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ABSTRACT

The international effort to prevent HIV-1 infection by vaccination has failed to develop an effective vaccine. The aim of this vac-
cine trial in women was to administer by the vaginal mucosal route a vaccine consisting of HIV-1 gp140 linked to the chaperone
70-kDa heat shock protein (HSP70). The primary objective was to determine the safety of the vaccine. The secondary objective
was to examine HIV-1 infectivity ex vivo and innate and adaptive immunity to HIV-1. Protocol-defined female volunteers were
recruited. HIV-1 CN54gp140 linked to HSP70 was administered by the vaginal route. Significant adverse reactions were not de-
tected. HIV-1 was significantly inhibited ex vivo in postimmunization CD4™" T cells compared with preimmunization CD4" T
cells. The innate antiviral restrictive factor APOBEC3G was significantly upregulated, as were CC chemokines which induce
downregulation of CCR5 in CD4" T cells. Indeed, a significant inverse correlation between the proportion of CCR5* T cells and
the concentration of CCL-3 or CCL-5 was found. Importantly, the upregulation of APOBEC3G showed a significant inverse cor-
relation, whereas CCR5 exhibited a trend to correlate with inhibition of HIV-1 infection (r = 0.51). Furthermore, specific CD4*
and CD8" T cell proliferative responses were significantly increased and CD4™ T cells showed a trend to have an inverse correla-
tion with the viral load (r = —0.60). However, HIVgp140-specific IgG or IgA antibodies were not detected. The results provide
proof of concept that an innate mechanism consisting of CC chemokines, APOBEC3G, and adaptive immunity by CD4 and CD8
T cells might be involved in controlling HIV-1 infectivity following vaginal mucosal immunization in women. (This study has
been registered at ClinicalTrials.gov under registration no. NCT01285141.)

IMPORTANCE

Vaginal immunization of women with a vaccine consisting of HIVgp140 linked to the 70-kDa heat shock protein (HSP70) elic-
ited ex vivo significant inhibition of HIV-1 replication in postimmunization CD4™" T cells compared with that in preimmuniza-
tion peripheral blood mononuclear cells. There were no significant adverse events. The vaccine induced the significant upregula-
tion of CC chemokines and the downmodulation of CCR5 expression in CD4 " T cells, as well as an inverse correlation between
them. Furthermore, the level of CCR5 expression was directly correlated with the viral load, consistent with the protective mech-
anism in which a decrease in CCR5 molecules on CD4™ T cells decreases HIV-1 envelope binding. Expression of the antiviral
restriction factor APOBEC3G was inversely correlated with the viral load, suggesting that it may inhibit intracellular HIV-1 rep-
lication. Both CD4* and CD8™ T cells showed HIVgp140- and HSP70-specific proliferation. A strong inverse correlation be-
tween the proportion of CC chemokine-modulated CCR5-expressing CD4" T cells and the stimulation of CD4* or CD8" T cell
proliferation by HIVgp140 was found, demonstrating a significant interaction between innate and adaptive immunity. This is
the first clinical trial of vaginal immunization in women using only HIVgp140 and HSP70 administered by the mucosal route (3
times) in which a dual innate protective mechanism was induced and enhanced by significant adaptive CD4* and CD8* T cell
proliferative responses.

he global human immunodeficiency virus (HIV) pandemic

continues, and an effective vaccine has so far not been pro-
duced. In a recent assessment in Nature Medicine of the latest of 5
well-conducted large-scale clinical trials of HIV type 1 (HIV-1)
vaccines, 4 invited experts discussed the failure of the vaccines to
prevent HIV infection or decrease the viral load set point (1). Two
trials (STEP and Phambili) showed that the HIV infection rates
after vaccination were higher than those achieved with placebo,
and in both trials the higher HIV infection rates were attributed to
the recombinant adenovirus type 5 vector (2). The exception was
the RV144 clinical trial, which suggested that subcutaneous ad-
ministration of an envelope-based vaccine may offer limited pro-
tection against HIV (3). Nonetheless, valuable lessons have been
learned and cautious optimism was expressed. The overall strategy
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of these trials was the induction of the classical antibody and/or
cellular immune response and the use of prime-boost strategies
and more effective vectors. A great deal of attention has been paid
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to neutralizing antibodies targeting the V1 and V2 loops and spe-
cific sites within the structure of the HIV-1 trimer. While some of
these approaches are proven strategies in vaccination that must be
pursued, innate immunity, though often discussed, does not fea-
ture greatly in these trials, despite its importance in the most suc-
cessful smallpox and yellow fever vaccines (4, 5).

We have pursued a strategy which attempts to induce first an
early platform of innate immunity on the basis of two mecha-
nisms: (i) inhibition of HIV-1 by downmodulation or blocking of
the CCR5 coreceptor induced by an increase in the CC chemo-
kines CCL-3, CCL-4, and CCL-5 (35, 36, 38) and (ii) inhibition of
HIV-1 which may have escaped the CCR5-mediated mechanism
by upregulation of the antiviral factor apolipoprotein B mRNA-
editing enzyme-catalytic polypeptide-like 3G (APOBEC3G) and
inactivation of Vif (6-9). Both mechanisms have been demon-
strated in nonhuman primates and parts of the mechanism have
also been demonstrated in humans, but not following immuniza-
tion against HIV-1. Critically, early innate immunity is thought to
boost subsequent HIV-1-specific adaptive cellular and antibody
responses and may offer initial resistance to infection.

In order to establish a platform of innate immunity, the HIV
CN54gp140 glycoprotein (10) was linked to the 70-kDa mycobac-
terial heat shock protein (HSP70). The former uses the outer en-
velope protein of a C-clade HIV isolate as the protective antigen.
Although the rationale for using HIVgp140 has long been estab-
lished (3), linking it to HSP70 is not well-known, and such an
approach has not been used in clinical trials. HSP70 plays an im-
portant role in both innate and adaptive immunity (11), and it
may facilitate loading and processing of antigenic epitopes into
major histocompatibility complex (MHC) class II (12), as well as
into MHC class I by cross-reactive priming (13). HSP70 is a po-
tent stimulator of CC chemokines (14), cytokines (15), and
APOBEC3G (16), which inhibits HIV-1 or simian immunodefi-
ciency virus (SIV). HSP70 also functions as a coadjuvant by virtue
of binding among other receptors, CD40 and the CCR5 mole-
cules, and Toll-like receptor 4 (TLR4) in dendritic cells (DCs) and
macrophages (14, 17-19). Furthermore, microbial HSP70 inhibits
in vitro HIV-1 infection of human CD4" T cells (20). Thus,
HSP70 may function as a coadjuvant, enhancing innate immu-
nity, and when linked to antigen it may induce adaptive immune
responses.

In a preclinical toxicology, immunogenicity, and protective
study in macaques, we used a vaccine preparation consisting of
HIV envelope protein gp120 and SIVp27 mixed with three extra-
cellular peptides from the human CCR5 molecule, all of which
were linked to HSP70 (21). The vaccine was administered by the
vaginal mucosal route to female rhesus macaques. Local or sys-
temic adverse reactions were not recorded. CC chemokines and
downmodulation of cell surface CCR5 expression were found in
CD4™ T cells, which also showed proliferative responses, but low
levels of serum and vaginal fluid IgG and IgA antibodies were
detected. Vaginal challenge with simian-human immunodefi-
ciency virus 89.6P (SHIV89.6P) infected all macaques, but se-
quential analysis showed that whereas the virus persisted in the
four unimmunized animals, in two of the four vaginally immu-
nized macaques, the virus was cleared and the CD4 T cell counts
returned to normal levels. This experiment suggested that vaginal
delivery of an HIV/SIV vaccine linked to HSP70 may elicit some
protection in a nonhuman primate model.

We report here the first phase 1 human trial of vaginal immu-
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nization with HIV CN54gp140 glycoprotein (HIVgp140) linked
to an HSP70 vaccine (ClinicalTrials.gov NCT01285141 [http:
/[clinicaltrials.gov/ct2/show/NCT01285141]). The vaccine did
not induce adverse reactions, induced significant inhibition of
HIV-1 ex vivo in peripheral blood mononuclear cells (PBMCs)
postimmunization, and elicited innate and T cell immune re-
sponses.

MATERIALS AND METHODS
The protocol for this trial and supporting CONSORT checklist are avail-
able in Table SIA in the supplemental material.

Ethics statement. Ethical approval for this study was obtained from
the United Kingdom National Research Ethics Service, Wandsworth Re-
search Ethics Committee reference 11/LO/0459. Written informed con-
sent was obtained from all participants after the nature and possible con-
sequences of the study were explained. This study protocol was registered
on ClinicalTrials.gov (NCT01285141) and the European Clinical Trials
Database (2010-022740-20) prior to subject recruitment. Clinical trial
approval was obtained from the United Kingdom Medicines and Health-
care Products Regulatory Agency (reference 16745/0216/001-0001).

Objectives. The primary objective was to determine the local and sys-
temic safety and tolerability of vaginal immunization with CN54gp140
linked to the HSP70 vaccine administered 3 times over a 12-week period.
The primary variables were the frequency of subject reporting of adverse
events (AEs) during the entire study period from the first immunization.
Exploratory variables included ex vivo inhibition of HIV-1 replication in
PBMC:s following immunization, the concentrations of three CC chemo-
kines, the expression of cell surface CCR5 and CXCR4 and intracellular
APOBEC3G in CD4™ T cells, the proliferative responses of PBMCs and
CD4 and CDB8 cells, and the concentrations of anti-HIVgp140- and anti-
HSP70-specific IgG and IgA antibodies in serum and cervicovaginal se-
cretions.

Participants. As this was a hypothesis-generating pilot study, no pla-
cebo was included, and no formal power calculation for sample size was
performed. The inclusion criteria for the 8 healthy female volunteers aged
18 to 45 years were that they provide written informed consent of good
health, which was determined from their medical history and by physical
examination; that they have a negative hematologic pregnancy test; that
they be practicing appropriate contraception; and that they have a normal
cervical smear within a calendar year of the date of screening. Exclusion
criteria included hypersensitivity to any component of the vaccine; a pos-
itive test result for HIV antibody or HIV proviral DNA at the time of initial
screening; positive results for hepatitis B or C virus, Chlamydia trachoma-
tis, Neisseria gonorrhoeae, or Treponema pallidum infection; and the re-
ceipt of any medication via the vaginal route.

Description of procedures or investigations undertaken. (i) Vaccine
formulation and production. HIV-1 CN54gp140 is a subunit envelope
protein of a C-clade HIV-1 isolate comprising a sequence of 634 amino
acids (10). This HIV subtype is believed to cause more than 50% of cases
of HIV-1 infection worldwide and is predominant in southern and eastern
Africa and India (10). Mycobacterium tuberculosis HSP70 is a chaperone
protein which is produced in Escherichia coli cells and purified by ultrafil-
tration, and the pH is adjusted to 8 (22). In macaques, HSP70 functions as
a coadjuvant enhancing mostly the innate and cellular responses (14-21).
Recombinant CN54gp140 was produced in a eukaryotic expression sys-
tem under good manufacturing practice (GMP) guidelines by Polymun
(Vienna, Austria), and HSP70 was expressed under the control of cGMP
in E. coli by Biomeva (Heidelberg, Germany). The antigen must be con-
jugated with HSP70 (22), and conjugation was carried out by Biomeva
under the control of cGMP using the method with N-succinimide 3-(2-
pyridyldithio)-propionate (SPDP), a heterobifunctional membrane-per-
meant cross-linker acting through the reduction of —SH groups and
linking through lysine within each protein molecule to form a stable co-
valent bond between the two proteins. Clinical batches of CN54gp140
glycoprotein-HSP70 conjugate vaccine were prepared under conditions
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of good manufacturing practice and presented as a solution with a total
protein concentration of 400 wg/ml in phosphate-buffered saline (PBS)—
EDTA bulffer, pH 7.4. Each immunization comprised a 0.25-ml volume of
vaccine containing a single 100-p.g dose, selected on the basis of our pre-
vious preclinical and clinical programs (23, 24).

(ii) Immunization of human female volunteers. Recumbent subjects
received three immunizations with 0.25 ml (one standard dose) of vaccine
at weeks 0, 4, and 12. The vaccine was administered directly into the
vagina using a 1-ml syringe without an attached needle. Subjects remained
recumbent for 15 min before mobilizing, and they were kept under direct
observation for 1 h.

(iii) Sample collection. A blood sample was taken before the first
immunization, at the time of each immunization (0, 4, and 12 weeks), and
then at weeks 16 and 20 after the first immunization. Cervical and vaginal
secretions were sampled at the same times using a Weck-Cel surgical spear
(Medtronic, Watford, United Kingdom) placed either in the cervical os or
against the vaginal wall for 2 min. The secretions were then eluted (2
times) as described previously (24). Briefly, the spearheads were snipped
into the top chamber of a Spin-X tube (Corning Inc., Corning, NY) con-
taining 300 .l sterile-filtered extraction buffer (250 mM NaCl, 16 pro-
tease inhibitor cocktail set 1 [Calbiochem, United Kingdom]) in PBS and
centrifuged, and the procedure was repeated prior to separation of the
secretions in buffer into 200-pl aliquots, which were frozen at —80°C
before antibody analysis.

(iii) Preclinical toxicology assessment in rabbits. As part of the pre-
clinical toxicology evaluation to support the clinical trial reported here,
study 24953 was conducted under good laboratory practice (GLP) guide-
lines approved by the German Tierschutzgesetz (Niedersichsisches
Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit file refer-
ence 33.2-42502-05-LG-01-49/2009) in New Zealand White rabbits (n =
4) immunized intravaginally (days 1, 8, and 15) with 1X the human clin-
ical dose of the HIV CN54gp140 glycoprotein linked to the HSP70 vaccine
(100 g total protein). A control group (1 = 4) received a sham immu-
nization with normal saline placebo. No significant toxicological abnor-
malities were observed.

(iv) HIV-1 (Bal) infectivity of PBMCs. HIV-1 infection was tested as
described before (25). PBMCs were activated with 10 pg/ml of phytohem-
agglutinin (PHA; Sigma) in supplemented RPMI for 5 days and then
washed with medium and cultured in supplemented RPMI with 20 TU
interleukin 2 (IL-2) overnight (Schiaparelli Biosystems BV, Woerden,
Netherlands). Serial dilutions of primary HIV-1 strain BaL (a CCR5-
binding strain) were prepared with a starting concentration of 20 ng/100
ul of p24. Aliquots of 2 X 10° cells were infected with serial dilutions with
a 1:10 to 1:10 > multiplicity of HIV-1 strains for 3 h. The cells were
washed three times with medium and cultured in triplicate at 1 X 10° cells
per well in 96-well culture plates. Every 2 days, 100 .l of culture superna-
tant was replaced with 100 pl of medium supplemented with 20 IU IL-2.
On day 8, the cell-free culture supernatant was assayed with an in-house
Aalto Bio Reagents Ltd. HIV-1 p24 antigen enzyme-linked immunosor-
bent assay (ELISA). HIV-1 (BaL) virions were lysed with Empigen BB
detergent (catalog no. 45165; Sigma), and p24 antigen was bound to poly-
clonal antibody and detected with an alkaline phosphatase conjugate. The
procedure was carried out as described by Aalto Bio Reagents Ltd. ELISA
plates were read in a luminometer (Fluostar Omega; BMG Labtach), and
the results are expressed as the mean = standard error of the mean (SEM)
for each concentration of p24 in the pre- and postimmunization PBMCs.

(v) Assay of RANTES, MIP-1, and MIP-1f in plasma and culture
supernatants. Quantitation of RANTES, macrophage inflammatory pro-
tein lae (MIP-1at), and MIP-1f (CCL-5, CCL-3, and CCL-4, respectively)
was carried out by a Luminex bead assay using Fluorokine multianalyte
profiling (MAP) kits (R&D, Oxford, United Kingdom), as described pre-
viously (15).

(vi) Flow cytometry analysis of cell surface expression of CCR5 and
CXCR4 on CD4™ T cells. CCR5 and CXCR4 expression on CD4 " T cells
was identified by incubating 1 X 10° PBMCs with antibodies specific to
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CCR5 or CXCR4 (BD Biosciences, United Kingdom). After 20 min of
incubation, the cells were washed and analyzed by flow cytometry, and
live cells were gated and expressed as the proportion of CCR5 or CXCR4
on CD4™ T cells.

(vii) Intracellular APOBEC3G and cytokine studies by flow cytom-
etry. Intracellular APOBEC3G protein expression on CD4™ T cells was
assayed by intracellular staining with anti-APOBEC3G monoclonal
antibodies (MAbs; kindly supplied by NIBSC, United Kingdom), as
described elsewhere (8). APOBEC3G MAb was conjugated with fluo-
rescein isothiocyanate (FITC) using a LYNX rapid fluorescein anti-
body conjugation kit (ABD Serotec, Oxford, United Kingdom). After
cell surface staining with anti-CD4 MAb (Biolegend, United King-
dom), the cells were washed and fixed with a fixation buffer for 3 min
(eBioscience, Insight Biotechnology, London, United Kingdom), fol-
lowed by treatment with the permeabilization buffer (eBioscience).
Ten microliters of FITC-conjugated APOBEC3G antibody (10 pg/ml)
was added to the cell pellets, and following 30 min of incubation, the
cells were washed and analyzed by flow cytometry on a FACSCanto II
flow cytometer (BD Biosciences) using FACSDiva software.

For intracellular cytokine staining, cells were surface stained with CD4
antibody, fixed for 10 min, and permeabilized. The cell pellets were incu-
bated with prediluted FITC-conjugated antibodies to IL-12, gamma in-
terferon (IFN-v), or IL-6 (all from Biolegend, United Kingdom). After 30
min of incubation, the cells were washed and analyzed by flow cytometry.

(viii) Lymphocyte proliferation assay. Lymphocyte proliferation was
determined by use of a Cell Trace carboxyfluorescein succinimidyl ester
(CFSE) cell proliferation kit (Molecular Probes, Invitrogen, United King-
dom). PBMCs were isolated from blood by Ficoll-Hypaque separation
and stored in liquid nitrogen. Unstimulated cells and HSP70-stimulated
(10 wg/ml), HIVgp140-stimulated (10 pg/ml), or tetanus toxoid (TT)-
stimulated (10 pg/ml) cells were cultured, cell proliferation was deter-
mined by dilution of the CFSE-labeled CD4" and CD8™ T lymphocyte
populations after 7 days of incubation by staining with the corresponding
monoclonal antibodies (Biolegend, Cambridge Biosciences, United King-
dom), and the cells were gated for analysis. The results are expressed as a
proportion of the total number of PBMCs and the total level of CD4 or
CD8 T cell proliferation in the population.

(ix) Quantification of HIV CN54gp140- and HSP70-specific IgG and
IgA antibodies in serum and cervical and vaginal secretions by ELISA.
The titer of HIVgp140 and HSP70-specific antibodies was measured by an
indirect ELISA based on that described previously (23), using HIV-
CN54gp140 (GMP product from Polymun, Vienna, Austria) and purified
HSP70 (Lionex, Germany). Serum samples and samples of cervical and
vaginal secretions were titrated at a starting dilution of 1/200 or 1/4 with
0.05% PBS-Tween 20, respectively. Goat anti-human IgG or IgA peroxi-
dase conjugates were used for specific IgG and IgA antibodies, respec-
tively; the latter recognize both monomeric and dimeric (mostly secre-
tory) IgA antibodies.

Statistical methods. In this pilot phase 1 clinical trial, no randomiza-
tion was performed and the subjects were allocated to a single cohort. One
subject missed the third immunization due to an unrelated adverse event
but completed further safety assessments. One subject had a missing cer-
vical secretion sample due to a laboratory processing error. There were no
other protocol deviations. All data are expressed as means = SEMs. The
Wilcoxon rank sum test was used for analysis of the significance between
the pre- and postimmunization values. Spearman correlation analysis was
applied to examine the relation between the assay variables.

RESULTS

Subjects enrolled. Nine female subjects aged 20 to 30 years (me-

dian age, 21 years) were enrolled. One subject was excluded before

the first immunization due to a medical event, so the cohort con-

sisted of 8 subjects (see Table S1A in the supplemental material).
AEs. Generally, the vaccine was well tolerated, with only tran-

sient and mild-moderate AEs being experienced (see Table S1B in
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FIG 1 Vaginal immunization at weeks 0, 4, and 12 induces increases in RANTES concentrations (ng/ml) in plasma (A) and MIP-1a concentrations (pg/ml) (B)
and MIP-18 (pg/ml) concentrations (C) in the culture supernatants (SN) of PBMCs alone ((J) or PBMCs stimulated with HIVgp140 (l) or HSP70 (M) (n =
8). The correlations between CCR5 and RANTES (D) and between CCR5 and MIP-1a after in vitro stimulation with HIVgp140 (E) and HSP70 (F) were assayed
preimmunization and at 4, 8, 16, and 20 weeks postimmunization (all readings before and after each immunization), but only samples from 7 subjects were
available because of the limited number of cells available at 4, 8, 16, and 20 weeks postimmunization. Statistical tests used the Wilcoxon rank sum test for panels
A to C and Spearman correlation analyses for panels D to F. *, P < 0.05; ***, P < 0.005.

the supplemental material). A total of 3 AEs were thought to be
possibly associated with vaccine administration on the basis of the
temporal association: one subject reported moderate-intensity
vulvitis and vulval erythema and increased vaginal discharge over
a 3- to 4-day period commencing on the day of the second immu-
nization. However, she had reported vulvitis on the day before this
immunization, and similar symptoms with no obvious relation-
ship to immunization occurred at three other times during the
study period. There were no vaccine-related serious adverse
events (SAEs).

Rabbit serum and vaginal IgG and IgA responses to
CH54gp140 and HSP70. A preclinical toxicology assessment was
carried out in 4 New Zealand rabbits by vaginal immunization of
the vaccine (3 times) to test for any toxicity of the vaccine, though
an HIVgp120-HSP70 vaccine used in vaginal immunization in
macaques was free of adverse affects (21). Four control rabbits
received saline. Serum samples obtained before immunization
and at day 16 after immunization were analyzed for antibodies by
ELISA. At necropsy, mucosal secretions were collected from the
vagina and vaginal vestibule (one sample from each site) using a
Weck-Cel sponge. As the primary purpose of this study was toxi-
cology, the accelerated intravaginal immunization schedule (days
1, 8, and 15) and sampling points (days 0 and 16) were not opti-
mized to detect immune responses. Nevertheless, vaginal immu-
nization induced an increase in the levels of serum IgG and IgA
against CN54gp140 and HSP70 compared with those in sham-
immunized animals, and the levels of mucosal IgA antibodies to
CN54gp140 were higher in immunized animals than in sham-
immunized animals (see Fig. S1 in the supplemental material).

CC chemokines in human plasma and culture supernatants
from human PBMCs. CC chemokines MIP-1a (CCL-3), MIP-113
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(CCL-4), and RANTES (CCL-5) in plasma and culture superna-
tant were studied by the Luminex-bead assay, as these may bind
CCRS5 and thereby block and/or downmodulate the coreceptor. A
significant increase in RANTES was found in plasma after the 2nd
immunization (week 8; P < 0.05; Fig. 1A), and this increase was
maintained after the 3rd immunization (weeks 16 and 20; from
98.8 = 18.2 ng/ml before immunization to 163 % 29.3 ng/ml after
immunization). The MIP-1 level in plasma showed a significant
increase from 132 = 46.8 to 165 * 52.9 pg/ml (P < 0.05) after the
Ist immunization and a further increase after the 2nd immuniza-
tion, but the variation (SEM) between the 8 subjects was large (see
Fig. S1 in the supplemental material). MIP-1a, however, was not
detected. The individual data are presented in Table S2 in the
supplemental material.

The three CC chemokines were also assayed in culture super-
natants generated over the 7 days of culture of PBMCs pre- and
postimmunization, as well as those stimulated in vitro with
HIVgp140 or HSP70. The results demonstrated that while MIP1a
was significantly upregulated after the 2nd (P < 0.05) and 3rd
(P < 0.005) immunizations (Fig. 1B), MIP-1B showed a signifi-
cant increase only after the 3rd immunization (Fig. 1C). Further-
more, MIP-1a and MIP-1f were significantly upregulated after
the 2nd immunization when PBMCs were stimulated in vitro with
either HIVgp140 or HSP70 (Fig. 1B and C). After the 3rd immu-
nization, very significant upregulation of MIP-1a (P < 0.005) and
MIP-183 (P < 0.05 and P < 0.005) was found in culture superna-
tants from HIVgp140- and HSP70-stimulated PBMCs, respec-
tively (Fig. 1B and C). The individual data are presented in Table
S3 in the supplemental material. While RANTES showed almost a
4-fold increase after the 2nd and 3rd immunizations, when
HIVgp140- and HSP70-stimulated cell culture supernatants were
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FIG 2 (A) Downregulation of CCR5" CD4™" T cells after each immunization at 0, 4, and 12 weeks; (B) regulation of the corresponding CD4* T cells showing
no change; (C) APOBEC3G upregulation in CD4™ T cells following each immunization; (D) viral load (expressed as the area under the curve [AUC]) pre- and
postimmunization in the PBMCs of the 8 female volunteers; (E) multiplicity of infection of HIV-1 (BaL) (expressed as the mean = SEM) preimmunization (O)
and postimmunization (@) with the HIVgp140-HSP70 vaccine by the mucosal route (3 times). (F to H) Correlation between the viral load (VL) and CCR5
expression (F), APOBEC3G expression (G), and CD4™" T cell proliferation (H) after the 3rd immunization (week 16). Statistical analyses were performed as

described in the legend to Fig. 1. *, P < 0.05; **, P < 0.01, ***, P < 0.001.

tested, the 5% level of significance was reached only with
HIVgp140 (P < 0.05; data not shown).

CCR5 and CXCR4 expression of human CD4* T cells. CCR5
is a major coreceptor for HIV-1 and is downmodulated by CC
chemokines or HSP70, resulting in decreased HIV-1 infectivity.
This was studied by multicolor flow cytometry, using anti-CCR5
or anti-CXCR4 and anti-CD4 antibodies. A significant decrease in
CCRS5 expression was found in the gated live cells after the 1st
immunization (P = 0.01), and this decrease was well maintained
throughout the period of investigation (Fig. 2A). The individual
data are presented in Table S4 in the supplemental material. The
CXCR4 coreceptor is bound only by the X4 strain of HIV-1; the
level of this coreceptor was also decreased, but only after the sec-
ond immunization, and the P value was lower (data not pre-
sented). It is noteworthy that the significant decrease in the
CCR5" subset of CD4™" T cells occurred without a corresponding
change in the total CD4" T cell population (Fig. 2B).

Correlation between CC chemokines and CCR5 expression.
Having found the upregulation of 3 CC chemokines and the
downregulation of CCR5 expression, we studied the potential cor-
relation between them. Indeed, the plasma RANTES (CCL-5)
concentration was inversely correlated with the proportion of
CCRS5 molecules expressed by CD4™ T cells (P < 0.01; Fig. 1D),
but the MIP-1( concentration was not, even though the concen-
tration was significantly raised (data not presented). The MIP-1a
concentration in the culture supernatant was also inversely corre-
lated with the proportion of CCR5 molecules with stimulation in
vitro with HIVgp140 (P < 0.05) or HSP70 (P < 0.01) (Fig. 1E and
F), as well as without further stimulation (P < 0.01; data not
presented). Although the MIP-1f3 concentration in the culture
supernatants showed inverse correlations with CCR5 levels, it
failed to reach the 5% level of significance (data not presented).
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The intriguing differences between the results for plasma and
those for culture supernatants are presently not clear.

APOBEC3G in CD4™ T cells. The purpose of studying the
innate restriction factor APOBEC3G is based on its effect on the
inhibition of intracellular HIV-1, once Vif has been inactivated by
HSP70. Intracellular flow cytometry with anti-APOBEC3G
monoclonal antibody showed significant upregulation after the
Ist (P < 0.05) and 3rd (P < 0.05) immunizations (Fig. 2C). An
early appearance of APOBEC3G might be critical in inhibiting any
HIV which may have gained access into the CD4™ T cells. The
individual data are presented in Table S5 in the supplemental
material. Furthermore, APOBEC3G was positively correlated
with MIP-1 (P < 0.05; see Fig. S2A in the supplemental mate-
rial), and this is consistent with the latter binding CCR5 and up-
regulating APOBEC3G.

Human T cell proliferative responses. PBMC and CD4™" and
CD8™ T cell proliferative responses were tested with samples of
blood taken before (week 0) and after each of the 3 immunizations
to study any cellular responses induced by immunization. These
were tested by the CFSE method, which showed a significantly
increased proliferation of PBMCs after the 2nd immunization
(P < 0.05) and greatly enhanced proliferation after the 3rd immu-
nization compared with that at the baseline, before immunization
(P < 0.001) (Fig. 3A). In vitro stimulation with HIVgp140 or
HSP70 also resulted in a significant increase in proliferation after
the 2nd immunization with HIVgp140 (P < 0.001; Fig. 3B) or
HSP70 (P < 0.01; Fig. 3C) compared with that at the baseline.
Furthermore, CD4™ T cells showed a progressive increase in pro-
liferation following immunization, and the increase reached a sig-
nificant level after the 2nd immunization (P < 0.05), but the
increase for CD8 " T cells was significant only after the 3rd immu-
nization (P < 0.001) (Fig. 3A). In vitro stimulation with
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FIG 3 Proliferative responses of PBMCs and CD4 " and CD8™" T cells of 8 women immunized at 0, 4, and 12 weeks. Blood samples were taken before and 4 weeks
after each vaginal immunization, and the last reading was 8 weeks after the final (3rd) immunization. (A) Proliferative response of PBMCs and CD4 " and CD8™
T cells before and after each immunization with no stimulation in vitro. (B and C) Proliferative responses with in vitro stimulation with HIVgp140 (B) and HSP70
(C). (D) Proliferative responses before immunization [J and after the 3rd immunization () with stimulation in vitro with TT compared with that with
HIVgp140. Pre- versus postimmunization statisticsl analyses were carried out by the Wilcoxon rank sum test. (E) The net difference between the pre- and
postimmunization values for cytokines IL-12 and IL-6 (see Table S7 in the supplemental material) was plotted against the viral load (VL) as the area under the
curve. *, P < 0.05; **, P = 0.01; ***, P < 0.001; ****, P < 0.005. Im, immunization.

HIVgp140 or HSP70 elicited very significant specific proliferation  nal antibodies to IL-12, IFN-v, and IL-6. Adequate numbers of
by the CD4™ and CD8™ T cells after the 2nd stimulation, but the P PBMCs were found in 6 of the 8 cases pre- and postimmunization
values for HIVgp140 were higher than those for HSP70 (Fig. 3B (see Table S7 in the supplemental material). The levels of IL-12
and C). The individual data are presented in Tables S6A to Cinthe  and IL-6 were increased in 4 out of 6 samples, and the net differ-
supplemental material. The nonspecific TT, to which most people  ence between the pre- and postimmunization levels was plotted
have been vaccinated, stimulated pre- and postimmunization against the viral load (Fig. 3E and F). The levels of both cytokines
PBMC, CD4", and CD8" proliferative responses higher than showed an inverse correlation, but only that for IL-12 was signif-
those stimulated by HIVgp140 (Fig. 3D) or HSP70 (not pre- icant (P = 0.02). IFN-y showed no changes, and the data for
sented), but the responses to HIVgp140 and HSP70 were signifi- IFN-y are not presented. IL-12 is a potent Th-1 cytokine and may
cantly increased (P < 0.01 to P < 0.001) and maintained for contribute to the protection against HIV. IL-6 plays an important
PBMCs and CD4" and CD8™ T cells up to 8 weeks after the 3rd  role in the mechanism of transition from innate to acquired im-
immunization, when the experiment was terminated. Altogether, munity (26).
in vivo vaginal immunization elicited significant CD4* and CD8™ Correlation between CCR5 or APOBEC3G and T cell prolif-
T cell proliferation, and the CD4* and CD8™ T cells showed spe-  erative responses. We next examined any correlation between the
cific HIVgp140 and HSP70 responses when challenged in vitro  innate CCR5 or APOBEC3G response and the T cell adaptive pro-
with these immunogens. liferative response. Surprisingly, very significant inverse correla-
Cytokines in CD4™ T cells. The cytokine effector response in  tions were found between CCR5 and CD4™" T cell or PBMC pro-
CD4™ T cells was assayed by intracellular staining with monoclo-  liferation when the cells were stimulated with HIVgp140 or
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FIG 4 (A to C) Proliferative responses of CD4™" T cells plotted against the proportion of CCR5" CD4™" T cells not stimulated (use of medium [Med] alone) (A),
stimulated in vitro with HIVgp140 (B), or stimulated in vitro with HSP70 (C). (D to F) Proliferative responses of CD8" T cells plotted against the proportion of
CCR5" CD4™" T cells not stimulated (D), stimulated with HIVgp140 (E), and stimulated with HSP70 (F). The statistical analyses used Spearman correlation.

HSP70 (P < 0.0005; Fig. 4B and C) and to a limited extent when
the cells were unstimulated (P < 0.05; Fig. 4A). However, the
corresponding PBMCs showed very significant correlations (P =
0.002 to P < 0.0001; see Fig. S2B to D in the supplemental mate-
rial). CD8™ T cells showed a significant correlation only when
stimulated with HIVgp140 (P = 0.0004; Fig. 4E). APOBEC3G,
however, showed no significant correlations with any of the pro-
liferative responses (data not presented). Thus, a novel interaction
between the innate and adaptive cellular responses was recorded.

HIV-1 infectivity ex vivo. To determine if immunization in-
hibits HIV-1, we determined the ex vivo infectivity of HIV-1 for
the pre- and postimmunization PBMCs by testing the multiplicity
of infection of the HIV-1 BaL strain for activated PBMCs for 8
days, and the culture supernatants were tested for HIV-1 p24 by
ELISA. These assays showed a significant inhibition of infectivity
of PBMCs with HIV-1 (BaL) postimmunization compared with
that preimmunization, as assayed by ELISA for determination of
the concentration of p24 from the 2 areas under the curves for
activated CD4™ T cells (P = 0.032; Fig. 2E). Of the PBMCs from 8
subjects, PBMCs from 5 demonstrated a decrease in infectivity,
PBMC:s from 2 showed no change, and PBMCs from 1 showed an
increase in infectivity of <1 log unit (P = 0.032; Fig. 2D).

The infectivity of PBMCs collected after immunization was
then analyzed in comparison with the innate immune parameters
of CD4™ T cells. CCR5 showed a positive correlation, as expected,
with a correlation coefficient of 0.51, which failed, however, to
reach the 5% level of significance (Fig. 2F). APOBEC3G was sig-
nificantly inversely correlated (P < 0.05; Fig. 2G). The CD4" T
cell proliferative response with stimulation with HSP70 (r =
—0.60; Fig. 2H) or HIVgp140 (r = —0.38; data not presented) also
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showed an inverse correlation but failed to reach significance,
even though the former showed a high  value. Thus, the 2 innate
and 1 adaptive immune responses studied showed either a signif-
icant or a strong trend toward protective correlations with HIV-1
infectivity.

IgG and IgA responses to HIV-1 CN54gp140 and HSP70 in
human serum and cervical and vaginal secretions. The levels of
anti-HIV-1 and hsp70 IgG and IgA antibodies in serum and cer-
vical and vaginal secretions were measured before and after each
immunization with HIVgp140 and HSP70 using an antigen-spe-
cific antibody binding ELISA. No systemic or mucosal IgG and
IgA response to HIVgp140 or HSP70 was detected after vaginal
immunization (data not shown). The discrepancy in eliciting rab-
bit but not human antibodies is not surprising, as, for ill-defined
reasons, antibodies can be readily induced in rabbits.

DISCUSSION

A number of studies have been carried out in macaques (27-29)
and women (24, 30), in which the vaginal mucosal route of im-
munization of HIV-1 antigens was compared with the systemic,
oral, or nasal route of immunization. The subjects were free of
adverse effects, and the immunizations yielded variable immune
responses, depending on the immunogen, adjuvant, the com-
bined route of immunization, and the parameters investigated.
The present phase 1 trial of vaginal immunization with HIV-1
CN54gp140 linked to HSP70 in women showed that it is a safe
procedure. A significant inhibition of HIV-1 infectivity of PBMCs
was found ex vivo postimmunization compared with that preim-
munization. Although the infection was assayed ex vivo, there is
evidence from studies in rhesus macaques that ex vivo viral inhi-
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bition is consistent with in vivo viral control following viral chal-
lenge of the vaccinated animals (31).

HIV tropism is largely generated by coreceptor selection, but
initial transmission is commonly by the R5 strain of HIV-1, which
utilizes the CCR5 coreceptor (32—34). The mature envelope gly-
coprotein spikes, comprised of a trimer of a gp120-gp41 het-
erodimer, first bind the CD4 receptor on CD4™ T cells, and the
bound HIVgp140 undergoes conformational changes and then
binds the CCR5 coreceptor. The lower that the level of expression
of CCR5 is, the less binding of HIVgp140 that takes place, consis-
tent with the present findings. Three CC chemokines, CCL-3,
CCL-4, and CCL-5, bind to CCR5, which may block and/or
downmodulate the coreceptors, thereby inhibiting HIV transmis-
sion in vitro (35) and in vivo (36). The most striking resistance to
HIV infection occurs in individuals with the naturally occurring
homozygous A32 CCR5 mutation, which is found in approxi-
mately 1% of Caucasians (37). These individuals lack cell surface
expression of CCR5, have increased concentrations of the three
CC chemokines, and do not suffer from ill health.

Inhibition of HIV-1 infectivity is likely to have been associated
with the significant downregulation of CCR5 in CD4™ T cells,
which was recorded after the 1st immunization and maintained
throughout the investigation (P < 0.01 to 0.001). This was most
likely due to the significant increase in plasma CCL-5 and/or
CCL-3 and CCL-4 levels in the culture supernatants of PBMCs.
Administration of HSP70 to naive nonhuman primates stimulates
CC chemokines by T cells (38). HSP70 activates the CCR5 and
CD40 receptors on CD4™" T cells and DCs, respectively, eliciting
the upregulation of CC chemokines and the downregulation of
CCRS. Indeed, the present data showed a significant inverse cor-
relation between CCR5 expression in CD4" T cells and the con-
centration of CCL-5 (RANTES) in plasma or MIP-1a (CCL-3) in
the culture supernatants treated in vitro with either HIVgp140 or
HSP70 (P < 0.05 to P < 0.01). These data are consistent with an
inverse correlation between CCR5 and the CC chemokines in ma-
caques, in which inhibition of SHIV89.6p infection was recorded
in vivo (21).

The increase in the level of the innate anti-HIV-1 factor
APOBEC3G after the 1st immunization was similar to that found
after in vivo rectal mucosal alloimmunization in macaques (8) and
was inversely correlated with that after rectal challenge with
SHIVSF162.P4, suggesting a protective immune response. HSP70
upregulates APOBEC3G in human CD4™ T cells and DCs by li-
gating the CCR5 and CD40 molecules (7). It is noteworthy that
both the innate antiviral restrictive factor APOBEC3G and the
CCL-4 chemokine were upregulated early after the 1st immuniza-
tion, and this is commensurate with the early downregulation of
CCRS5 expression of CD4™ T cells. Importantly, CCR5 showed a
direct correlation with the viral load, whereas APOBEC3G
showed an inverse correlation with the viral load, consistent with
a decrease in CCR5 and an increase in APOBEC3G in CD4™ T
cells inhibiting HIV-1 infectivity. These findings suggest a dual
innate mechanism in which HIV-1 is inhibited by CC chemokines
blocking and downmodulating CCR5 and any virus that may have
entered the CD4™ T cells is likely inhibited by upregulated
APOBEC3G. Vif, which counteracts APOBEC3G, is unlikely to
cope with the increased amount of APOBEC3G, but quite apart
from this, HSP70 inhibits HIV-1 Vif-mediated ubiquitination and
the degradation of APOBEC3G (9).

Adaptive immunity was also elicited by HIVgp140 and HSP70,
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indicated by CD4" and CD8* T cell proliferation after the 2nd
immunization, and was most significant with HIVgp140-stimu-
lated PBMCsand CD4 " and CD8™ T cells (P < 0.01 to P < 0.001).
The kinetics of the immunological responses observed are consis-
tent with the early development of innate immunity, followed by
cellular immunity. A surprising strong correlation was found, es-
pecially between the CD4™ T cells expressing CCR5 and CD4™"
and CD8" T cells and PBMCs stimulated with HIVgp140 (P =
0.0003, 0.0004, and 0.002, respectively). This potentially impor-
tant finding suggests a link between the CCR5" CD4™" T cells,
downregulated by the innate CC chemokines and HSP70, and the
corresponding CD4™ T cell adaptive response. This is enhanced
by the strong trend toward an inverse correlation between CD4*
T cell proliferation and CCR5 expression that was exhibited (r =
0.60) or a significant correlation between IL-12 expression (r =
0.73, P = 0.04) and protection against HIV-1 infectivity. The
mechanism of this novel finding will need to be further studied.
However, the data suggest that the critical downregulation of
CCR5" CD4 T cells takes place without a decrease of the overall
proportion of CD4™ T cells. Altogether, the data suggest the par-
adigm that the vaccine suppresses HIV-1 infectivity by signifi-
cantly downmodulating CCR5 expression in CD4™ T cells with-
out compromising the immune system by maintaining the total
proportion of CD4™ T cells and proliferative responses. The crit-
ical issue is the early production of the dual innate immune re-
sponses, consisting of CC chemokines and APOBEC3G, allowing
the adaptive immune responses to mature.

HSP70 functions as a coadjuvant stimulating innate and cellu-
lar immunity, but it has a limited effect on the Th2 type of immu-
nity. This has been observed previously in macaques immunized
vaginally or by targeted immunization of the iliac lymph node
with a vaccine consisting of HIVgp120, SIVp27, and CCRS5 pep-
tides, all covalently linked to HSP70. The immunization elicited T
cell proliferation and CC chemokines but poor serum and vaginal
fluid IgG and IgA antibody titers to HIVgp120 yet caused a signif-
icant inhibition of SHIV89.6P (21). The failure to elicit specific
antibodies to HIVgp140, in addition to the low dose of HIVgp140
used (100 pg in women compared with 150 pg in macaques), can
be accounted for by HSP70 acting as a coadjuvant, enhancing
predominantly innate immune responses (14-16) and DC and
macrophage stimulation (14, 17-19) but inducing poor Th-2 cell
activation. The mechanism whereby the vaginal mucosal immu-
nization elicits CC chemokines, APOBEC3G, and T cell prolifer-
ative responses is based on the concept of the common mucosal
immune system, in which antigenic challenge via the cervicovagi-
nal mucosa elicits the inductive site of immunity by Langerhans
cells and macrophages in the mucosa, which process antigens and
migrate via the afferent lymphatics to the iliac lymph nodes. Vag-
inal mucosal immunization with HIV or SIV envelope antigen
predominantly induces CD4* and CD8* T and B cells in the iliac
lymph nodes; these cells then exit via the efferent lymphatics into
the circulation, and some home into the genital-associated lym-
phoid tissue (27, 39, 40). Cells from these lymph nodes preferen-
tially traffic to the regional mucosal site. Thus, the circulating T
cells express what takes place in the lymph nodes and the mucosa,
which was the site of vaccination. These cells are sensitized to
generate CC chemokines and APOBEC3G, which elicit a dual in-
nate response.

The present study provides proof of concept that anti-HIV-1
innate immune responses of APOBEC3G and CC chemokines can
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be generated by vaginal mucosal immunization in women.
APOBEC3G in nonhuman primates has been maintained in vivo
for over 20 weeks (8), and ex vivo in humans it is expressed in
CD4" CD45 RO™ memory T cells, so both findings are consistent
with a memory-like function (16). Furthermore, it is highly likely
that other IFN-stimulated gene products, apart from APOBEC3G,
are stimulated. Repeated immunization with SIVgp120 and p27 in
macaques enhanced CC chemokine expression, suggestive of sec-
ondary responses (41). The conventional view that innate immu-
nity lacks memory has been challenged, as NK cells demonstrate a
memory-like effect in the absence of T cells (42), and activation of
TLR expressed on DCs stimulates antigen-specific T and B cells
and modulates their memory (43). APOBEC3G is predominantly
expressed in CD4 CD45 RO™* memory T cells in both nonhuman
primates (8) and humans (16). These memory cells in macaques
have been maintained for over 20 weeks. However, long-term ob-
servations, as well as the adaptive transfer of memory T cells, are
needed to establish memory in these innate immune responses.

The sequential appearance of the innate viral restriction factor
APOBEC3G, followed by the CCL-3, CCL-4, and CCL-5 chemo-
kines, cellular immune responses, and finally, specific antibodies,
is the desired response to a vaccine. Extensive investigations of
vaccination against yellow fever virus and smallpox virus have
underlined the critical significance of innate immunity to virus
infection, in addition to eliciting adaptive immune responses for
the long-term maintenance of protective immunity (4, 5). The
present study has demonstrated that atraumatic vaginal immuni-
zation 3 times with a simple vaccine elicited ex vivo inhibition of
HIV-1 replication and an early innate response and later CD4 "
and CD8" immune responses in women. This establishes a tem-
plate for the development of a broadly based vaccine against
HIV-1.
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