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Abstract

Vaccine-mediated prevention of primary infection with human immunodeficiency virus (HIV)
may require the sustained production of antibody at mucosal portals of entry. Here, we describe a
novel approach of repeated mucosal immunization by delivering an HIV-1 envelope glycoprotein
(gp) in a gel formulated for intravaginal delivery. Rabbits were immunized over one to three 19-
day cycles of intravaginal dosing with soluble recombinant trimeric HIV-1 clade C gp140
administered in Carbopol gel. The formulation was well tolerated. A single immunization cycle
induced immunoglobulin G (IgG) antibody detected in the serum and female genital tract, and
titers were boosted on further immunization. Vaccine-induced serum antibodies neutralized the
infectivity of a pseudovirus carrying a heterologous clade C envelope. Our data prove the concept
that repeated exposure of the female genital tract to HIV envelope can induce mucosally
detectable antibody.

INTRODUCTION

Developing a vaccine to protect against infection with human immunodeficiency virus
(HIV) is complicated by a series of critical issues, not least of which is the problem of how
to stimulate protective immunity at mucosal portals of virus entry. In sub-Saharan Africa,
heterosexual transmission remains the driving force of the epidemic with women
disproportionately infected, particularly those in the 15-24 year age group.! The exact
mechanisms whereby HIV infects across a mucosal barrier are still under intense
investigation (reviewed by Shattock and Moore?); however, studies with simian
immunodeficiency virus (SIV) show that once the virus has crossed the vaginal epithelium
there is rapid dissemination, although systemic replication may be somewhat delayed.3 On
account of this rapid infection dynamic, and because HIV targets the immune system
directly and integrates proviral DNA into the genome of target cells, a fully effective HIV
vaccine, rather than one that is limited to reducing virus load, will likely completely prevent
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disseminated infection by stimulating immune effector function actually in the mucosal
environment. At present, it is uncertain how to achieve this. Certainly, antibodies have the
potential to be effective: intravenous infusion of monoclonal neutralizing antibodies has
been shown to protect macaques against vaginal challenge with SIV4® however, vaccine-
induced immunity is believed to rely mainly on recall of immunological memory, and the
conditions required for the sustained production of antibody at the mucosal surface are yet to
be established.

The human female genital tract is a site of both inductive and effector immune functions,
which are strongly associated with the phases of the menstrual cycle.® Highly exposed
persistently seronegative women have been reported to show mucosal anti-HIV antibody
responses.’-10 There are very few reports of vaginal vaccination in women!1-13 and, with the
exception of one study!? that used inactivated poliovirus, they have involved cholera toxin
subunit B, a potent mucosal immunogen that does not require the use of an adjuvant.

We are investigating the potential of a recombinant HIV-1 clade C gp140 formulated in a
poly-acrylic acid (Carbopol) gel to induce antibody responses in the lower female genital
tract when applied at regular intervals equivalent to the time frame of the inter-menses
interval of the human menstrual cycle. The choice of envelope protein was based on the high
prevalence of HIV-1 clade C circulating in the world. Our approach builds on the concept of
topically applied microbicides: self-administered anti-viral gels applied vaginally and
designed for frequent use before each sexual encounter. Ultimately, it may be possible to
combine vaginal immunization with the use of vaginal HIV microbicides. Here we show, in
the rabbit, that repeated vaginal exposure to recombinant HIV-1 clade C envelope,
formulated in a Carbopol gel, is well tolerated, and induces systemic and mucosal
immunoglobulin G (IgG) antibody responses.

A single cycle of intravaginal immunization induced serum antibody

A total of 10 rabbits were inoculated intravaginally, each with 620 I Carbopol gel
containing 100 g of CN54 gp140, on each of 9 occasions every 2 or 3 days over a 19-day
period (Group A: Table 1). In addition, six rabbits were similarly inoculated with doses of
400 pl of formulated antigen, equivalent to 65 g of antigen per dose (Group D). A further
10 animals received 620 .l volumes of Carbopol gel alone (Group B) and 10 animals were
sham inoculated (Group C).

All pre-treatment serum samples and those from control groups, at every time point, tested
negative for CN54-specific 1gG and IgA antibodies. Sera from animals in Group A tested 1
day after the final intravaginal inoculation (day 20) were all positive for IgG antibody, with
titers ranging from 1,050 to 22,500 (Figure 1a). In animals no. 27, no. 28, no. 29, and no. 30,
which were also tested 30 days after receiving the final dose of antigen (day 49), titers were
either maintained or had increased (range 5,230-11,070); however, only animals no. 1, no.
2, no. 4, and no. 5 of the 6 animals of Group D had sero-converted to 1gG antibody by 1 day
after cessation of intravaginal dosing, with titers ranging from 650 to 5,000. In animals no. 4
and no. 5, corresponding to those with the highest titers at day 20, specific IgG antibody was
detectable, at low titer, by day 13 (Figure 1a). The median 1gG antibody titer induced in
Group A was significantly higher than that induced in Group D measured at day 20; 3,275
compared with 785, = 0.02; Mann-Whitney rank sum test. All serum samples, regardless
of antigen dose, tested negative for specific IgA.
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A single cycle of intravaginal immunization induced serum HIV-1-neutralizing antibody

Sera from Group A animals were analyzed for virus infectivity neutralizing activity (Figure
1b). No activity was detected pre-immunization. After immunization, 6 of 10 vaccinates
(animal no. 21, no. 22, no. 24, no. 25, no. 27, and no. 30) showed anti-tier 1 clade C
(MW965.26) neutralizing titers ranging from 20 to 148. Of the 4 recovery group animals,
no. 27 and no. 30 had neutralizing activity at day 49, but only in animal no. 30 was the
neutralizing antibody detected at day 20. Interestingly, the rise in binding antibody titer over
the same period (Figure 1a) was relatively modest. Only 3 of 10 animals (no. 22, no. 23, and
no. 30) generated neutralizing antibody against tier 2 clade C 962M651.02 pseudovirus with
very low titers ranging from 22 to 28, and this was not directly associated with titers against
tier 1 virus. An autologous CN54 Env pseudotype virus was not available.

A single cycle of intravaginal immunization induced mucosally detectable antibody

Eluates from vestibular and vaginal spears taken at necropsy from Group A animals and
from control animals (Groups B and C) were first screened undiluted for gp140-specific
1gG. All samples from Group A rabbits, including those from the four recovery group
animals sampled 30 days after cessation of immunization, tested positive, with absorbance
values ranging from 0.406 to 3.95 (Figure 2). Samples from the control groups were
negative. There was no statistical difference between the median absorbance values obtained
from paired samples taken from the vestibule and the vagina (P = 0.34; Wilcoxon signed-
rank test).

Immunoglobulin A antibody was not detected on subsequent screening of vaginal and
vestibule eluates; however, this analysis was done after an additional freeze—thaw cycle,
which also resulted in an appreciable reduction in absorbance values for 1gG antibody (data
not shown). Nonetheless, in vaginal samples from seven rabbits, in which sufficient volume
was available for testing, titers of gp140-specific 1gG ranged from 1 to 65.

Mucosal eluates from Group D were subject to only a single freeze—thaw cycle. In animals
no. 1, no. 2, no. 4, and no. 5, corresponding to those with serum IgG titers, specific 1gG was
detected in both vaginal and vestibule samples. Interestingly, despite the absence of serum
IgA antibody, four animals (no. 2, no. 3, no. 5, and no. 6) had detectable IgA antibody in
vaginal and/or vestibule samples, and in rabbits no. 3 and no. 6, this was detected in the
absence of mucosal or serum IgG antibody (Table 2). Volume limitation precluded further
analysis.

Two cycles of intravaginal immunization boosted serum antibody titers

Next, the effects of multiple cycles of immunization and dose were investigated. All animals
immunized with one cycle of 9x100 g doses (Group E) made a serum IgG response as
noted previously in Group A, and 9 of 10 animals receiving 306 g (Group F) also
responded (Figure 3). There was no statistical difference between median titers in Groups E
and F (P= 0.47; Mann-Whitney rank sum test). After a further cycle of immunization,
individual antibody titers were boosted in all animals in each group, giving a significant
increase in group mean titers (= 0.008, Group E; £< 0.001, Group F; paired #test), but
there was no difference between groups (£ = 0.91; Mann-Whitney rank sum test). A further
round of immunization did not significantly increase the mean titer in either group (= 0.97,
Group E; P=0.11, Group F; paired £test). Although the higher dose of antigen (Group F)
did not significantly increase titer, there was a tighter clustering of “high responders”
compared with Group E; furthermore, the third cycle of immunization in Group F boosted
titer in animal no. 313 to reach the “high”-responder group. Anti-gp140 IgG titers were
invariably lower after the 29-day “recovery phase” compared with those measured 1 day
after cessation of the third cycle of immunization.
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Nine animals in each group mounted low titer serum IgA anti-CN54 gp140 responses (data
not shown). In both groups, no IgA was detected after a single cycle of intravaginal
immunization. However, after a second cycle of immunization, eight animals in each group
had detectable IgA antibodies with titers ranging from 15 to 58 in Group E and from 13 to
56 in Group F at day 48. A further animal in each group seroconverted for IgA antibody
after a third cycle of immunization. Animals with delayed sero-conversion corresponded to
those with the lowest IgG titers after one cycle of immunization, whereas the two
unresponsive animals corresponded to the animals with the lowest 1gG titers after three
cycles of immunization (animals no. 225 and no. 315). Two of four animals from Group E
and all four animals from Group F had IgA antibody still detectable 29 days after cessation
of immunization.

Multiple cycles of intravaginal immunization augmented serum HIV-1-neutralizing antibody
titers against tier 1 virus, but did not induce activity against tier 1 envelope pseudotype

Virus neutralizing titer was determined after two cycles of intravaginal immunization with
either 100 g doses (Group E) or 306 g doses (Group F). Comparison of results for
neutralization of tier 1 virus after a single cycle of immunization (Group A, Figure 1b) with
that after the second cycle of immunization (Group E, Figure 4a) at 100 g doses revealed a
highly significant difference (£ < 0.001; Mann—Whitney rank sum test). There was no
significant difference, however, between virus neutralizing titer obtained after two cycles of
immunization with 100 pg or 306 pg dosing (£ = 0.97; Mann-Whitney rank sum test)
(Figures4aand b). There was insufficient sample volume for analysis after three cycles of
immunization; however, titers determined in the “recovery” group animals indicated that
neutralizing activity was present 29 days after cessation of the third cycle of immunization
at levels that were not significantly different to those detected at the cessation of the second
cycle of immunization (P = 0.625 for both groups; Wilcoxon signed-rank test). Overall, anti-
tier 1 virus neutralizing titers correlated with gp140-binding antibody titers measured by
ELISA (enzyme-linked immunosorbent assay) (r=0.796; £< 0.001, Pearson product
moment correlation); however, when analyzed by group, only Group E receiving 100 pg
doses of gp140 showed significant correlation (r=0.93; P< 0.001), whereas data from
Group F was poorly correlated (= 0.5; £=0.06). Despite multiple immunizations,
neutralization of tier 2 envelope pseudotype virus was not detected.

Multiple cycles of intravaginal immunization augmented specific IgG titers detected in the
genital tract, but did not induce an IgA-specific response

Screening of undiluted mucosal eluates by ELISA revealed that all samples from Groups E
and F, regardless of sampling site, gave saturating absorbance values for 1gG antibody,
whereas all samples from Group G (gel control) failed to bind. In contrast, IgA antibody was
undetectable in any sample, despite the detection of total IgA. Titration of mucosal samples
showed that IgG antibody titers normalized against the total 1gG content of each sample
(specific antibody activity) did not differ significantly between animals immunized with 100
g doses of gp140 (Group E) and those with 306 g doses (Group F) (Figure 5). Although
normalized titers were somewhat lower in both vaginal and vestibular samples taken at day
104 compared with those taken immediately after cessation of immunization, this difference
only reached statistical significance in vaginal samples from Group E (£ = 0.038; Mann-
Whitney rank sum test).

To determine whether the mucosally detected antibody was the result of serum exudation,
the normalized anti-gp140 antibody titers for mucosal samples were compared pairwise with
specific antibody activity in the corresponding serum sample. For both vaginal and
vestibular samples, there was a highly statistically significant difference compared with
serum (P < 0.001; Wilcoxon signed-rank test). The proportion of specific antibody detected
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in mucosal samples was always higher than that detected in serum, being on average 8.5-
fold higher in vaginal samples (range 1.4 to 25) and 9.0-fold higher in vestibular samples
(range 2-22.8).

The serum antibody response induced by multiple cycles of intravaginal vaccination was
predominantly against the gp120 region of the gp140 antigen

To determine the breadth of antigen recognition after intravaginal immunization, sera taken
after three cycles of immunization or, where there was insufficient volume, after two cycles
of immunization, were first screened on pools of peptides, available to the project, covering
the predicted amino acid sequence of the entire gp140 of a prototypic clade C virus,
96ZM651. Frequency of recognition varied markedly and only 5 of 20 sera recognized
peptides in the gp41-ED (external domain) of gp140 (Figure 6a). In general, the number of
pools recognized was positively associated with the anti-gp140-binding titer, but there was
no absolute correspondence; neither was there a direct association between breadth of
recognition and the number of cycles or immunizing dose. The number of pools recognized
after two cycles of immunization was, in general, positively associated with the anti-tier 1
virus neutralization titer.

Next, sera that screened positive against peptide pools were tested against each individual
peptide component of the pool. The frequency of recognition was compared with results
obtained with sera from non-clade-typed HIV-positive individuals (Figure 6b). Strikingly,
all immunized rabbits recognized the V3 region, whereas this was recognized in only 20
percent of the human HIV* sera. In general, regions within C1 were recognized after
immunization, and the distribution of binding suggested the presence of multiple epitopes.
The V1 and V2 regions were infrequently recognized by the rabbit sera and, surprisingly,
were neither recognized by human sera, possibly because of clade specificity. Only a
minority of sera bound to peptides in the V4, C4, and V5 regions, although a somewhat
higher frequency of recognition was seen with rabbit sera recognizing the C5 region. All
human sera recognized the highly immunodominant domain in the gp41-ED (residues 598—
609) and the majority recognized the region 586-597 upstream of the immunodominant
epitope. Notably, this region was not recognized by sera from immunized rabbits.

To determine whether antibodies specifically able to bind to higher order gp140 structures
were elicited, sera from immunized rabbits were analyzed for their oligomer binding under
nondenaturing conditions. Reactivity with CN54 gp140 trimer was detected only after
multiple immunization cycles (Table 3, Figure 7). In general, the readout from the oligomer
assay reflected the titer of 1gG antibody determined by ELISA (Figure 3). When tested at
1/5, all sera with anti-tier 1 neutralization titers above 1,000 prevented or reduced detection
of trimeric gp140. At 1/20, however, the threshold of reactivity was less defined. A total of 7
of 11 sera with anti-tier 1 neutralization titers >1,300 prevented or reduced detection of
trimeric gp140; however, sera from rabbits no. 317, no. 330, no. 327 (day 104), and no. 224
failed to react despite neutralizing titers of 8,255, 4,576, 4,212, and 3,460, respectively.
Three compared with two cycles of immunization and 100 g compared with 306 g doses
were not found to differentially confer advantage in terms of antibody recognition of
trimeric gp140. The results also show that the majority of the antigen, at least in native gel
buffer, was in the trimeric form, with some dimer and only trace amounts of monomer
detectable.

Carbopol and Carbopol-gp140 formulation were well tolerated

Treatment of rabbits with the CN54 gp140-Carbopol gel formulation or Carbopol gel alone,
regardless of dosing schedule, resulted in no signs of systemic toxicity. Clinical condition,
body weight, and food consumption all remained unaffected. No treatment-related
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ophthalmic lesions were seen, and hematological and blood chemistry analyses revealed no
treatment-related effects. Likewise, no macroscopic findings or differences in organ weight,
attributable to treatment, were found at necropsy.

Analysis of histological changes in the vagina indicated that cumulative scores for all
animals, regardless of the concentration or frequency of administration of the product, all
fell within the acceptable range for human vaginal irritation potential.

DISCUSSION

This is the first demonstration that soluble recombinant HIV-1 gp140 is immunogenic on
repeated intravaginal immunization in the absence of a mucosal adjuvant such as those
derived from bacterial enterotoxins. Moreover, the formulation was well tolerated in the
rabbit vaginal irritancy model, even after multiple cycles of high-dose administration. The
data indicate that the safety profile is acceptable for human clinical trial, in which the same
antigen formulation will be administered nine times through the inter-menses interval to
cover the optimum time for immune induction and response. Although the study design in
rabbits was not optimized for the analysis of immune response dynamics, it was encouraging
that a single cycle of intravaginal administration of the formulated antigen elicited serum
antibodies and 1gG antibodies detected in mucosal secretions. Carbopol gel was used as a
carrier, as it is approved for vaginal use in women, being a component of licensed vaginal
products and experimental HIV microbicide formulations. Although we cannot rule out that
the Carbopol contributed to the generation of the responses reported here (although
Carbopol showed no adjuvanticity when used vaginally in combination with gp140 in mice;
Q Sattentau, personal communication), it probably acted as an inert carrier aiding retention
of the gp140 antigen in the vaginal vault. Other formulations containing multiple polymer
components, including a mucoadhesive and hydrophilic matrix-forming polymer together
with a polymeric component capable of absorbing vaginal fluid designed to enhance
retention, are also giving promising results.14

A single immunization cycle with 100 g doses of gp140 was clearly superior to 65 g
doses, administered at the same concentration, in terms of eliciting serum 1gG antibody, and
a significant booster effect was seen after a further cycle of immunization; however,
increasing the dose of antigen to 306 g per administration failed to increase the overall titer
as did administration of a further cycle of immunization at either dose, suggesting that the
saturating dose of antigen had been reached for these conditions. Only after multiple cycles
of intravaginal immunization was serum IgA antibody detected, but this was of low titer and
not present in all animals. Surprisingly, perhaps, IgA antibody was detected in vaginal and
vestibular secretions only in the animals given a single cycle of 65 g doses and only in
some animals at a low level. Although technical limitations precluded analysis of Group A,
there was no evidence of local IgA antibody production in animals receiving multiple cycles
of immunization at the higher doses of antigen. In contrast, 1gG antibodies were readily
detected in mucosal secretions and reached highest titers after multiple cycles of
immunization. In another study in progress using a similar formulation, vaginal IgA was
detected in mice but not in rabbits (Q Sattentau, personal communication). These results
contrast those described after intravaginal immunization of rabbits with HPV 6bL1 DNA, in
which IgA antibodies were elicited in the absence of IgG antibody.1> However, this latter
study differed from that described here in using plasmid DNA, the co-administration of
cholera toxin, and the use of mucosal injection within the vagina. The lack of mucosal IgA
in the present study may be associated with the soluble nature of the antigen used.16:17
Furthermore, at least in humans, cervico-vaginal fluid contains more IgG than IgA,18 and
the endocervix contains a high proportion of 1gG antibody-secreting cells.1? In the present
study, the lack of a rabbit IgA standard precluded direct analysis of the relative
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concentrations of total 1gG and IgA. However, the higher specific activity of 1gG antibody
detected in the mucosal samples compared with that detected in serum suggests that, at least
in part, the antibody may have been synthesized locally by B cell antibody-secreting cells in
the mucosa. Moreover, antibody detected in the lower reproductive tract may have been
produced at multiple sites, including those in the upper tract, because of the propensity of
material to be transported upstream after intravaginal administration. It is also likely that, as
has been reported in HIV infection,29 serum transudation also contributed to the antibody
detected locally.

The suitability of the rabbit for the assessment of intravaginal immunogenicity, as opposed
to irritancy determination, is unknown. The anatomy of the lower female genital tract of the
rabbit is a complicating factor as the upper two-thirds of the vagina has a nonstratified
epithelium that may be more susceptible to antigen uptake. Moreover, the physiology of the
rabbit reproductive cycle is markedly different from humans. Rabbits are induced ovulators
and, therefore, are not suitable for modelling directly the effects of the human reproductive
cycle on immune response generation. Indeed species differences may, at least in part,
account for the reported contradictory observations regarding the efficacy of the female
genital tract as a site for induction of antibody responses.13 Nonetheless, the detection of
antibody in both the circulation and in the genital tract shows that the concept of repeated or
sustained mucosal exposure to a putative vaccine antigen is promising.

Not only is there a requirement for sustained production of antibody into the female genital
tract but this antibody must also have potent virus infectivity neutralizing activity if
sterilizing immunity is to be achieved. The envelope antigen used in the present study has
shown remarkable trimeric stability /n vitro (D Katinger, personal communication), and this
is considered highly desirable to focus the antibody response onto structures that may more
accurately mimic those seen within the virus envelope spike.2! Intravaginal immunization
clearly induced virus neutralizing activity that was boosted significantly by two cycles of
immunization. Notably, however, activity was only seen against the more easily neutralized
envelope. The almost complete lack of activity against tier 2 envelope pseudotype, even
after three rounds of immunization, was disappointing but it is well recognized that the
envelope spikes of HIV primary isolates are hidden from antibody recognition by a number
of mechanisms including glycan shielding,22:23 the presence of sequence variable loops24
and conformational masking,2® and even an intrinsic resistance of surface external regions
of gp120 to allow access of antibody to artificially introduced tags.2® Indeed it was
interesting that rabbits produced antibodies that recognized the linear epitopes within the V3
region. This region is considered occluded on many primary isolates and this may, at least in
part, explain the lack of neutralizing activity in these sera against the tier 2 envelope
pseudotype virus. If so, then the recognition of this region after immunization may indicate
that the trimeric structure of the antigen used here was markedly different from the virus
spike. Furthermore, major differences were noted when reactivity of sera from immunized
rabbits was compared with sera from HIV-infected individuals, most notably in the failure
of rabbits to recognize the highly immunodominant region of gp41.27 Although in this study
a highly stable trimeric gp140 was used, the immunogenic profile of this envelope could be
influenced by several factors including formulation within the Carbopol gel, enzymatic
degradation /n7 vivo, and the use of a recombinant molecule in which a soluble molecule was
created by termination before the membrane anchor. Nonetheless, the native binding assay
confirmed directly that antibodies from immunized rabbits were able to bind to the trimeric
gp140 used as the immunogen. This type of assay has been used as a surrogate for
monoclonal antibody and polyclonal sera-mediated virus neutralization.28:29

The lower female genital tract has been described as a poor inductive site for adaptive
immunity in the absence of strong adjuvants.1® In this context, our observation of systemic
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and mucosal immune responses after repeated vaginal exposure to recombinant HIV-1 clade
C envelope, in a gel formulation without adjuvant, is encouraging. Ongoing studies in small
animals, humans, and macaques will determine whether such responses to gel formulations
can be improved after priming through different routes (intramuscular or intranasal, for
example). The lack of detectable inflammation suggests that such gel-based formulations
would be unlikely to enhance HIV transmission and that they would be compatible for co-
delivery with candidate microbicides, designed for frequent use before each sexual
encounter. The co-formulation with a topical microbicide might facilitate serial boosting of
specific immune responses, supplementing the antiviral effect of the microbicide and
reducing the chance of viral breakthrough against either intervention strategy.

METHODS

HIV gp140

Animals

A clade C envelope clone p97CN54 was obtained originally from HIV isolated from a
Chinese patient39:31 and was made available by H Wolf and R Wagner, University of
Regensburg, Germany. Trimeric gp140 (gp120 plus the ED of gp41), designated as CN54
gp140, was produced as a recombinant product in CHO cells and manufactured to good
manufacturing practice specification by Polymun Scientific, Vienna, Austria.

New Zealand white rabbits (10-14-week-old) were supplied from an accredited closed
colony, and the animals were housed at, and all /n vivo procedures carried out by, a contract
research organization in compliance with the United Kingdom Animals (Scientific
Procedures) Act 1986 and associated Codes of Practice for the Housing and Care of
Animals.

Intravaginal inoculation

Animals were assigned to experimental groups (Table 1). Immediately before inoculation,
gp140 was formulated at the required concentration in Carbopol gel consisting of (w/w)
water, 97.81%; benzyl alcohol, 1.09%; Carbopol 974P, 0.92%; sodium hydroxide, 0.18%. A
total of 620 .l or 400 pl of the mixture was administered through a soft rubber catheter
inserted ~6 cm into the vagina. For any one cycle of intravaginal inoculation, animals
received formulated product on nine occasions at days 1, 3, 5, 8, 10, 12, 15, 17, and 19 to
mimic immunization through a human menstrual cycle. Necropsies were performed either 1
day after the final inoculation (main group) or 4 weeks later (recovery group). This timing
interval was determined by the requirement for assessment of vaginal irritancy.

Assessment of systemic toxic potential and vaginal irritancy

Animals were inspected regularly for evidence of reaction to treatment or ill health. Before
each intravaginal administration, animals were observed for signs of vulval irritation,
discharge, or bleeding from the vagina. Body weights were recorded regularly. Samples
were taken regularly for hematology and blood chemistry. At necropsy, special attention
was given to the examination of the vagina and cervix, and detailed histopathology was
carried out on transverse samples (~10 mm) collected from the cervical and urethral ends of
the vagina. Histological changes in the vagina were scored using methods modified from
those of Eckstein er a/.32

Blood and genital tract secretions

Peripheral blood was collected for serum before study commencement and after intravaginal
vaccinations. Secretions from the vagina and the vestibule were sampled using Weck-Cel
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surgical spears (Medtronic Ophthalmics, Jacksonville, FL) postmortem from tissues that had
been removed for this specific purpose, so as not to interfere with histological analysis. A
sterile spear was placed on the mucosal surface of the vagina for 2 min to absorb any
secretion. A second spear was placed on the mucosal surface of the vestibule. Secretions
were eluted from the sponges by placing each spear into a Spin-X tube (Corning, Schiphol-
Rijk, The Netherlands) containing 300 .l extraction buffer (protease inhibitor cocktail set 1,
Calbiochem Merck, Beeston, UK). Samples were frozen at —80 °C and centrifuged before
testing.

Enzyme-linked immunosobent assay

Binding antibodies against recombinant CN54 gp140 were measured using a standardized
ELISA. CN54 gp140 was coated onto 96-well plates (medium binding, Greiner Bio-One,
Stonehouse, UK) at 5 g mI~1 in phosphate-buffered saline (PBS) for 1 h at 37 °C. Plates
were washed four times in PBS containing 0.05% Tween 20 (PBS-T) before blocking with
PBS-T containing 10% fetal bovine serum for 1 h at 37 °C. After further washing, sera
diluted in PBS-T or mucosal eluates were added and incubated for 1 h at 37 °C. For IgG,
bound antibody was detected with mouse monoclonal anti-rabbit 1gG (y chain-specific)
peroxidase conjugate (A1949, Sigma Aldrich, Gillingham, UK). Normal rabbit serum was
used as a negative control. Standard curves for IgG detection were derived using rabbit
antiserum to HIV-1 GB8 gp120 (Programme EVA, Centre for AIDS Reagents, National
Institute for Biological Standards and Control, ARP440.1/R546). IgA antibody was detected
with biotin-conjugated goat 1gG fraction of goat antiserum to rabbit IgA (a chain-specific
ABN116B, Autogen Bioclear, Calne, UK) followed by avidin conjugated to horseradish
peroxidase (A7419, Sigma Aldrich). The goat antiserum was generated using purified
polyclonal 1gA from pooled rabbit serum and, therefore, would be expected to react against
all rabbit IgA isotypes.

For linear epitope analysis, plates were coated with 15mer peptides overlapping 11 residues,
spanning a prototypic clade C gp140 sequence (96ZM651),3 either in pools of 10 or singly.

Virus infectivity neutralization assay

Neutralizing antibody responses were measured using a luciferase-based assay in TZM.bl
cells as previously described.33 This assay measures the reduction in luciferase reporter gene
expression in TZM.bl cells after a single round of virus infection. The 50% inhibitory dose
(ID5p) titer was calculated as the serum dilution that caused a 50% reduction in relative
luminescence units compared with the virus control wells after subtraction of cell control
relative luminescence units. Stocks of Env-pseudotyped viruses were prepared by
transfection of 293T/17 cells as previously described.33

gp140 oligomer-binding assay

CN54 gp140 at a concentration of 530 g mI~1 was mixed with 1/5 or 1/20 serum at a ratio
of 1:1. After incubation overnight at 4 © C, samples were applied to native tris-acetate
polyacrylamide gels (Invitrogen, Paisley, UK). Separated proteins were electroblotted onto
nitrocellulose membranes, and after blocking with 3% (w/v) skimmed milk powder in PBS-
T, transferred proteins were detected using a combination of human monoclonal
antibodies:34 1F7, 3B7, Hansi, 3D6, 5F3, 4B3, and 4D4 each at a concentration of ~1 pg
ml~1 followed by goat anti-human IgG-fluorescein isothiocyanate (Sigma Aldrich).
Fluorescence was measured by laser scanning.
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Statistical analysis

Specified analyses were performed using SigmaPlot version 11 software (Systat Software,
Inc., San Jose, CA).
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(a) Serum anti-gp140 (glycoprotein 140) immunoglobulin G (1gG) antibody titers after a
single cycle of intravaginal administration of 9x65 g doses of gp140 (Group D) or 9x100
g doses of gp140 (Group A). The limit of detection is shown as a horizontal dashed line.
Box plots show 25th and 75th percentiles, error bars show 10th and 90th percentiles, (...)
show mean and (—) show median titers of the groups. NT is not tested. (b) Serum virus
infectivity neutralizing activity against human immunodeficiency virus (HIV)-1 clade C tier

1 (MW0965.26) and tier 2 (96ZM651.02) pseudovirus detected in Group A animals.
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Detection of anti-gp140 (glycoprotein 140) immunoglobulin G (IgG) antibody in secretions
from vagina and vestibule in rabbits after a single cycle of 9x100 g doses of gp140 given
intravaginally (Group A). Closed symbols show results for animals sampled 1 day after
cessation of immunization (main group) and open symbols show results for animals sampled

29 days after cessation of immunization (recovery group). Mean (...) and median (—)

absorbance values for each group are shown within box plots. Sample volume precluded
determination of end-point titers and there was insufficient vaginal sample from animal no.

26 for testing.
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Serum anti-gp140 (glycoprotein 140) immunoglobulin G (IgG) antibody titers after multiple
cycles of intravaginal immunization. Rabbits received 9x100 g gp140 per cycle (Group E)
(a) or 9x306 g gp140 per cycle (Group F) (b). The limit of detection is shown as a
horizontal dashed line. Immunization cycles are shown as open boxes. Group mean (...) and

median (—) end point titers are shown within box plots.
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Virus infectivity neutralizing activity before immunization, 1 day after cessation of two
cycles of intravaginal immunization, and 29 days after a third cycle of intravaginal

immunization using 9x100 g doses per cycle (Group E) (a) or 9x306 g doses per cycle
(Group F) (b). Individual 50% inhibitory concentration (ICsg) titers are shown for
neutralization of human immunodeficiency virus (HIV)-1 clade C tier 1 virus. Group mean
(... ...) and median (—) titers are shown within box plots. * Indicates nonspecific

neutralization determined by reactivity with MuLV (murine leukemia virus)-envelope

pseudotyped virus.
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Figure5.

Detection of anti-gp140 (glycoprotein 140) immunoglobulin G (IgG) antibody in mucosal
secretions after three cycles of intravaginal immunization. Day 76 represents 1 day after the
third cycle of immunization and day 104 represents 29 days after cessation of immunization
(recovery group). Bars indicate mean titer.
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Figure®6.

Residue No.

Frequency of recognition of overlapping 15mer 96ZM651 Env peptides by sera from
intravaginally immunized rabbits. (a) Shows the frequency of reactivity with pools of
peptides consisting of 10 15mers, each overlapping by 11 amino acids. Black boxes indicate
binding at > 0.2 absorbance units. (b) Frequency of reactivity of pool-positive sera against
individual peptides. The frequency distribution for immunized rabbits is compared with that
obtained with 20 sera from non-clade-typed HIV™* individuals. Shaded boxes denote regions
of known antibody recognition3® aligned against structural regions of the HIV-1 HXB2
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clade B-predicted amino acid sequence. Residue numbers refer to the prototypic clade C
96ZM651 envelope-predicted amino acid sequence.
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Representative results from analysis of antibody reactivity with oligomeric gp140 under

nondenaturing conditions. T indicates trimer, D indicates dimer, and M indicates monomer.

Binding indicates end-point 1gG anti-CN54 gp140 titer determined by enzyme-linked
immunosorbent assay (ELISA). Neut. indicates infectivity neutralizing activity (50%
inhibitory concentration, 1Csq) against tier 1 pseudovirus.
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Table 1
Assignment of animalsto experimental groups

Number of animals

Concentration of ~ No. of immun. a b
Group  Treatment vaccine cycles Main Recovery
A gp140 100 g in 620 pl 1 6 4
B Gel control 0 1 6 4
C Sham control 0 1 6 4
D gp140 65 g in 400 pl 1 6 0
E gpl140 100 pg in 620 3 6 4
F gp140 306 g in 620 pl 3 6 4
G Gel control 0 3 6 4

gp, glycoprotein; immun., immunization.
a. . . . . o
Main group: necropsied 1 day after cessation of immunization.

b . . . o
Recovery group: necropsied 29-30 days after cessation of immunization.
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Table 2
Detection of anti-gp140 antibodiesin genital tract secretions from rabbitsimmunized
with a single cycle of nineintravaginal doses of 65 g gp140 (Group D): comparison with
serum antibody titers

Vaginal 1gG Vestibule 1gG Serum 1gG Vaginal 1gA Vestibule IgA Serum IgA
Animal no. antibody (titer) antibody (titer) antibody (titer) antibody (Asso)  antibody (Ass0) antibody (titer)
4 700 145 5,000 <0.2 <0.2 <10
2 130 10 920 0.34 1.13 <10
1 45 80 650 <0.2 <0.2 <10
5 27 70 1,560 <0.2 0.37 <10
3 <1 <1 <100 <0.2 0.23 <10
6 <1 <1 <100 0.29 0.42 <10

gp, glycoprotein; Ig, immunoglobulin.

End-point titers are shown except for IgA in secretions in which undiluted samples were analysed because of volume limitations

Mucosal Immunol. Author manuscript; available in PMC 2013 September 04.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnue| Joyiny sispund JIAd adoin3 ¢

Cranage et al.

Reactivity of rabbit sera with trimeric gp140

Table 3

Serum 1/5 Serum 1/20

Animalno. Group Day20 Day48 Day76 Dayl104 Day20 Day48 Day76 Day104
119 G ++ ++ ++ ++ ++ ++ ++ ++
207 E ++ ++ # NA ++ ++ + NA
208 ++ + +/- NA ++ ++ ++ NA
209 ++ - - NA ++ +- +H- NA
210 ++ - - NA ++ +- +- NA
211 ++ ++ + NA ++ ++ ++ NA
212 ++ - - NA ++ + + NA
223 ++ ++ - + ++ ++ ++ ++
224 ++ +/- - +/- ++ ++ ++ ++
225 ++ ++ ++ ++ ++ ++ ++ ++
226 ++ - - - ++ + - +
313 F ++ ++ + NA ++ ++ ++ NA
314 ++ - - NA ++ + + NA
315 ++ ++ ++ NA ++ ++ ++ NA
316 ++ - - NA ++ +- - NA
317 ++ - - NA ++ ++ ++ NA
318 ++ + - NA ++ ++ ++ NA
327 ++ - ND + ++ + ND ++
328 ++ + ND +- ++ ++ ND ++
330 ++ - ND - ++ ++ ND ++

Page 22

++, gp140 trimer band at intensity equal to that after reaction with pre-immunization serum; +, +/-, —, relative intensity of gp140 trimer band; #
result undetermined because of gel artefact; gp, glycoprotein; NA, not applicable; ND, not done.

Sera were incubated with unlabelled gp140 vaccine preparation and residual unreacted gp140 oligomers separated by native gel electrophoresis.
After elec-troblotting, separated proteins were detected with labeled human monoclonal antibodies. Sera with high reactivity against nondenatured

trimeric gp140 formed immune complexes that were unable to enter the native gel and therefore scored negative.
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