.‘pcd N | Y
7 TTLI0 T Escaped | Nef 128137 BF0702 TPGEGIRYEL, N | N
TPGPGVRYPL N | N
TPGRGTREPL N | Y
® KEY11 | KROETLDLWVY | Escaped | Nef 105-115 CwHOT01 KRODILDLWVY | Non-escaped| N | N
QRODILDLWVY Escaped | N | ¥
2 KK9 | KIRLRPGGK | Non-escaped| Gag 1826 AT03:01 RIRLRPGGK Escaped | N [ N
30 RK9 | RLRPGGKKK | Non-escaped| Gag 2028 AT03:01 RLRPGGKKR Escaped | N
RLRPGGKKQ Escaped | N | N
31 TW9 | ITTESIVIW |Non-cscaped| Pol 530538 B¥58:01 TATESIVIW Escaped | N | N
IAMESIVIW Escaped | N
2 RL9 | RPMIYKGAL | Non-escaped| Nef 7785 B 0702 RPHTYKAAL Escaped | N | N
REMTYKAAV Escaped | N
£ FRI0 | FPVRPOVPLR | Non-cscaped | Nef G877 BF07:02 FPVKPOVPLR Escaped | N
FPVIPOVPLR Escaped | N | N
3 RL10 | RPAEPVPLOL | Non-escaped | Rev 66- BF07:02 RPTEPVPLOL Escaped | N
RSAEPVPLOL eaped | N | N
E RQY Escaped | Gag 2028 ATO501 RLRPGGKKK Noncscxpcd N | N
RLRPGGKKR Escaped | N
36 ACK9 | AIFQCSHTK | Escaped | Pol 313321 ATO3:01 ATFQSSMTK Non-eseaped | N | N
ATFQSSMTR Escaped | N
37 EDWO | EDMNLPGRW | FEscaped | Pol 9098 B*44:02 EEMNLPGRH Non-eseaped | N | N
38 FKRI0| FPVKPQVPLR | Escaped | Nef 6877 B*07:02 FPVRPQVPLR | Non-escaped| N | N
FPVIPQVPLR Escaped | N | N

T oo cpfopes. el s ATl rd st vl e Valuatcd for cross-reactivity the five cpitopes tht eicited one or more

¢ variants: for escaped epitopes, mutations associated with CDS escape arc bolded and under

cros spon;
Cihe eptope ocation in.
“Sequences of the cross-reactive epitope variants tested; epitopes that were tested in both acute and chronic infections are highlighted; for escaped epitopes, mutations associated
with CD8 escape are bolded and underlined.
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