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Studies have shown that vaccine vectors and route of immunization can differentially

activate different arms of the immune system. However, the effects of different HIV

vaccine immunogens on mucosal inflammation have not yet been studied. Because

mucosal sites are the primary route of HIV infection, we evaluated the cervico-vaginal

inflammatory cytokine and chemokine levels of Mauritian cynomolgus macaques

following immunization and boost using two different SIV vaccine immunogens. The

PCS vaccine delivers 12 20-amino acid peptides overlapping the 12 protease cleavage

sites, and the Gag/Env vaccine delivers the full Gag and full Env proteins of simian

immunodeficiency virus. We showed that the PCS vaccine prime and boosts induced

short-lived, lower level increases of a few pro-inflammatory/chemotactic cytokines. In

the PCS-vaccine group only the levels of MCP-1 were significantly increased above the

baseline (P = 0.0078, Week 6; P = 0.0078, Week 17; P = 0.0234; Week 51) following

multiple boosts. In contrast, immunizations with the Gag/Env vaccine persistently

increased the levels of multiple cytokines/chemokines. In the Gag/Env group, higher than

baseline levels were consistently observed for IL-8 (P = 0.0078, Week 16; P = 0.0078,

Week 17; P = 0.0156, Week 52), IL-1β (P = 0.0234, Week 16; P = 0.0156, Week 17;

P = 0.0156, Week 52), and MIP-1α (P = 0.0313, Week 16; P = 0.0156, Week 17;

P = 0.0313, Week 52). Over time, repeated boosts altered the relative levels of these

cytokines between the Gag/Env and PCS vaccine group. 18 weeks after final boost with

a higher dosage, IP-10 levels (P = 0.0313) in the Gag/Env group remained higher than

baseline. Thus, the influence of vaccine immunogens on mucosal inflammation needs to

be considered when developing and evaluating candidate HIV vaccines.
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FIGURE 5 | Significant changes in the CVL levels of IFN-γ, GM-CSF, and IL-10 after immunization and multiple boosts analyzed using Wilcoxon matched- pairs

signed-rank paired t-test. Data presented as values from individual monkeys with median and range. Arrows indicate immunization. n = 8 monkeys/group (n = 7 for

Gag/Env). Experiments were run in duplicates. *P < 0.05.
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exposure to the Gag/Env immunogens. This elevation of
multiple pro-inflammatory mediators in the cervico-vaginal
mucosa persisted 18 weeks after the final boost. In contrast, with
a more modest and transient increases in CVL inflammatory
cytokines/chemokines were evident following repeated exposure
to the PCS immunogen.

Relative Differences in CVL
Cytokine/Chemokine Levels Among the
Vaccine Groups Were Altered Following
Multiple Boosts
At pre-immunization baseline (week 0), control group CVL levels
of IP-10 (P = 0.0104, and P = 0.0006), IL-8 (P = 0.007), MCP-1
(P = 0.0205), MIP-1α (P = 0.0499, and P = 0.0019), RANTES
(P = 0.0104), MIP1β (P = 0.0207), and IL-17A (P = 0.0499)
were significantly higher than that of the PCS vaccine and/or the
Gag/Env vaccine groups (Figures 6–9), while only the level of
RANTES in the PCS vaccine group was higher than that of the
Gag/Env vaccine group (P= 0.0104) (Figure 8G). The increase of
CVL cytokine/chemokine levels after prime did not significantly
alter the relative differences among groups (time points showing
non-significant differences were omitted in figures). Similarly,
the significant increase in cytokine/chemokine levels in the
Gag/Env vaccine group following Boost 1 did not result in
alteration of relative levels of cytokines/ chemokines among the
three vaccine groups.

After boosting with nanoformulated immunogens, the relative
levels of CVL cytokine/chemokine levels between vaccine
groups were significantly altered. The increase of IP-10 after
NANOgag/env intranasal boost resulted in significant higher
levels in comparison to the PCS vaccine group at week 17
(P = 0.0207) (Figure 6F). Similarly, significantly higher levels
of IL-1β were observed in the Gag/Env vaccine group when
compared to that of the PCS group at the same time point
(P = 0.0379) (Figure 7D). Thus, boosting with nanoformulated
Gag/Env DNA increased cervico-vaginal mucosal IP-10 and IL-
1β levels.

On the other hand, the increase inMCP-1 following intranasal
NANOpcs boost resulted in significantly higher levels of MCP-
1 in the PCS vaccine group than that in the Gag/Env group
(P = 0.0471) at week 51 (Figure 7J). In the case of IL-8, an
increase in the levels of the Gag/Env group is observed over
time (Figures 6I–L), reaching significant differences with the
PCS group at week 52 (Figure 6J). Boost 3 also enhanced
the relative difference in IL-1β between the Gag/Env and PCS
groups (P = 0.0379) (Figure 7E). The repeated boosts also
altered relative levels of MIP-1α (Figures 8A–F), and RANTES
(Figures 8G–L) among the three groups.

DISCUSSION

Using a non-human primate model, our study is the first
to demonstrate distinct SIV immunogens induced different
mucosal inflammatory responses. SIV immunogens delivered
with VSV and nanoformulation differentially influenced
cervico-vaginal inflammatory cytokine/chemokine levels. MCMs

immunized with full Gag and Env immunogens showed increase
of a broader spectrum of inflammatory mediators with higher
magnitude than those immunized with short PCS peptides. This
elevation of multiple pro-inflammatory cytokines/chemokines
in the cervico-vaginal mucosa of the Gag/Env-immunized
MCMs persisted even at 18 weeks after the final boost; while
repeated immunizations with the short PCS peptides had little
persistent effect on the cervico-vaginal mucosal inflammatory
mediators. The persistent elevation of pro-inflammatory
mediators may have deleterious effect on potential efficacy
conferred by the Gag/Env vaccine. The immunogen-induced
mucosal inflammatory environment may tip the balance
between vaccine-induced anti-viral effect and vaccine-induced
susceptibility due to immune activation and the increase of
target cells, thus influence vaccine efficacy. The findings in this
study demonstrated that a candidate HIV vaccine may need
to consider immunogen induced mucosal inflammation and
immune activation.

Our study showed that both the VSV vector and the
immunogens appear to contribute to the magnitude and
spectrum of the increase of mucosal inflammatory mediators.
Although multiple cytokines/chemokines slightly increased in
the VSV vector-only control group after prime, only the level
of IL-6 was increased >3-fold, whereas, >3-fold increase of
five cytokines/chemokines (IFNγ, RANTES, GM-CSF, MCP-
1, and IL-17A) was observed in the MCM immunized with
rVSVpcs. The modest effect of rVSVgag/env on the mucosal
inflammatory cytokines/chemokines after prime could be due
to the slower replication of rVSVgag and rVSVenv than the
VSV and rVSVpcs. The unique characteristic of VSV as vaccine
vector to induce strong immunogen-directed humoral and
cellular immune responses (20, 28, 29) largely depends on its
fast replication (30). However, it has been demonstrated that
although flexible packaging capacity is amajor advantage in using
VSV as a vaccine vector, adding inserts often led to slower viral
replication and therefore, low viral titres (29). It is possible that
due to carrying larger inserts, the rVSVgag/env initially induced
a weaker and delayed innate immune response after prime, as
seen in a previous study comparing cytotoxic T lymphocytes
(CTL) responses between VSV-Gag/Env and VSV-Gag only
immunization (20).

Our study also revealed that the influence of VSV vector on
mucosal inflammatory mediators was short-lived, as the increase
of cytokines/chemokines after the prime did not last, and further
boost with the VSV vector had little effect. On the other hand,
the apparent influence of immunogens onmucosal inflammatory
mediators seemed to last much longer as demonstrated by
the persistent elevation of multiple cytokines/chemokines 6–
8 months after boosting with the Gag/Env vaccine. Although,
when nano-formulated immunogens were used alone or
together with VSV-vectored immunogens to boost the immune
responses, the changes of the cervico-vaginal inflammatory
cytokines/chemokines are likely due to the host response to
the immunogens. Previous studies have shown that IgGs to
VSV were rapidly induced after immunization with VSV vector
and VSV-vectored immunogens, and neutralizing antibodies
against VSV are detectable even at 300 days post-immunization
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FIGURE 6 | Significant differences in CVL levels of IP-10 and IL-8 among the 3 vaccine groups at different time points including Week 0 and 90 analyzed using Mann-

Whitney t-test. Data presented as values from individual monkeys with median. (A–F) IP-10 (G–L) IL-8. n = 8 monkeys/group (n = 7 for Gag/Env). Experiments were

run in duplicates. *P < 0.05, **P < 0.01, and ***P < 0.001. Non-significant differences between groups were not included.
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FIGURE 7 | Significant differences in CVL levels of IL-1β and MCP-1 among the 3 vaccine groups at different time points including Week 0 and 90 analyzed using

Mann-Whitney t-test. Data presented as values from individual monkeys with median. (A–F) IL-1β (G–L) MCP-1. n = 8 monkeys/group (n = 7 for Gag/Env).

Experiments were run in duplicates. *P < 0.05 and **P < 0.01. Non-significant differences between groups were not included.
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FIGURE 8 | Significant differences in CVL levels of MIP-1α, and RANTES among the 3 vaccine groups at different time points including Week 0 and 90 analyzed using

Mann-Whitney t-test. Data presented as values from individual monkeys with median. (A–F) MIP-1α (G–L) RANTES. n = 8 monkeys/group (n = 7 for Gag/Env).

Experiments were run in duplicates. *P < 0.05, **P < 0.01, and ***P < 0.001. Non-significant differences between groups were not included.
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FIGURE 9 | Significant differences in CVL levels of IL-6, MIP-1β, and IL-17A among the 3 vaccine groups at different time points including Week 0 and 90 analyzed

using Mann-Whitney t-test. Data presented as values from individual monkeys with median. (A–C) IL-6 (D–I) MIP-1β (J,K) IL-17A. n = 8 monkeys/group (n = 7 for

Gag/Env). Experiments were run in duplicates. *P < 0.05 and **P < 0.01. Non-significant differences between groups were not included.

(28, 31). Thus, the short-lived effect of VSV vector on
the mucosal inflammatory mediators could be due to the
induced anti-VSV immune responses. However, the anti-
VSV vector immune responses did not appear to affect the

influence of immunogens on the cervico-vaginal inflammatory
cytokines/chemokines. Over the course of prime and boosts,
the PCS and Gag/Env vaccines differentially influenced cervico-
vaginal mucosal inflammatory cytokines/chemokines. Because
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only VSV-vectored immunogens were used for prime and
Boost 4, and only nano-formulated immunogens were used
for Boost 2, the influence of vector and immunogens can
be inferred.

Mucosal inflammation is not typically included in vaccine
efficacy evaluation. This study shows that evaluating the potential
effects of vaccine immunogens on mucosal inflammatory
cytokine/chemokine levels is important and that the balance
between vaccine-induced anti-viral immune responses
and vaccine-induced inflammatory response contributing
to susceptibility needs to be considered in HIV vaccine
development. However, since this study only examined the levels
of cytokines/chemokines produced after immunization and
boosting, this study was not able to determine which immune
cells are producing specific cytokines/chemokine at a given
time point. Future studies may examine mucosal tissue for cell
activation and proliferation, as well as the evaluation of systemic
inflammation following immunization.
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