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ABSTRACT

HIV-specific T-cell responses play a key role in controlling HIV infection, and therapeutic vaccines for HIV
that aim to improve viral control will likely need to improve on the T-cell responses induced by infection.
However, in the setting of chronic infection, an effective therapeutic vaccine must overcome the
enormous viral genetic diversity and the presence of pre-existing T-cell responses that are biased toward
immunodominant T-cell epitopes that can readily mutate to evade host immunity and thus potentially
provide inferior protection. To address these issues, we investigated a novel, epidermally administered
DNA vaccine expressing SIV capsid (p27°29) homologues of highly conserved elements (CE) of the HIV
proteome in macaques experiencing chronic but controlled SHIV infection. We assessed the ability to
boost or induce de novo T-cell responses against the conserved but immunologically subdominant CE
epitopes. Two groups of animals were immunized with either the CE DNA vaccine or a full-length SIV
p579%9 DNA vaccine. Prior to vaccination, CE responses were similar in both groups. The full-length p57999
DNA vaccine, which contains the CE, increased overall Gag-specific responses but did not increase CE
responses in any animals (0/4). In contrast, the CE DNA vaccine increased CE responses in all (4/4)
vaccinated macaques. In SIV infected but unvaccinated macaques, those that developed stronger CE-
specific responses during acute infection exhibited lower viral loads. We conclude that CE DNA
vaccination can re-direct the immunodominance hierarchy towards CE in the setting of attenuated
chronic infection and that induction of these responses by therapeutic vaccination may improve immune
control of HIV.
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Introduction L . . . . .
harboring infectious proviruses, or achieve sustained viral

Antiretroviral therapy (ART) has a tremendous capacity to
suppress HIV replication and prolong the life of HIV-
infected persons. However, an effective ART regimen
requires a combination of antivirals that are costly, cannot
completely reverse immune dysfunction, can lead to the
emergence of drug resistant viral variants, and cannot eradi-
cate latently infected cells.! In addition, ART can have
adverse side effects that can exacerbate non-compliance.
Cessation of therapy typically results in viral rebound, thus
requiring a lifetime of treatment.*® Several additional
approaches are being developed for administration in com-
bination with ART, including gene therapies, latency rever-
sal agents, and vaccines to boost antiviral immunity. These
efforts seek to eradicate the residual population of cells

remission, characterized by a protracted period of undetect-
able viremia after stopping ART.”"

Therapeutic vaccines offer a relatively inexpensive and
widely applicable means to potentially contribute to or achieve
these goals. A particular focus of therapeutic vaccines is to
induce strong HIV-specific CD8" cytotoxic T-lymphocyte
(CTL) responses that can control viremia and eliminate resid-
ual cells expressing virus and viral antigens.'®'® In support of
this possibility, several therapeutic vaccines have been shown
to augment virus-specific CTLs and in some cases, reduce viral
loads in the plasma and tissues of rhesus macaques chronically
infected with SIV."”** We previously showed that an SIV ther-
apeutic DNA vaccine delivered by particle mediated epidermal
delivery (PMED) into the skin of SIV-infected macaques
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receiving suboptimal ART provided a substantial, 3-5 log
reduction in viral load and induced durable control (> 1 year)
of viremia in approximately half of vaccinated animals.*’

The vaccine employed in our previous therapeutic vaccine
study consisted of full-length (FL) SIV immunogens, and
although it broadened the mucosal CD8" T-cell response, these
responses were mostly directed against immunodominant epit-
opes rather than subdominant conserved regions.”**® A poten-
tial concern with the use of FL immunogens is that HIV
diversity is so enormous and pathways to escape mutations are
so varied that immunogens driving induction of immunodomi-
nant responses against variable epitopes, even if directed
against multiple epitopes, are unlikely to provide a sustained
block against the wide range of immune escape pathways.*”**

To address these concerns, we designed a conserved ele-
ments (CE) DNA vaccine,”*>* that exclusively expresses CE
sequences as a strategy to direct CD8" T-cells to regions of
the proteome that are highly conserved among viruses, where
mutations are more likely to decrease viral fitness, and are
associated with viremic control.>> This approach was also
developed based on findings showing that CD8" T-cells tar-
geting conserved regions, particularly within Gag, were asso-
ciated with lower viral load, whereas responses to other, more
variable regions were associated with high viral loads® % and
that CD8" T-cell responses to conserved epitopes were pref-
erentially detected in elite controllers and long term non-pro-
gressors. 71820383940 However, responses associated with
viral control are typically subdominant in natural infec-
tions,”**>»*"** with exceptions including individuals with
“protective” HLA alleles, who tend to target epitopes whose
escape results in a loss of viral fitness.*> We hypothesize that a
therapeutic vaccine that can direct immune responses to CE
will be more effective at inducing durable viral remission by
inhibiting a wider variety of viral variants, limiting escape
mutations, and more often reducing viral fitness if escape
occurs. In support of this concept, we previously demon-
strated that prophylactic administration of DNA vaccines
expressing CE from HIV and SIV Gag can induce stronger
CE-specific responses in mice and uninfected rhesus maca-
ques, compared to vaccinating with a FL HIV Gag immuno-
gen.””?%? Interestingly, in these studies, priming with the CE
Gag DNA vaccine (hereafter referred to as the CE vaccine)
and then boosting with CE plus FL Gag DNA was much more
effective at generating CE-specific responses than priming
and boosting with the CE vaccine alone.””**** However, we
also found that priming T-cells with a FL Gag DNA substan-
tially reduced recognition of CE epitopes when followed by a
subsequent boost with CE,* suggesting that it may not be
possible to redirect immunodominance by therapeutic
vaccination during ongoing infection. To experimentally
address this, we conducted a pilot study to determine if
immunizing SIV-HIV hybrid (SHIV) virus infected rhesus
macaques with a CE DNA vaccine could redirect a pre-exist-
ing immunodominant SIV-specific T-cell repertoire toward
greater recognition of CE epitopes. The CE DNA vaccine sig-
nificantly increased T-cell responses against subdominant CE
epitopes in macaques with attenuated infection, demonstrat-
ing the feasibility of using therapeutic immunization to redi-
rect the virus-primed T-cell repertoire toward greater
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targeting of CE. Furthermore, in a separate study, rhesus mac-
aques that naturally developed CE responses during acute SIV
infection were found to exhibit lower viral set points when
compared to those that did not develop detectable CE
responses, supporting the concept that increasing CE
responses during therapy may improve control of HIV.

Materials and methods
Ethics statement and animal care

Sixteen Indian origin, adult rhesus macaques were used for
these studies. The Washington National Primate Research
Center (WaNPRC) is responsible for the humane care of labo-
ratory animals. The WaNPRC is accredited by the American
Association for the Accreditation of Laboratory Animal Care
International (AAALAC). The University of Washington’s
Institutional Animal Care and Use Committee approved all
experiments in these macaques. Animals were singly housed
in comfortable, clean, adequately-sized cage. Cages, racks, and
accessories were sanitized in mechanical cage washers at least
once every two weeks and waste pans were cleaned daily.
Temperatures in animal quarters were maintained between
72-82°F. Animals were fed a commercial monkey chow, sup-
plemented daily with fruits and vegetables, and drinking water
was available at all times provided by automatic watering devi-
ces. Throughout the study, animals were checked twice daily
by the veterinary technicians to evaluate their physical and
clinical condition. The macaques received environmental
enrichment for the duration of the study including grooming
contact, perches, toys, foraging experiences and access to addi-
tional environment enrichment devices. For the CE vaccina-
tion study, eight adult Indian origin rhesus macaques
previously infected with SHIV89.6P** were reassigned to this
project after completion of a separate, previous vaccine experi-
ment consisting of a recombinant adenoviral vaccine prime
(expressing either HIVyyp tat,* SIV 30 gag,46 HIVgoep gp140
and/or SIV,s3 nef”) and a Tat, gp140, or Nef protein boost
performed under the NIH/NIAID Simian Vaccine Evaluation
Unit Program (Dr. Nancy Miller, Program Officer, NIH; Dr.
Ruth Ruprecht, Principal Investigator). For the acute SIV
infection study, eight adult Indian origin macaques were chal-
lenged with SIVAB670 (kind gift, Dr. Michael Murphey-Corb,
University of Pittsburgh) intravenously using a previously
established protocol.”> Cryopreserved SIVAB670 was thawed
and diluted in RPMI, and then 1 mL of RPMI containing 100
TCIDs, was injected into the saphenous vein of each macaque.
Macaques were MHC-I typed for Mamu alleles (A*01, A¥02,
A*08, A*11, B*01, B*08, B*17, and B*29) by PCR as previously
described.**°

All biopsies were performed under ketamine (10 mg/kg) or
Telazol (2.5-10 mg/kg) anesthesia and any continued discom-
fort or pain was alleviated at the discretion of veterinary staff.
Euthanasia prior to necropsy was performed on the SHIV
infected animals by administration of Euthasol® (Virbac Corp.,
Houston, TX) while the animal was under deep anesthesia in
accordance with guidelines established by the 2007 American
Veterinary Medical Association Guidelines on Euthanasia.
None of the animals became severely ill during the course of
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the study and none required euthanasia prior to their experi-
mental endpoint.

Particle mediated epidermal delivery (PMED) of CE and FL
DNA vaccines

We designed an SIV Gag CE DNA vaccine®* corresponding to
sequences homologous to the previously described HIV Gag
CE DNA vaccine®® to test the CE vaccine concept in rhesus
macaques infected with SHIV89.6P. The SIV Gag CE DNA
vaccine consists of two plasmids, each with a CMV promoter,
a granulocyte macrophage-colony stimulating factor (GM-
CSF) signal peptide to promote extracellular secretion, fol-
lowed by a string of seven sequences encoding conserved ele-
ments of the viral proteome ranging from 12-24 amino acids
in length separated by linker sequences designed for optimal
immune-proteasome cleavage, and finally a bovine growth
hormone polyadenylation signal (Figure 1A).°">* To avoid a
strongly hydrophobic amino terminus, which may interfere
with intracellular trafficking, the CE1 sequence was placed at
the C terminus.?® To enhance coverage, the two plasmids cor-
responded to alternate versions of CE differing only by “tog-
gled” amino acids. CE2, CE3, and CE5 contain a single toggle
amino acid site. CE4 contains 2 additional toggled amino acid
sites since those variants were always associated with the pri-
mary toggle site in the Los Alamos HIV database.” CE1, CES,
and CE7 do not contain a toggle site due to their high conser-
vation among the available STV sequences. The final SIV Gag

CE DNA vaccine consisted of equal amounts of the toggled
plasmids (p27CEl and p27CE2). The FL DNA vaccine con-
sisted of p57°% from SIV ;g p,, which is homologous to the
SHIV89.P challenge virus®**> and contains each of the CE.
Each SIV DNA vaccine (CE and FL) was co-delivered at a
10:1 ratio along with a 3" plasmid expressing the heat-labile
E. coli enterotoxin (LT) as a genetic adjuvant, previously
shown to significantly increase systemic and mucosal immu-
nogenicity of PMED-delivered DNA vaccines.”>>¢

To administer the vaccines by PMED, the CE, FL Gag and LT
plasmid DNAs*>*® were formulated separately onto gold par-
ticles as previously described.”> Using the PowderJect® XR1
gene delivery device (PowderJect Vaccines, Inc.), each macaque
received 32 pug of the CE or FL DNA vaccine along with 3.2 ug
of the plasmid expressing the LT adjuvant administered over 16
skin sites (2 ug CE or FL DNA + 0.2 ug LT per site) along the
abdomen and over the inguinal lymph nodes. Skin sites were
clipped of fur and swabbed with alcohol prior to PMED admin-
istration. The two toggled SIV Gag DNA vaccine plasmids were
previously shown to express similar levels of protein®* but since
they were co-delivered, differences in the immunogenicity
between the plasmids were not assessed in this study.

IFN-y ELISpot assay

This assay was performed on PBMC or on Percoll® (GE
Healthcare, Catalog #: 17-0891-01) purified mononuclear cells
isolated from solid tissues as described below. Cells were
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Figure 1. DNA vaccines and vaccine study design. (A) DNA vaccines. The CE DNA vaccine consists of two plasmids encoding seven different conserved sequences con-
nected by optimized linker sequences. CE2, CE3, CE4, and CE5 differ by toggled amino acids analogous to the an HIV p24CE vaccine previously described (see Methods).
The FL DNA vaccine expresses the p57 gag coding sequence from p57°%% from SIV; ... A genetic adjuvant plasmid expressing the heat-labile E. coli enterotoxin (LT) was
co-delivered with both DNA vaccines (CE and FL) at each dose. (B) Comparison of p27°?® CE in HIV and SIV strains, adapted from Hu et al.>% SIV p275% sequences from SIV-
mac (macaque origin) and SIVsmm (sooty mangabey), were compared to reported HIV Gag p24 CE sequences.?® The SIV p27CE1 and p27CE2 toggled amino acids are indi-
cated in red. Blue amino acids indicate SIV sequences that are dissimilar from HIV sequences. (C) The number of CE amino acids (AA) that are common in both SIV and the
HIV-1 M group (see panel B), including toggle AA, for each CE is shown along with percent match between the HIV-1 p24CE and the SIV homologues. (D) Study Design.
Macaques were stratified into either the CE (conserved elements) or FL (full length) DNA vaccine groups based on plasma viral load, MHC class | genotype, prior vaccina-
tion, and sex. The CE 4 LT DNA vaccinated animals (blue) received three doses of the CE + LT DNA vaccine administered into the epidermis of the skin by PMED at weeks
0, 4, and 8 followed by a single boost of the FL + LT DNA vaccine at week 12. The FL DNA vaccinated animals (red) received four doses of the FL SIV Gag DNA vaccine at

weeks 0, 4, 8 and 12.



stimulated with SIV Gag peptide pools containing 15-mer pep-
tides overlapping by 11 amino acids and spanning the full
length SIV Gag p57 viral protein (provided by the National
Institutes of Health AIDS Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases). In addi-
tion, cells were stimulated with peptide pools spanning only
the CE regions, including 15-mer peptides overlapping by 11
amino acids and 10-mer peptides overlapping by 9 amino acids.
Peptides were resuspended in 80% DMSO and 20% water and
then diluted in cell culture media so that the final concentration
of DMSO in the culture media was <1%. Peptide stimulations
were performed at a final concentration of 1;4g/mL. Concanav-
alin A (5 pg/mL, Sigma-Aldrich, Catalog #: C2272) was used as
a positive control, and DMSO at a concentration equal to pep-
tide stimulations was used as a negative control. Antigen-spe-
cific cells secreting IFN-y were detected using anti-macaque
IFN-y monoclonal antibodies (U-Cytech-BV) as previously
described.”” Spot forming cells (SFC) were enumerated using
an Immunospot Analyzer with CTL Immunospot Profession
Software (Cellular Technology Ltd.). Peptide-specific SFC were
determined by subtracting background SFC measured in nega-
tive control wells. Responses were considered positive if they
were at least twice that of background values and a minimum
of 50 SFC per million cells.

Intracellular cytokine staining

Multiparameter flow cytometry was used to determine T-cell
immune responses using peptide stimulated PBMC as previ-
ously described.”> One million PBMC were stained for each
condition (DMSO, PMA/Ionomycin, or peptide(s)) for 10-
14 hours. PBMC were stained with the following antibodies:
Live/Dead Yellow (Invitrogen®, Catalog #:L34959), CD3-APC
(BD Biosciences, clone SP34-2, Catalog #: 551916), CD4-PerCP
Cy5.5 (BD BioSciences, clone L200, Catalog #: 551980), CD8
APC-Cy7 (BD Biosciences, clone RPA-T8, Catalog #: 55760),
IFNy-BV650 (BioLegend, clone 4S.B3, Catalog #: 502537), IL-
2-PE (BioLegend, clone MQI1-17H12, Catalog #: 500307),
TNFa-PECy7 (BD Biosciences, clone Mabll, Catalog #:
557647), CD107a-FITC (BD Biosciences, clone H4A3, Catalog
#: 555800). Cells were fixed in 1% paraformaldehyde and
acquired using an LSR II flow cytometer (BD Biosciences) and
the data analyzed using FlowJo software (Tree Star, Inc.). Sam-
ples were considered positive if peptide-specific responses were
at least twice that of the negative control plus at least 0.01%
after background subtraction.

Isolation of gut-associated mononuclear lymphocytes

15-20 cm of jejunum were removed surgically, then cut length-
wise and mucous removed by gentle wiping with a paper towel.
Next, fat tissue was excised and the remaining tissue was cut
into small (1/3 x 1/3 cm) pieces and then enzymatically
digested in serum free RPMI-1640 containing L-glutamine,
penicillin/streptomycin, gentamycin, DNAse (4 pg/ml; Sigma-
Aldrich, Catalog # DN25) and Liberase® (40 png/ml; Roche
Inc., Catalog #: 5401119001) at 37°C and 5% CO, for one hour.
Tissue fragments were then crushed onto and passed through
70 um filters and washed with R10 media. Cells were then
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counted on a Cellometer® Auto T4 (Nexcelom Bioscience) and
cryopreserved. Jejunum and lymph nodes were collected at nec-
ropsy (Week 14). Due to limited numbers of cells isolated from
the gut, only ELISpot was performed.

Plasma viral load quantification

SHIV89.6P plasma viral loads were determined by nucleic acid
sequence-based amplicfication (NASBA) at Advanced BioSci-
ence Laboratories Inc. (ABL) as previously described.** The
Virology Core at the WaNPRC quantified viral RNA in the
plasma for the SIVAB670 infected animals by RT-PCR as previ-
ously described.****

Statistical analyses

Statistical differences between the two groups were calculated
using a two-sided Mann-Whitney test in GraphPad Prism (Ver-
sion 6, GraphPad Software). Correlations between immune
responses and viral loads were determined by a Spearman’s rank
correlation test. P < 0.05 was considered significant for each test.

Results
SIV CE therapeutic DNA vaccine and study design

The CE DNA vaccine expresses seven highly conserved
peptide sequences derived from p279°€. The FL DNA vac-
cine expresses p57°8 from SIV,,g.p. The LT genetic adju-
vant plasmid expresses both the A and B subunits of the
heat-labile enterotoxin of E. coli (LT) (Figure 1A). The SIV
p27CE sequences were selected based on alignments with
available SIV sequences and homology to HIV (Figure 1B).
Comparison of SIV p27 Gag CE to the HIV p24 Gag CE
sequences revealed a range of 75-100% amino acid similar-
ity per CE (Figure 1C). As predicted from their strong con-
servation levels, the SIV p27 Gag CE are contained within
both the FL SIV,7z r p57 Gag vaccine and the SHIV89.6P
challenge stock that was previously used to infect the maca-
ques in this study.”>” To investigate the immunogenicity
of the SIV CE DNA vaccines in the setting of attenuated
chronic infection, we enrolled a group of eight rhesus maca-
ques that had been previously immunized with either a
recombinant adenovirus 5 (Ad5) vaccine expressing HIVyp
tat, SIV aca30 gag, HIVggep gpI40 and/or SIV,3e nef or an
empty Ad5 vector control.** All animals became infected
following intravenous challenge with SHIV89.6P, were
infected for nearly five years when enrolled in this study,
but had attenuated infection, with viral loads ranging from
undetectable to 10* copies/ml (Figure 1D). The eight maca-
ques were stratified equally between the conserved elements
(CE, N = 4) and full-length (FL, N = 4) DNA vaccination
groups based on viral load, MHC, prior Ad5 vaccination,
and sex (Figure 1D). The CE group received three priming
doses of the CE DNA vaccine at weeks 0, 4, and 8 and one
booster dose with the FL DNA vaccine at week 12
(Figure 1D), a regimen that was previously shown to induce
strong CE responses in uninfected macaques.’>’* The FL
vaccinated group (N = 4) received four doses at the same
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time points. The total amount of DNA per dose was equal
in both groups and each dose was co-administered with the
LT genetic adjuvant by PMED.

CE DNA vaccination increases CE-specific IFN-y T-cells
in both the blood and mucosal tissues

To determine the impact of the vaccines on T-cell responses in
blood, the frequency of IFN-y responses was determined by
ELISpot at week 0 and week 14, the latter corresponding to two

weeks following the last vaccination, using peptide pools repre-
senting either the full-length p579*¢ or CE sequences alone.
The magnitude of FL Gag-specific and CE-specific IFN-y T-
cell responses prior to vaccination (week 0) were similar
between both groups (Figures 2A & B). Vaccinating with either
the CE or FL DNA vaccine increased overall Gag-specific T-
cell responses to similar levels (p = 0.49, Figure 2A). In con-
trast, immunization with the CE vaccine followed by one dose
of the FL vaccine significantly increased the magnitude of CE-
specific responses in all four vaccinated animals in the CE
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Figure 2. CE-specific IFN-y T-cell responses in the blood. T-cell responses in Spot Forming Cells (SFC) per on million PBMC were measured before and after vaccination by
IFN-y ELISpot following stimulation with SIV CE or p57 Gag peptide pools. Shown are the mean spot forming cells (SFC) per 10° PBMC corresponding to (A) Gag-specific
and (B) CE-specific SFC measured at baseline (week 0) and 2 weeks after the final DNA vaccine dose (week 14) in the CE group (left panels) and FL group (middle panels).
(Q) The specificities of the CE-specific responses in each animal in the CE group (left panel) and the FL group (right panel) at week 14 were measured against each sepa-
rate CE peptide pool. (D) Shown are the breadth of CE-specific responses (number of positive CE peptide pools) at week 14 (left panel) and the change of the CE breadth
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breadth post-vaccination (Week 14) was determined by Spearman Rank correlation test. Median values are indicated. P-values were determined by non-parametric

Mann-Whitney T tests. P values < 0.05 were considered significant.



group, whereas immunization with the FL vaccine resulted in
no increase or a decline in CE responses. Overall, significantly
higher CE responses were observed in the CE vaccine group
(p = 0.03, Figure 2B). Following vaccination, T-cell responses
were detected against 5-7 CE in all four animals in the CE vac-
cine group versus only one animal in the FL group against 2 of
the CE sequences (Figure 2C). Two CE vaccinated animals
(2003 and 2303) developed T-cell responses against all 7 CE
and all four animals responded to both CE3 and CE5. Overall,
the CE vaccine induced greater magnitude, (Figure 2B, p =
0.03) and broader specificity (Figure 2D, p = 0.03) against oth-
erwise subdominant CE-specific T-cell epitopes when com-
pared to the FL only group. Notably, the magnitude of the
overall Gag-specific T-cell response prior to vaccination (week
0) did not correlate with CE-breadth post-vaccination
(week14), indicating that the levels of pre-existing Gag
responses prior to vaccination did not influence the ability of
the vaccine to broaden the CE-specific immune responses (p =
0.30, Figure 2E). In agreement with prior vaccine studies in
uninfected macaques,’ we also did not observe a relationship
between a particular MHC class I haplotype and the ability to
develop CE responses (Supplemental Table 1).*

Lymph nodes and intestinal tissues are known viral reser-
voirs,”® and our previous results showed that the relative ability
of a DNA vaccine to induce responses in these tissues corre-
lated with a significant reduction in viral replication in these
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compartments.”>>” We therefore investigated the effects of the
vaccines on immune responses in mucosal and lymphoid tis-
sues. The CE and FL vaccinated animals had similar levels of
ELISpot responses to the whole SIV p57 Gag in the axillary and
mesenteric lymph nodes (LN) (Figure 3A). There was no signif-
icant difference between the FL and CE groups in the magni-
tude of the CE response in the axillary LN, but a strong trend
(p = 0.06) for higher magnitude responses in the mesenteric
LN and jejunum. In addition, all four animals in the CE group
exhibited detectable responses to the CE portions of Gag in
each tissue whereas only 1 or 2 animals in the FL group devel-
oped a detectable CE response in these tissues (Figure 3B). The
CE group may have also had broader CE-specific ELISpot
responses in the axillary (p = 0.09) and mesenteric LN (p =
0.17) with 4/4 animals developing responses against 1-7 CE,
whereas only 2/4 animals in the FL vaccine group had CE
responses, and only against 1-2 CE sequences (Figure 3C). CE
breadth was not examined in the jejunum due to sample limita-
tions. In the FL group, the strongest and most frequently tar-
geted CE response in the blood (Figure 2C) or lymph nodes
(Figures 3D) was biased towards CE3, whereas in the CE group,
T cell responses were directed primarily to CE5 and CE6
(Figures 2C & 3D), a result that is in agreement with previous
CE DNA vaccine studies in uninfected rhesus macaques.’
Taken together, these data demonstrate that therapeutic immu-
nization with the CE vaccine was able to significantly increase
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Figure 3. CE-specific IFN-y T-cell responses in tissues. (A) The total magnitude of Gag-specific IFN-y T-cell responses as Spot Forming Cells (SFC) were determined by IFN-
y ELISpot at Week 14 following stimulation with pools of Gag peptides at Week 14 in the axillary (left panel) and mesenteric (right panel) lymph nodes (LN). (B) CE-specific
T-cell responses are shown as cumulative number of SFC against each CE peptide pool and was determined by summing the responses against each individual CE (1-7)
peptide pool in the axillary (left panel) and mesenteric (middle panel) lymph nodes and the jejunum (right panel). (C) The breadth of CE-specific IFN-y T-cell responses
was determined by measuring spot forming cells (SFC) against each individual CE peptide pool in the axillary (left panel) and mesenteric (right panel) lymph nodes. The
dotted line at seven indicates the maximum number of CE that can be recognized. (D) The specificity of the CE responses was mapped in the axillary (left two panels)
and mesenteric (right two panels) lymph nodes by ELISpot at week 14. Shown are responses against each peptide pool in animals immunized with either the CE or FL
DNA vaccines. Median values are indicated in panels A-C with red horizontal lines and p-values were determined by non-parametric Mann-Whitney T test. P values <

0.05 were considered significant.
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the magnitude and breadth of CE-specific IFN-y secreting cells
in the blood as well as in lymphoid tissues in SHIV-infected
macaques with attenuated infection.

CE vaccination induces multifunctional, cytolytic
CE-specific CD8" T-cell responses

CD107a is a marker of degranulation, indicating cytolytic
effector function, that has been previously shown to corre-
late with better control of viremia in SIV/SHIV-infected
macaques and HIV infected humans.®® Since both cytolytic
and multifunctional CD8" T-cell responses have been cor-
related with better viral control in HIV infected individu-
als,5"%% the ability of the CE vaccine to induce these
responses may be important for enhanced viral clearance
and control. Hence, CE-specific effector responses in the
blood were characterized by intracellular cytokine staining
(ICS) for IFN-y, TNFa, IL-2, and for CD107a, at week 14.
Similar to the IFN-y ELISpot results, CE vaccinated animals
had a greater fraction of CE-specific CD8 T-cells expressing
IFN-y detected by ICS (Figure 4A). There was also a strong
trend for induction of higher magnitude CE-specific CD8™
T-cells expressing CD107a, CD107a+TNFea, or CD107a-
+IL-2 cells when compared to the FL vaccine (Figures 4B-
D). Overall, the CE vaccine induced a higher proportion of
CE-specific CD8+ T-cells expressing CD107a when com-
pared to the FL DNA vaccine (p = 0.03, Figures 4E). Cyto-
lytic and multifunctional responses to the non-CE portions
of Gag were not assessed in these animals so we were
unable to determine if the FL or CE vaccinated animals had
similar responses to epitopes outside of CE.

To determine if therapeutic DNA vaccination with either
the CE or FL vaccines influenced viral load, plasma viral
RNA levels were measured by RT-PCR. We found no sig-
nificant difference in mean viral loads (VL) between the
two groups at any timepoint, although only one animal per
vaccination group exhibited significant viremia over the
course of the study (Figure 5). Even though VL in the CE

animal increased, we cannot conclude that these results
were due to either vaccine.

CE-specific T-cell responses are associated with lower
viral set point in SIV-infected rhesus macaques

The SIV CE DNA vaccine was derived by homology to HIV
CE.*>” In acutely HIV infected ART naive people, lower viral
set point has been shown to correlate with the presence of
stronger CE-specific responses, a finding that supports the
hypothesis that increasing CE-specific responses during
infection may provide a benefit in improving viral control.”
However, it is unknown if CE-specific responses will have a
similar correlation in the context of SIV or SHIV infections in
macaques. Having demonstrated that it is possible to broaden
or redirect the pre-existing immunodominant SIV Gag-specific
T-cell repertoire toward increased targeting of SIV CE-specific
epitopes in SHIV infected macaques, we sought to determine if,
similar to humans, SIV-specific CE responses similarly
correlated with lower viral set-point following acute infection
in a second cohort of rhesus macaques. In this cohort, rhesus
macaques were intravenously infected with SIVAB670, a
primary isolate that results in high viral loads during acute
infection, reaches set point viremia by 6 weeks post-infection,
and causes AIDS in the majority of animals within 11 months
after infection.”>®> After infection, CE-specific T-cell responses,
measured by both ELISpot (Figure 6A) and ICS (Figure 6B)
were detected in 4 of the 8 macaques. Interestingly, CE-respon-
sive animals exhibited significantly lower set point viremia than
the 4 macaques that had no detectable CE responses (p = 0.03,
Figures 6C & 6D). Furthermore, the breadth of CE-specific T-
cell responses measured by ELISpot inversely correlated with
set point viral load in these animals, as defined by the averaging
the viral loads from weeks 4, 5, and 6 (p = 0.007, Figure 6E),
whereas the breadth of the response against the full length p57
Gag did not significantly correlate (p 0.11, Figure 6F).
Similar to previous studies in macaques and humans,’>** we
observed no relationship between MHC class I haplotype and
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Figure 4. Multifunctional and cytolytic CE-specific CD8+ T-cell responses. The frequency of CE-specific CD8+ T-cells expressing the cytokines IFN-y, IL-2, and/or TNF-a
and/or CD107a, a marker of cytolytic effector function, was determined two weeks after the final DNA vaccine dose (week 14) using cryopreserved PBMC stimulated over-
night with CE peptide pools. (A-D) Shown are the frequencies of CE-specific CD8" T-cells expressing the indicated cytokine or cytolytic functions. (E) The relative propor-
tion of CE-specific CD8+ T-cells that are expressing the cytolytic degranulation marker, CD107a. The difference in mean response between the two groups was analyzed
by a non-parametric Mann-Whitney T test. Median values are indicated with black horizontal lines and a p-value < 0.05 was considered significant.
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(Supplemental Table 1). Furthermore, in agreement with our
previous studies involving SIVAB670,>* we also found no asso-
ciation between MHC or TRIM5 genetics and viral load (Sup-
plemental Table 1).

Discussion

The results reported here demonstrate that therapeutic immu-
nization with an SIV CE DNA vaccine can broaden T-cell
responses primed by SHIV infection toward increased targeting
of CE sequences. Our results also provide evidence that CE-

specific T-cell responses induced by DNA vaccination have
stronger cytolytic effector function when compared to T-cell
responses induced by a standard FL DNA vaccine and as such,
may be more effective in controlling viral replication. Consis-
tent with this possibility, we found that unvaccinated rhesus
macaques that developed stronger CE-specific responses during
the acute stage of a highly pathogenic SIV infection also devel-
oped lower viral loads. These results are consistent with data
from HIV-infected humans where it has been shown that CE
responses that appear early in infection correlate with lower
viral set point> supporting the concept that CE-specific CD8"
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Figure 6. Higher CE-specific T-cells responses correlate with lower viral set point during acute SIV infection. CE-specific T-cell responses in rhesus macaques acutely
infected with SIVAB670 were measured six weeks following intravenous infection using (A) IFN-y ELISpot against individual CE peptides and (B) IFN-y ICS against a pool
of all seven CE peptides. CE responders were defined as having a detectable CE response measured by ELISpot and/or ICS. (C) Viral loads were measured in the plasma by
quantitative RT-PCR. (D) Mean viral set point was determined by averaging the viral loads measured at weeks 4, 5, and 6 and compared between CE responders (animals
with detectable CE responses) and CE non-responders (animals with undetectable CE responses) by non-parametric Mann-Whitney T test. Horizontal lines indicate median
values. Correlation between the breadth of (E) CE and (F) Gag-specific T-cell responses and mean set point plasma viral load was determined by a Spearman Rank correla-

tion. A p value < 0.05 was considered significant.
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T-cell responses may limit SIV replication and suggests that
therapeutic immunization with CE vaccines may be able to
improve treatment of HIV infection by increasing subdominant
CE responses primed by the virus.

Previous studies have suggested that T-cell responses against
subdominant Gag epitopes are preferentially lost during
chronic HIV and SIV infection, perhaps due to T-cell exhaus-
tion.**® Therefore, vaccination with full-length antigens may
mimic, or worsen, the effects of natural infection and fail to
induce or even decrease CE-specific T-cell responses, as found
here. Our data indicates that immunizing with a CE DNA vac-
cine can circumvent this problem, likely by excluding immuno-
dominant decoy elements that divert T-cells responses, thereby
boosting or inducing de novo T-cells with greater TCR affinity
to the subdominant conserved regions of the viral proteome.
The superior ability of the CE vaccine to induce broader CE
responses and greater functional responses against subdomi-
nant epitopes when compared to a FL vaccine is in agreement
with our prophylactic DNA vaccine studies in uninfected mac-
aques.’>” In contrast, Stephenson et al reported that prophy-
lactic immunization with full-length mosaic immunogens via
recombinant adenovirus vectors in rhesus macaques (Ad35
and Ad26) was superior at inducing responses against con-
served regions when compared to Adenoviruses expressing a
conserved-region-only HIV immunogen.®” This could be due
to the different composition and configuration of the conserved
immunogens, differences between consensus and mosaic
immunogens and the single FL immunogen used here, and/or
the use of adenoviral vectors versus DNA vaccine delivery,
since Ad vectors contain immunodominant epitopes that may
compete with subdominant conserved HIV epitopes.®® Previ-
ously, we demonstrated that in uninfected rhesus macaques,
CE DNA priming followed by FL DNA boosting was more
effective at increasing the magnitude of CE responses, com-
pared to priming with CE without a heterologous boost or
priming with a FL DNA vaccine and then boosting with a CE
DNA vaccine. The latter result suggested a limited ability to
improve CE responses in animals that were previously primed
with immunodominant responses to variable regions of the
viral proteome.’® Unexpectedly then, we found that therapeutic
immunization increased CE-specific T-cell epitopes in SHIV-
infected macaques primed with full-length antigens by the viral
challenge, albeit in animals with attenuated infection. In this
setting, therapeutic DNA vaccination may have augmented
subdominant CE-specific cellular responses that were primed
by the virus. This suggests that therapeutic vaccination, in a set-
ting were viral replication is suppressed by antiretroviral drugs
may be able to overcome the “original antigenic sin” associated
with SIV/HIV infection that typically favors induction of
immunodominant responses to more variable sequences.

The enhanced cytotoxic function of the CE-specific
responses we observed following CE vaccination is consistent
with previous studies in uninfected rhesus macaques immu-
nized with an HIV Gag CE DNA vaccine.’** However, due to
the small numbers of animals in this study and low initial vire-
mia in both groups, we cannot determine if CE therapeutic vac-
cination provided a benefit in the control of viremia.

CE vaccinated animals also exhibited a trend toward greater
CE-specific T-cell responses in the gut mucosa and lymphoid

tissues. Since the gut and lymphoid tissues contain virally
infected cells”>****>>%>7° that can contribute to viral rebound
after cessation of ART,”' inducing CE-specific responses in
these tissues may be important to decrease the size of the reser-
voir and provide more durable control of viremia in the
absence of drug.

In the SHIV study, we found no relationship between the mag-
nitude of Gag-specific responses measured prior to therapeutic
vaccination and the development of de novo CE-specific responses
induced post-vaccination. This indicates that the presence of
immunodominant HIV or SIV CD8* T-cell responses against
Gag prior to vaccination did not significantly impair the immuno-
genicity of the CE DNA vaccine. However, we did not measure
responses against other viral antigens that were not included in
the vaccine, such as Env, Pol, or Nef that are also rich in immuno-
dominant CD8" T-cell epitopes, so we cannot exclude the possi-
bility that immunodominant responses against other viral
antigens could influence immunogenicity of the CE vaccine.

HIV CE sequences were selected based on sequence con-
servation and fitness constraints as previously described and
are generally >98% conserved among all HIV-1 group M
isolates evaluated to date. This is the key advantage of using
this vaccine strategy over other vaccines in that we can
expect a high degree of similarity between the vaccine and
any virus that would theoretically be found in humans. The
SIV Gag CE DNA vaccine used for these studies was not
based on sequences in the challenge virus but rather, they
were designed based on homology to the HIV CE sequences
as previously described.’> The 75-100% amino acid similar-
ity between SIV p27CE and HIV p24CE further highlights
the high degree of conservation of the CE sequences across
not only HIV strains but also SIV strains. The full length
(FL) Gag DNA vaccine used in this study was derived from
SIV/17-Fr sequence, a macrophage tropic, congenic isolate
of STVmac239.”” These two strains are about 15% divergent
in the Env gene™ but as is the case for most SIV strains,
the Gag sequences for the two strains are 100% identical,”’
and each contain CE sequences. The challenge virus
SHIV89.6P is derived from SIV acaze,.° SO it too was at
least substantially homologous to the FL vaccine, although
we did not sequence virus in the SHIV89.6P-infected maca-
ques in this study, and the sequences may have diverged
from the challenge stock prior to therapeutic vaccination.

Taken together, these results show that CE DNA vacci-
nation can significantly increase the magnitude, function
and breadth of CE-specific responses even in the presence
of a strong immunodominant memory T-cell response
induced by chronic SHIV infection in rhesus macaques,
although we are unable to draw conclusions about the anti-
viral efficacy of the CE vaccine in this study. As the overall
goal of an effective therapeutic vaccine is to induce viral
remission or cure of the infection, future studies will inves-
tigate the ability of this vaccine, in combination with antire-
troviral drug therapy and potentially reservoir activating
agents and immune modulators, to reduce viral replication
or block viral rebound after analytic treatment interruption
in SIV or SHIV infected macaques. If successful, these stud-
ies would support further development of a therapeutic CE
vaccine for people living with HIV.



Supplemental Table 1. MHC and TRIM5 genetics.

Shown for each animal are TRIM5 haplotype, MHC type
(A*01, A*02, A*08, A"11, B*01, B*08, B*17, and B*29), SIV or
SHIV infecting strain, vaccination regimen, and the viral load
at the end of study (2 weeks post 4th vaccination in SHIV89.6P
infected animals and 6 weeks post-infection in SIVAB670
infected animals), as well as the specificity of CE-specific cellu-
lar immune responses. Animals in blue are CE responders
whereas animals indicated in red are non-responders.

Abbreviations

ART antiretroviral therapy

CE conserved elements

FL full-length

LT heat labile E. coli enterotoxin
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