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ABSTRACT To date, six vaccine strategies have been evaluated in clinical trials for
their efficacy at inducing protective immune responses against HIV infection. How-
ever, only the ALVAC-HIV/AIDSVAX B/E vaccine (RV144 trial) has demonstrated pro-
tection, albeit modestly (31%; P = 0.03). One potential correlate of protection was a
low-frequency HIV-specific CD4 T cell population with diverse functionality. Although
CDA4 T cells, particularly T follicular helper (Tfh) cells, are critical for effective antibody
responses, most studies involving HIV vaccines have focused on humoral immunity
or CD8 T cell effector responses, and little is known about the functionality and fre-
quency of vaccine-induced CD4 T cells. We therefore assessed responses from sev-
eral phase I/Il clinical trials and compared them to responses to natural HIV-1 infec-
tion. We found that all vaccines induced a lower magnitude of HIV-specific CD4 T
cell responses than that observed for chronic infection. Responses differed in func-
tionality, with a CD40 ligand (CD40L)-dominated response and more Tfh cells after
vaccination, whereas chronic HIV infection provoked tumor necrosis factor alpha
(TNF-a)-dominated responses. The vaccine delivery route further impacted CD4 T
cells, showing a stronger Th1 polarization after dendritic cell delivery than after in-
tramuscular vaccination. In prime/boost regimens, the choice of prime and boost in-
fluenced the functional profile of CD4 T cells to induce more or less polyfunctional-
ity. In summary, vaccine-induced CD4 T cell responses differ remarkably between
vaccination strategies, modes of delivery, and boosts and do not resemble those in-
duced by chronic HIV infection. Understanding the functional profiles of CD4 T cells
that best facilitate protective antibody responses will be critical if CD4 T cell re-
sponses are to be considered a clinical trial go/no-go criterion.

IMPORTANCE Only one HIV-1 candidate vaccine strategy has shown protection, al-
beit marginally (31%), against HIV-1 acquisition, and correlates of protection sug-
gested that a multifunctional CD4 T cell immune response may be important for this
protective effect. Therefore, the functional phenotypes of HIV-specific CD4 T cell re-
sponses induced by different phase | and phase Il clinical trials were assessed to bet-
ter show how different vaccine strategies influence the phenotype and function of
HIV-specific CD4 T cell immune responses. The significance of this research lies in
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our comprehensive comparison of the compositions of the T cell immune responses
to different HIV vaccine modalities. Specifically, our work allows for the evaluation of
vaccination strategies in terms of their success at inducing Tfh cell populations.

KEYWORDS CD4 T cells, HIV vaccine, RV144, Tfh cells, human immunodeficiency
virus

cornerstone of vaccine-mediated protective immunity is the ability to safely induce

an immune response that recognizes the agent as foreign, destroys it, and “re-
members” it so that the same type of microorganism is more quickly cleared upon
subsequent encounters. Most successful vaccines confer protection through antibody
(Ab) production (1), which often relies on help from the cellular arm of the immune
system. In particular, T follicular helper (Tfh) cells play a crucial role during the germinal
center reaction to induce B cell proliferation, antibody affinity maturation, and B cell
differentiation to promote effective antibody responses. Developing an HIV vaccine
that induces a comprehensive and well-orchestrated immune response composed of
both an optimal and well-guided T cell response and optimal antibody-inducing B cell
responses has proven difficult (2). Various vaccine strategies have been explored in
clinical trials to examine optimal antigen immunogenicity while maintaining safety.
Given the correlates of protection of licensed vaccines, almost all studies have focused
on inducing antibody responses or CD8 T cell responses; however, understanding the
quantity and quality of CD4 T cell responses induced by vaccination may be critical for
improving the immunogenicity of vaccines (3). Interestingly, the RV144 vaccine trial
showed a modestly but significantly reduced risk of HIV acquisition (31.2%; P = 0.04;
95% confidence interval, 1 to 51%) (4). The RV144 trial employed a prime-boost
regimen consisting of a prime with a recombinant canarypox virus vector, ALVAC-HIV
(vCP1521), and a bivalent AIDSVAX gp120 B/E boost. The ALVAC-HIV vaccine was
administered at 0, 4, 12, and 24 weeks, and boosting with gp120 occurred at weeks 12
and 24. Nonneutralizing 1gG antibody against the gp70V1V2 scaffold envelope corre-
lated with a decreased risk of HIV acquisition, and ex vivo, this antibody has been
demonstrated to mediate functional responses, such as antibody-dependent cellular
cytotoxicity (ADCC) (5). Follow-up correlate analysis of HIV-specific CD4 T cell responses
revealed production of a particular combination of cytokines (6), suggesting that Tfh
cell help may also be important. Thus, understanding the properties of Tfh cells
necessary to enable development of broadly neutralizing Abs against HIV may be the
key to understanding how to elicit protective immune responses. Advantageously,
several reports have described the presence of antigen-specific Tfh cell responses in the
periphery, allowing the analysis of qualitative differences that are induced by different
vaccines (7-10).

A variety of strategies have been applied to HIV vaccine design. The most common
strategy utilizes replication-deficient viral vectors (11, 12), which are often combined
with a protein in a prime-boost strategy (13). It is well established that the antigen and
mode of delivery used for vaccines affect the strength and specificity of the induced
immune response in ways that are not yet fully understood (14, 15). Indeed, adjuvanted
protein antigens and killed viruses are efficient at inducing antibody responses, while
live attenuated viruses induce a more well-rounded immune response which more
closely resembles natural immunity (16). Some vaccine vectors direct immune re-
sponses more toward CD8 T cells, while others stimulate CD4 T cells. Similarly, different
vaccine vectors induce T cell responses with different functional profiles (17-20).

The consequences of these differences between immunization modalities translate
to differences in functionality, neutralization efficiency, and longevity of the antibody
responses and thus impact vaccine efficacy. However, how vaccine-induced CD4 T cell
responses are influenced by different vaccination approaches has not been well
characterized. We therefore investigated the quantity and quality of the CD4 T cell
responses elicited by several different immunization platforms from phase I/Il clinical
trials, especially focusing on cytokine profiles associated with Tfh cells in the periphery.
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TABLE 1 Summary of phase | HIV vaccine trials used for comparison

Journal of Virology

Immunization

Trial no. Source (reference) Strategy Vector or boost Immunogen(s) Adjuvant times (wk)
RV138 Eller et al. (21) Canarypox virus vector ALVAC-HIV (vCP205) Env/Gag/Pro—autologous DC, i.d., i.m. 0,4,12, 24
RV172 Kibuuka et al. (35) DNA prime, Ad5 boost Multiclade DNA Gag/Pol/Nef/Env 0,4,8
rAd5 Matching proteins (except Nef) 24
RV114 Pitisuttithum et al. (36) Protein Protein rgp120 (SF2) MF59 0,4, 16
RV132 Thongcharoen et al. (24) Canarypox virus vector prime, ALVAC-HIV (vCP1521) 92TH023 gp120-LAI gp41 + LAl 0,4,12,24
canarypox virus vector/ Gag/protein
protein boost Protein (oligomeric gp160) 92TH023 gp120-LAl gp41 + LAl PCPP 12, 24
Gag/protein
Protein (bivalent gp120) CM235 (100 ug) + SF2 (50 ng) MF59 12, 24
RV135 Nitayaphan et al. (25) Canarypox virus vector prime, ALVAC-HIV (vCP1521) 92TH023 gp120-LAlI gp41 + LAl 0,4, 12, 24
canarypox virus vector/ Gag/protein
protein boost AIDSVAX (B/E) MN (B) and A244 (E) gp120 Alum 12, 24
RV158 Currier et al. (22) Cowpox virus vector MVA-CDMR gp160 (CM235, E), Gag/Pol (CM240, A) 0,412
RV144 Rerks-Ngarm et al. (4) Canarypox virus vector prime, ALVAC-HIV (vCP1521) 92TH023 gp120-LAI gp41 + LAI 0,4,12, 24
canarypox virus vector/ Gag/protein
protein boost Bivalent protein (AIDSVAX  MN (B) and A244 (E) gp120 Alum 12, 24
[B/E])
RESULTS

To determine potential differences in HIV vaccination strategies in regard to matu-
ration, differentiation, and functionality of CD4 T cell responses, we used cryopreserved
peripheral blood mononuclear cells (PBMCs) collected at peak immunogenicity from
participants of several phase /Il trials utilizing different vaccination strategies (summa-
rized in Table 1). Vaccination regimens in these trials varied widely in the nature of the
primary immunization (DNA or protein), the vector used for immunogen delivery (e.g.,
canarypox virus vector based or modified vaccinia virus Ankara [MVA] based), the
nature of the boosts (e.g., DNA or oligomeric Env protein), and the respective adjuvants
(e.g., MF59 or alum).

To address the functional quality of the HIV-specific CD4 T cell responses induced by
vaccination, we began by comparing the HIV-specific CD4 T cell responses induced by
treatment-naive chronic HIV infection with those induced by vaccines, without prese-
lecting for responders. We performed multicolor flow cytometry on PBMCs to identify
antigen-specific CD4 memory cells (CD45RO+ CD4™* cells) after stimulation with HIV
antigens (Env/Gag) and then determined the functional profiles for gamma interferon
(IFN-v), interleukin-21 (IL-21), CD40 ligand (CD40L), tumor necrosis factor alpha (TNF-q),
and CD107a. For chronically HIV-positive, treatment-naive individuals, a significant
proportion of CD4 memory T cells (1% =+ 0.9% of CD45RO™ cells) were HIV specific (Fig.
1A). In particular, we found that the majority of the HIV-specific CD4 T cells expressed
TNF-a (1.4% of memory cells), followed by CD40L (~1%), CD107a (~0.7%), and
IFN-v/IL-21 (~0.6% [each]). We next assessed quantitative and qualitative differences in
HIV-specific CD4 T cell responses elicited at peak immunogenicity during vaccine trials
and those seen in chronic HIV infection. In total, the immune response induced by
vaccines was significantly lower (accumulatively, 1.7% of total CD45RO™ T cells were
either CD40L, CD107A, IFN-v, IL-21, or TNF-a positive after restimulation) than that
induced by chronic HIV infection (4.2% positivity) (P < 0.001) (Fig. TA). Interestingly,
while the CD40L expression levels on CD4 T cells were comparable between chronic
HIV infection and vaccination, CD107a-, IFN-vy-, IL-21-, and TNF-a-expressing cell levels
were significantly lower in vaccinated individuals (P = 0.015 to P < 0.001). To deter-
mine whether age or gender may have accounted for the observed differences, we
assessed differences in functional profiles for participants separated by age group or
gender, respectively. However, we observed no significant differences in functional
profiles between male and female participants or by age group (data not shown).

Next, differences in the functional profiles of CD4 T cell responses against Gag or Env
were determined after vaccination and for chronic HIV infection. Overall, the immune
responses induced by Gag were significantly different from those induced by Env.
Env-specific CD4 T cell responses in chronically HIV-positive, treatment-naive individ-
uals were dominated by CD40L (0.9%) (Fig. 1B, left panel), followed by CD107a* or
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TNF-a* (0.3%), IL-217 (0.2%), and IFN-y™ (0.1%) cells. A similar pattern of Env-specific
CDA4 T cell responses was also observed in vaccinees, but at lower levels (0.9% CD40L™,
0.2% TNF-a™, and 0.1% IFN-y™, CD107a™, or IL-21+ cells). In contrast, Gag-specific CD4
T cell responses were dominated by TNF-« (1.1%) expression, followed by IFN-y* (0.5%)
or IL-21* (0.5%) and CD107a* (0.4%) cells, whereas CD40L was expressed at low levels
(0.1%) (Fig. 1B, right panel). After vaccination, there were fewer Gag-specific CD4 T cell
responses (0.3% of CD4* CD45RO™ T cells) than those induced by chronic infection
(2.5%), indicating protein-specific differences in the induction of immune responses.

We next analyzed the frequency of pTfh markers, including programmed cell death
protein 1 (PD-1), C-X-C chemokine receptor 5 (CXCR5), and the transcription factor and
proto-oncogene musculoaponeurotic fibrosarcoma oncogene homolog (cMAF). Inter-
estingly, we observed that there was a significantly larger proportion of Env-specific
CXCR5™ CD4 T cells present after vaccination than that during chronic HIV infection,
suggesting a specific induction of Tfh cells that is detectable after vaccination in the
periphery (Fig. 1C). There was no significant difference in the expression of PD-1 or
cMAF between vaccinees and those with natural HIV infection (data not shown).

Taken together, these observations show that HIV-specific CD4 T cell responses
elicited after vaccination differ significantly from those observed in chronic HIV infec-
tion. In particular, the functionalities of the immune responses induced by the HIV
proteins Gag and Env are markedly different between natural infection and vaccination.
In addition, more Tfh cells were induced after vaccination than during natural HIV
infection.

We next determined whether the route of vaccine delivery may affect the elicited
HIV-specific CD4 T cell response. Both the RV138 (ALVAC; canarypox virus vector based)
and RV158 (MVA vector based) trials used intradermal (i.d.) or intramuscular (i.m.)
injection for vaccine delivery (21, 22). In addition, the RV138 trial also used autologous
peptide-loaded dendritic cells (ALVAC DC). Overall, the qualities of the immune re-
sponses upon i.d. versus i.m. or DC application of the ALVAC and MVA vaccines did not
differ strongly in terms of eliciting populations of CD4 memory T cells (Fig. 2A);
however, the frequency of CD40L* cells was significantly lower and the IL-21+ CD4 T
cell responses higher in the ALVAC i.d. group than in the MVA i.d. group (P < 0.05). In
contrast, response profiles did not differ significantly between the ALVAC DC, ALVAC
i.m., and MVA i.m. groups. Yet on pooling the data and comparing responses for both
i.d. versus both i.m. modalities, there were no significant differences in response profiles
(Fig. 2B), suggesting that the route of vaccination alone does not significantly alter the
elicited immune response. Instead, the choice of primary strategy combined with the
vaccination route is key to guiding the immune response in different directions, e.g.,
ALVAC administered i.d. for fewer CD40L™ and more IL-21+ CD4 T cells and MVA
administered i.d. for more CD40L™ and fewer IL-21+ CD4 T cells. Taken together, our
data demonstrate that both the i.d. and i.m. routes of administration of different
vaccines promote CD4 T cell responses similarly dominated by CD40L expression, with
smaller contributions by IFN-v, IL-21, and TNF-¢, and most importantly with significant
differences between ALVAC and MVA i.d. delivery but no differences between vaccines
administered i.m. in terms of the overall expression profiles. The prime-boost strategy
has recently gained popularity and is a commonly used approach. In this setting, the
immune system is primed by one vaccine candidate and boosted with either the same
(homologous) or a different (heterologous) vaccine candidate (23). To understand the

FIG 1 Legend (Continued)

Gag and Env. PBMCs isolated from the blood were stimulated with HIV peptide pools and analyzed via flow cytometry for the
frequency of Env/Gag-specific memory T cells (CD45RO*) expressing either CD40L, CD107a, IFN-v, IL-21, or TNF-c.. (B) PBMCs from
chronically HIV-infected (chronic; n = 6) or ALVAC-HIV-vaccinated (n = 97) patients were stimulated with either HIV Env or Gag
potential T cell peptide pools and the response measured as described above. (C) PBMCs from uninfected (n = 6), chronically
HIV-positive (n = 18), and vaccine trial (ALVAC [n = 21], ALVAC-DC [n = 18], ALVAC-ID [n = 21], ALVAC-IM [n = 21], ALVAC/AIDSVAX
[n = 18], MVA-ID [n = 39], and MVA-IM [n = 30]) patients were compared by use of the frequencies of CXCR5-expressing CD4* T cells
after Env stimulation (results for Gag were similar [data not shown]). For statistical analysis, the Mann-Whitney U test was performed,
and the representation of P values by asterisks is shown according to the style of the New England Journal of Medicine.
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FIG 2 Effect of vaccine administration route on overall frequency of responses to stimulation with HIV
Env peptides and on the contribution of each cytokine to the total response. (A) Twenty-four weeks after
ALVAC (canarypox virus vector based) or MVA (modified vaccinia virus Ankara vector based) vaccination
was given either via different routes (intradermally [n = 13 for MVA and n = 7 for ALVAC] or
intramuscularly [n = 9 for MVA and n = 6 for ALVAC]) or, in the case of ALVAC, with autologous DC
(n = 6), PBMCs from peripheral blood were analyzed for the frequency of Env-specific memory T cells
by flow cytometry. After statistical analysis of all data via the Mann-Whitney U test, significant differences
were labeled with the significance level and the corresponding P value. (B) Env-specific responses to the
modified vaccinia virus Ankara vector-based vaccine delivered intradermally (n = 20) or intramuscularly
(n = 15) were analyzed to determine the contributions of the molecules CD40L, CD107a, IFN-v, IL-21, and
TNF-a. Each experiment was repeated with blood from at least 6 donors, and the data were analyzed for
statistically significant differences by the Mann-Whitney U test. ns, not significant; ID, intradermal; IM,
intramuscular.

impacts of different boosts on the same prime, we made use of the RV132 and RV135
vaccine trials (the latter was a precursor study to the RV144 trial), in which the same
prime, ALVAC, was boosted with either bivalent gp120 (bi-gp120), oligomeric gp160
(0-gp160), or AIDSVAX (A244) (24, 25).

ALVAC alone induced Env-specific CD4 T cell responses, with CD40L expression
(1.57% of CD4 T cells) being the most dominant immune response, while IFN-y and
IL-21 responses were comparatively low (0.05 and 0.04%, respectively) (Fig. 3A). The
addition of a protein boost with bivalent gp120 did not significantly increase any of the
responses. In contrast, when ALVAC was boosted with the oligomeric gp160 protein,
the functional profile of the CD4 T cell responses shifted significantly, toward an IFN-y-
and TNF-a-dominated Th1-type immune response (0.7% IFN-y™ cells and 0.6% TNF-a™
cells), but this boost did not significantly alter the CD40L expression in comparison to
that with the bivalent gp120 boost. Interestingly, boosting ALVAC with the gp120
protein A244 (ALVAC/AIDSVAX) shifted the immune response away from a purely
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Th1-dominated response and toward a more balanced profile composed of cytolytic
and IL-21" CD4 T cells, the latter of which we previously identified as peripheral T
follicular helper cells. Phenotypically, vaccination boosts did not lead to any significant
increase in the Tfh cell-associated marker CXCR5, cMAF, or PD-1 (data not shown),
indicating that phenotypic assessment of vaccine-induced Tfh cell responses is not
sufficient for describing differences in the antigen-specific induced CD4 T cell popula-
tions (26). Among the responses induced by the four different prime and boost
vaccination strategies, both ALVAC and ALVAC/bi-gp120 responses were dominated by
CD40L (Fig. 3B). In contrast, the ALVAC/o-gp160 strategy led to a more complex
response, inducing IFN-y- and TNF-a-expressing cells at frequencies similar to those of
cells expressing CD40L, whereas ALVAC/AIDSVAX induced only IFN-y-expressing cells
(besides CD40L-expressing cells). Overall, ALVAC/AIDSVAX induced functional re-
sponses at lower frequencies than those for the other vaccine modalities (Fig. 3A).

Interestingly, cells from the ALVAC and ALVAC/bi-gp120 groups largely expressed
only CD40L (76% and 72% of cells, respectively), and both expression profiles were
comparable, whereas the ALVAC/o-gp160 and ALVAC/AIDSVAX vaccines produced
more differentiated multifunctional CD4 T cell response profiles (Fig. 3C and D). After
the 0-gp160 boost, only 54% of the memory cells were exclusively CD40L positive. Of
the remaining CD4 memory T cells, most were either singly positive for IFN-y (14%) or
TNF-a (12%) or doubly positive for IFN-y and TNF-a (9%) (Fig. 3C). ALVAC/AIDSVAX
vaccination induced a different profile among memory T cells: 42% were CD40L*, and
the remaining cells were predominantly IFN-y positive (23%) or, at lesser frequencies,
singly positive for IL-21 (7%), TNF-a (5%), or CD107a (5%). The differences between
ALVAC and ALVAC/AIDSVAX were significant for the total frequency of antigen-specific
cells and the frequencies of CD40L- and IL-21-positive cells (Fig. 3B). Differences
between ALVAC and ALVAC/o-gp160 were significant for IFN-y and TNF-a. Similarly, we
observed significant differences between the ALVAC/bi-gp120 and ALVAC/AIDSVAX
modalities by comparing pie charts using a permutation test (SPICE analysis).

In summary, among the 4 prime-boost strategies, ALVAC/0-gp160 vaccination in-
duced the highest levels of Env-specific CD40L™, IFN-y*, and TNF-a* CD4 T cells, but
ALVAC/AIDSVAX induced the most diverse CD4 T cell profile, with the strongest
HIV-specific IL-21" CD4 T cell responses. Yet, ALVAC/AIDSVAX overall produced the
smallest amount of antigen-specific CD4 memory T cells.

DISCUSSION

Vaccine-induced CD4 T cell responses, particularly Tfh responses, are thought to be
critical for the generation of high-affinity, long-lasting antibody responses. Over 400
clinical studies have been performed using diverse combinations of vaccine regimens,
vectors, routes of vaccine administration, adjuvants, immunogens, and study popula-
tions (27). While almost all trials have evaluated the breadth, magnitude, function, and
specificity of vaccine-induced antibody responses, only a few have evaluated the
function or lack of HIV-specific CD4 T cell responses, despite their importance for
antibody induction.

In the present study, we assessed how different vaccination strategies influence the
qualitative profiles of CD4 T cell responses and how these responses compare to CD4
T cell responses naturally induced by HIV infection. While the selection of phase |
vaccine trials was limited mainly to variation of similar vaccine components by use of
constructs including MVA, ALVAC, DNA, and prime/boost, we found some patterns that

Journal of Virology

FIG 3 Comparison of responses to Env induced by ALVAC versus ALVAC prime/boost vaccines (studies RV132 and RV135). (A) PBMCs from peripheral blood
collected 24 weeks after vaccine administration were analyzed for dominance of each subpopulation of Env-specific CD4 memory cells, and the data are shown
as a comparison of the different prime/boost strategies. (B) Frequencies of Env-specific memory T cells expressing either CD40L, IFN-v, IL-21, TNF-e, or CD107a
or the total frequency of CD45RO* cells. Sample sizes were as follows: for ALVAC, n = 6; for ALVAC/bi-gp120, n = 8; for ALVAC/0-gp160, n = 6; and for
ALVAC/AIDSVAX, n = 12. (C) SPICE analysis of the composition of the immune response after antigen stimulation, shown as the % CD45RO* CD4™ cells after
different prime/boost strategies (each pie chart represents one strategy). Pie chart arcs illustrate the contribution of each expressed protein (CD40L, CD107a,
IFN-v, IL-21, or TNF-a) to every single-, double-, triple-, or quadruple-positive population. (D) Contributions of CD40L, CD107a, IFN-v, IL-21, and TNF-« expression

to the CD45RO" CD4* immune response after different prime/boost strategies.
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were consistent in all phase | vaccine trials analyzed. Overall, we observed that the
vaccine-induced CD4 T cell responses were quantitatively lower after vaccination than
during natural HIV infection. This was expected given the chronic nature of immune
stimulation observed in ongoing viral infections. However, we did observe similar
frequencies of CD40L™ CD4 T cell responses after vaccination overall, but when we
compared the functional profiles of Env- versus Gag-specific memory CD4 T cells, we
observed almost opposite characteristics, in that the Env response was dominated by
CDA40L, whereas the Gag-specific CD4 T cell responses were skewed toward a Th1,
TNF-a-dominant functional profile.

The effects of routes of vaccination have been investigated mostly with a focus on
differences in the induced humoral immune responses (28) or cellular CD8 T cell
responses (29-31). However, only a few studies have focused on CD4 T cells, and they
demonstrated increased levels of Tfh cells after intradermal vaccination (32). In this
context, we observed that intradermal ALVAC vaccination indeed induced the largest
number of Tfh cell-associated responses as measured by the number of HIV-specific
IL-21+ CD4 T cells (7), while DC-delivered ALVAC vaccination skewed them toward a
Th1 (IFN-y/TNF-«) phenotype.

Besides different routes of administration, we demonstrated that the functional
profile of CD4 T cells can still be influenced during the prime and boost phases.
Generally, an important reason for adding boosts to a vaccination strategy is to
enhance antibody affinity and production (33) by inducing additional rounds of affinity
maturation (34). However, the impact on the quality of CD4 T cell responses induced by
prime/boost vaccination strategies has not previously been appreciated. Here we made
use of the fact that several different vaccination strategies utilized the same priming
agent (ALVAC) but used different boosts, including bivalent gp120 (ALVAC/bi-gp120),
oligomeric gp160 (ALVAC/0-gp160), and gp120 (ALVAC/AIDSVAX). When responses
were resolved by cytokine expression, the four strategies were differentially advanta-
geous for the stimulation of different cell populations, with ALVAC and ALVAC/bi-
gp120 producing the highest frequencies of CD40L-expressing cells. Surprisingly, there
was a difference in outcome between ALVAC boosted with bi-gp120 and that boosted
with 0-gp160 in that the response to the bi-gp120 boost was not significantly different
from that to the ALVAC vaccination alone. In contrast, the 0-gp160 boost skewed the
ALVAC-induced immune response to generate more IFN-y* and TNF-a* Env-specific
CDA4 T cells than those observed with ALVAC alone.

ALVAC/AIDSVAX, on the other hand, was the most advantageous for the induction
of CD107a™ and IL-217 populations, and although the frequencies were extremely low,
this might point to the induction of a small population of cytotoxic CD4 T cells and Tfth
cells. We observed that boosting with AIDSVAX A244 induced the most diverse
HIV-specific CD4 T cell profile. The significance of this is substantiated by Lin et al.’s
computational analysis of the T cell functional response profile in the RV144 trial. Their
reanalysis of the RV144 CD4 T cell subset composition via the COMPASS algorithm
found two correlates of HIV protection after vaccination (6): the polyfunctional CD4 T
cell subset (CD40OL™ IL-2+ IL-4™ IFN-y™ TNF-a™) showed the strongest significance, but
the presence of triple-positive (CD40L* IL-2* IL-4*) cells also correlated with the
vaccine's efficiency at protection from HIV infection. Additionally, our data show that
the RV144 vaccine produced the highest frequency of Tfh cells among any of the
vaccination strategies compared. This boost in the amount of Tfh cells may be respon-
sible for the characteristic antibody profile observed in the RV144 trial. While more
in-depth studies are required to evaluate the relative contributions of the expression of
each of these functional markers and cytokines to protection, our study suggests that
what made the choice of prime/boost used in the RV144 trial more successful than
similar combinations might be its ability to induce polyfunctional T cell subsets. While
the selection of vaccine trials tested here is limited in comparison to the vast number
of vaccine strategies that have been tested so far, we nevertheless observed a striking
difference in the functional profile. Thus, assessing qualities of vaccine-induced CD4 T
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cell responses in further trials may help to selectively improve future generations of HIV
vaccines.

In summary, our work highlights the qualitative and quantitative differences in
CD4+ T cell responses elicited by different HIV vaccination strategies and by chronic
infection. In addition, the functional profile of Env-specific CD4 memory T cells was
significantly different from that of Gag-specific cells. By comparing vaccination routes,
we found that intradermal administration of an ALVAC prime resulted in the largest
population of cells expressing Tfh cell-associated markers. The highest level of protec-
tion against HIV infection observed in any HIV vaccination trial was achieved with the
ALVAC/AIDSVAX modality (RV144 trial). Thus, the diverse cellular responses achieved
with this vaccine, which include cytotoxic CD4 T cells as well as Tfh marker-positive
cells, point to a promising path for eliciting the most effective CD4 T cells. Our in-depth
analysis of the cellular role in a semiprotective immune response against HIV represents
an important tool for making go/no-go decisions in future clinical trials.

MATERIALS AND METHODS

Specimens collected from clinical trials. Peripheral blood mononuclear cells (PBMCs) collected
from the clinical trials summarized in Table 1 were used in this study. Trial designs and outcomes are
described in detail elsewhere (4, 21, 22, 24, 25, 35, 36). Briefly, participants in the RV114, RV132, RV135,
and RV144 trials were from Thailand, whereas subjects in the RV138 trial were U.S. residents, those in the
RV158 trial were from either the United States or Thailand, and the RV172 trial was executed in Uganda,
Kenya, and Tanzania. All subjects were healthy, HIV-seronegative adults (18 to 55 years old) with low-risk
behavior. Participants in the RV172 study were administered plasmid DNA encoding clade A Gag, Pol,
and Nef and clade A, B, and C Envs at weeks 0, 4, and 8, followed by a recombinant adenovirus type 5
(Ad5) boost (1 X 10™ or 1 X 10" PFU) with homologous proteins at month 24 (35). Participants of the
RV114 study received three bivalent gp120 (clade B/E) protein immunizations in MF59 adjuvant, at weeks
0, 4, and 16 (36). Participants of the RV132 trial received a canarypox virus vector (ALVAC) prime encoding
HIVe, HIVg,q, and HIV,,, at weeks 0, 4, 12, and 24, followed by an Env protein boost with either
oligomeric gp160 in PCPP adjuvant or bivalent gp120 in MF59 adjuvant at weeks 12 and 24 (24). RV144
participants received the same priming modality, but the protein boosts consisted of bivalent gp120
protein in alum adjuvant (AIDSVAX) (4). Finally, RV158 participants were administered three immuniza-
tions with a vaccinia virus (MVA-CMDR) encoding HIV-1 gp160, Gag, and Pol, delivered either intramus-
cularly or intradermally, at 0, 4, and 12 weeks (22). Uninfected specimens and specimens from chronically
HIV-infected individuals were obtained from the RV229 and RV149 trials, respectively. Cryopreserved
PBMCs were obtained from peak immunogenicity times, roughly 2 weeks after the final immunization for
each group.

All individuals participating in this study provided written informed consent. Ethical approval was
obtained from institutional review boards in each country as well as from the Human Subjects Protection
Branch at the Walter Reed Army Institute of Research.

Stimulation. Cryopreserved PBMCs were thawed and allowed to rest overnight at 37°C and 5% CO,
at a concentration of about T X 106 to 2 X 10 cells/ml in R10 medium (RPMI 1640 supplemented with
10% heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin [100 U/ml], and streptomycin [100
ng/ml]). The next day, PBMCs were resuspended to a concentration of 1 X 106 to 2 X 10¢ cells/ml in R10
medium containing anti-CD28/anti-CD49d costimulatory antibodies (1 wg/ml) (clones L293 and L25; BD
Biosciences) in 5-ml fluorescence-activated cell sorter (FACS) tubes. PBMCs were stimulated for 6 h with
15-mer overlapping peptide pools comprising HIV Gag, Pol, Nef, or Env potential T cell epitopes (NIH
AIDS Reagent Program) at a concentration of 1 ug/ml. Matched PBMCs stimulated with staphylococcus
enterotoxin B (SEB) and unstimulated cells served as positive and negative controls, respectively.

Multiparameter flow cytometry. During stimulation, pretitrated amounts of LEAF anti-CD40 (clone
HB14; BioLegend), phycoerythrin (PE)-Cy5-conjugated anti-CD107a (BD Pharmingen), and allophycocya-
nin (APC)-Cy7-conjugated anti-CD40L (clone 24-31; BioLegend) antibodies were added to the medium.
Thirty minutes into the stimulation, brefeldin A (Sigma) and monensin (BD Biosciences) were added to
the medium to facilitate the detection of intracellular cytokines. After stimulation, PBMCs were washed
with phosphate-buffered saline (PBS) and stained with an amine-reactive dye (LIVE/DEAD Aqua Blue;
Invitrogen) at room temperature for 30 min. Cells were subsequently washed in cold staining buffer (PBS
with 0.5% bovine serum albumin) and surface stained for 30 min at 4°C with surface CXCR5-Alexa Fluor
488 (RF8B2; BD Pharmingen), CD8-PE-CD594 (RDA-T8; BD Horizon), PD-1-eFluor 650 (eBioJ105; eBiosci-
ence), and CD45R0-BV711 (UCHL1; BioLegend) antibodies. After washing, cells were fixed and perme-
abilized using 2% paraformaldehyde and 1X CytoPerm wash buffer (BD Biosciences). Subsequently, cells
were resuspended in 100 ul 1X CytoPerm containing IL-21-PE (4BG1; BioLegend), IFN-y-PE-Cy7 (4S-B3;
BD Pharmingen), cMAF-eFluor 660 (symOF1; eBioscience), TNF-a—Alexa Fluor 700 (MAb 11; BD Pharmin-
gen), CD4-BV421 (RPA-T4; BioLegend), and CD3-Qdot605 (UCHT1; Life Technologies) antibodies.

Flow cytometric data were collected with an LSR Il flow cytometer and FACSDiva software (BD
Biosciences). Compensation was performed with single-stained capture beads (CompBeads; BD Biosci-
ences) and an amine-reactive dye (ArC; Invitrogen). Cytometer settings were standardized using multi-
fluorescence calibration beads (Rainbow fluorescent particles; Spherotech). The total number of cells in
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each sample was determined for analysis, and data were analyzed with FlowJo, version 9.4.1 (TreeStar).
Initial gating used side scatter area versus forward scatter area to delineate the lymphocytes in the
population, followed by doublet removal using a plot of side scatter height versus side scatter area. CD3+
LIVE/DEAD Aqua gating identified viable T cells. Following this gating, events were sequentially gated on
CD4* CD8~ and CD4+ CD45RO* for memory cells or CD4* CXCR5* for pTfh cells. Following identifi-
cation of these subsets, each respective function was analyzed by creating a single gate. All functional
responses shown were subjected to background subtraction on the basis of the unstimulated control for
each patient, as described previously (37); all response data equal to or less than the 75th percentile for
the background-subtracted values were removed. Coexpression analysis of IFN-y, TNF-e, IL-21, CD40L,
and CD107a was performed with a Boolean gating strategy and the PESTLE and SPICE software suite
(NIH/M. Roederer [37]).

Statistical analysis. Statistical analysis was performed with Prism V6.07 (GraphPad). Differences in
magnitudes of responses between immunization groups were compared by Kruskal-Wallis analysis
followed by Dunn’s multiple-comparison test. For comparisons of Boolean populations, Wilcoxon signed-
rank tests were performed using SPICE 5.1 software. P values of <0.05 were considered significant.
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