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Recruitment of HIV-1 target cells at topical mucosal sites:
a sensitive and early marker for determining the safety of
microbicide candidates

Liangzhu Li, Yinyin Ben, Songhua Yuan, Aiping Liu, Huanmei Wu, Jianqing Xu and Xiaoyan Zhang

To explore early biomarkers for establishing more sensitive safety evaluation assays in preclinical settings that determine the potential
risks during the application of microbicide candidates, three representative microbicide candidates (cellulose sulphate, nonoxynol-9
and tenofovir), whose safety profiles have been well established in clinical trials, were included to gauge the sensitivities of different
assays. Both mouse models and cell lines were employed to determine the sensitivities. The recruitment of immune cells at topical

mucosal sites and the upregulation of HIV receptor/coreceptors in vitro were identified as highly sensitive biomarkers of the impact of
microbicide candidates. Our data suggest that different evaluations/assays have their inherent sensitivities, and at least one assay from

each sensitivity level should be included in the safety evaluation algorithm.
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INTRODUCTION

Microbicides, topically applied antimicrobial products, may represent
one of the most promising preventive interventions for protecting
women and men who have sex with men from the acquisition of
human immunodeficiency virus (HIV)-1." However, phase 2B/3 effi-
cacy trials, including those for nonoxynol-9 (N9), C31G, BufferGel,
cellulose sulphate (CS), Carraguard and PRO2000, indicate that the
tested substances have failed to significantly reduce HIV infection
incidence, or even increased the risk of HIV acquisition, such as N9
and CS.” The failure of those microbicide candidates has highlighted
the inadequacies of the current preclinical evaluation systems and has
also encouraged researchers to investigate the potential mechanisms
accounting for the enhancement of HIV infection and to explore more
stringent preclinical assessments for microbicide safety.

The safety concerns related to microbicide candidates on topical
mucosa include not only the destruction of epithelial barriers, but also
the aberrant activation of localized immunity."” Inflammatory cyto-
kines elicited by the microbicide candidates are frequently used as
biomarkers to evaluate the activation of topical mucosal immunity.*?
However, the complexity of the microenvironment in the vagina and
the varied baseline production of inflammatory cytokines in different
physiological conditions® render it difficult to determine topical
immune status, and a feasible model with high sensitivity for evalu-
ating the impact of microbicide candidates on local mucosal immu-
nity remains to be established and validated.

In a previous study,” we characterized the soluble selectin levels in
vaginal fluids during cervicovaginal inflammation induced by irritating
compounds in a murine model, and we observed that E-selectin and

P-selectin correlated better than monocyte chemotactic protein-1 and
interleukin (IL)-6 with the duration and severity of mucosal inflam-
mation triggered by detergent-based pro-inflammatory compounds
including N9, benzalkonium chloride and sodium dodecyl sulphate.
The study demonstrated that soluble adhesion molecules might be used
as biomarkers of mucosal inflammation in addition to pro-inflammatory
cytokines and chemokines. However, our previous work only charac-
terized surfactant-based compounds, which cause epithelial damage,
and we do not know whether soluble forms of selectins, which most
likely arise by shedding or cleavage from the cell membrane, are suitable
markers for other compounds that are toxic through other mechanisms.

In the present study, three microbicide candidates, N9, CS and
tenofovir (TFV), which represent surfactant-based toxic compounds,
non-surfactant based toxic compounds and safe compounds, respec-
tively, were employed to investigate the effect of microbicide candi-
dates on the recruitment of immune cells at topical mucosal sites and
to establish a new safety evaluation system.

Our data demonstrated that the administration of CS and N9 but
not TFV resulted in the induction of topical mucosal inflammation;
however, expression of soluble adhesion molecule did not increase
significantly following CS treatment, a substance that does not cause
obvious epithelial damage. Intriguingly, we observed that the recruit-
ment of immune cells, including HIV-targeted cells at, topical mucosal
sites in vivo and the up-regulation of activation markers and homing
receptors in vitro could occur in an earlier phase compared with the
increase of cytokines and the disruption of epithelial barrier.
Therefore, these immune responses might serve as sensitive and earlier
biomarkers for the safety evaluation of microbicide candidates.

Shanghai Public Health Clinical Center and Institutes of Biomedical Sciences, Key Laboratory of Medical Molecular Virology of Ministry of Education/Ministry of Health, Shanghai

Medical College of Fudan University, Shanghai 201508, China
Correspondence: XY Zhang; JQ Xu

E-mail: zhangxyO66@gmail.com; jiangingxu2008@gmail.com
Received 3 Apirl 2013; revised 3 June 2013; accepted 3 June 2013


www.nature.com&sol;emi

A new safety evaluation system for microbicides
LZ Llietal

N

MATERIALS AND METHODS

Reagent

N9 and CS were purchased from Sciencelab.com, Inc. (Houston, TX,
USA). TFV was purchased from Molekula Limited (Gillingham,
Dorset, UK).

For the in vitro cell experiments, the reagents described above were
dissolved in sterile phosphate-buffered saline (PBS) (pH=7.4) at the
indicated concentrations. For mouse vaginal application, the dis-
solved reagents were formulated with 1.5% hydroxyethyl cellulose
(HEC) (Sigma-Aldrich, St Louis, MO, USA). All of the formulated
gels were adjusted to pH 4.5 and applied intravaginally.

Cell culture

A human colorectal epithelial cell line, Caco-2, was kindly provided by
Dr Paul Zhou (Institute Pasteur of Shanghai) and was cultured in
Dulbecco’s modified Eagle medium. The human T-cell leukaemia
cell-line Jurkat and the human acute monocytic leukaemia cell-line
THP-1 were purchased from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences and cultured in RPMI 1640. All cell
cultures were supplemented with 10% foetal bovine serum, 2 mmol/L
L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin at
37 °C/5% CO,.

In situ immunofluorescent assay for tight junction proteins
Caco-2 cells were cultured in 24-well plates for the formation of intact
epithelial layers. After 6 h of treatment with HEC, N9 or CS at the
indicated concentrations, the culture supernatant was discarded, and
the epithelial cell layers were fixed with 3% paraformaldehyde for
30 min at room temperature. The fixed cells were further permeabi-
lized with 0.05% Triton X-100 for 5 min on ice and then subjected to
staining for the tight junction protein occludin with 10 pg/mL rabbit
anti-occludin antibodies (Invitrogen, Grand Island, NY, USA) and
subsequently with Alexa Fluor 488-goat anti-rabbit IgG secondary
antibodies (1:1000 dilution; Invitrogen). The final images were visua-
lized by using an Axiovert 200 inverted fluorescent microscope (Carl
Zeiss Inc., Oberkochen, Germany).

Apoptosis assay

Annexin V binding assays were performed using a PE Annexin V
Apoptosis Detection Kit I (BD Biosciences, San Diego, CA, USA).
Early apoptotic epithelial cells (Caco-2) were observed with flow cyto-
metry and the use of fluorescein-labelled Annexin V. Analysis was
conducted on >10 000 gated viable lymphocytes based on fluor-
escence minus one controls.

Safety evaluation in in vivo mouse model

All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the Shanghai
Public Health Clinical Center. Six- to eight-week-old pathogen-free
outbred BALB/c female mice were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd (Shanghai, China). All mice were hor-
monally synchronized with 2 mg of medroxyprogesterone acetate
(Sigma-Aldrich) 5 days before the experiments.® Mice were separately
treated with 40 pL of gel formulated with the indicated microbicide
candidates (40 mg/mL or 0.4 mg/mL N9, 10 mg/mL TFV, 60 mg/mL
or 0.6 mg/mL CS or placebo (1.5% HEC), delivered intravaginally
with a single dose. The mouse cervicovaginal lavages (CVLs) were
collected at the indicated time point post-application by washing
the mouse cervicovaginal area with 200 pL of sterile saline. The
CVLs were stored at —80 “C for subsequent cytokine quantification
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assays.® 12 h after the treatment, the mice were sacrificed, and their
vaginal tissues were collected for histological examination as
described below. To determine the recruitment of immune cells
at the topical mucosal sites, the mice were killed at the same time
points as for the cytokine quantification assay after receiving one
dose of the indicated microbicide candidates, and then the vaginal
tissues were collected for preparation of single mononuclear cells
(MNCs) as described below.

Histopathological examination

Formalin-fixed excised vaginal tissues were embedded within paraffin
and transversely sectioned with a microtome. The slides were stained
with haematoxylin—eosin and subjected to a blind evaluation for epi-
thelial cell disruption and inflammatory responses.

Cytokine quantification assay

Cytokines from CVLs were determined by using a mouse Th1/Th2/
Th17 cytokine Cytometric Bead Array kit (BD Biosciences) and were
analysed using a FACAria flow cytometer (BD Biosciences).

Determination of soluble E- and P-selectins by enzyme-linked
immunosorbent assay (ELISA)

Soluble selectins in mouse CVL were measured using ELISAs run on
1:3 diluted mouse CVL. Soluble E- and P-selectin ELISA kits were
purchased from Boster Biological Technology, Ltd (China).

Preparation of genital tract mononuclear cells

For isolation of MNCs, the uterus and genital tract, including the
cervix, were removed. The tissues from five mice in the same group
were pooled and disrupted with scissors (approximately 1-3 mm
slices) and then incubated with RPMI 1640 containing 10% bovine
calf serum and 0.5 mg/mL collagenase type V (Sigma-Aldrich) at 37 °C
with fresh medium replacement every 30 min three times. The
digested tissues were centrifuged at 600 g at 25 C for 20 min in a
40%/75% discontinuous Percoll gradient (GE Healthcare Life
Sciences, Chalfont St Giles, UK). Cells residing between the 75%
and 40% Percoll layers were recovered as MNCs and resuspended in
complete RPMI 1640 at 4 ‘C for subsequent use.

In vivo and in vitro evaluation of recruitment of immune cells and
activation

For in vivo evaluation, the isolated MNCs from mouse tissues were stained
with surface antibodies conjugated to different fluorochromes for 30 min
at 4 C, including anti-CD3-Pacific blue, anti-CD4-APC/Cy7, anti-CD8-
FITC, anti-CD11c-PE/Cy7, anti-CD335 (NKp46)-PE, anti-CD14-PerCP/
Cy5.5 and anti-TCRYS-APC for cell subset phenotyping.

For in vitro evaluation, CS-treated Jurkat T cells or THP-1 cells were
stained with anti-human monoclonal antibodies for evaluating the
expression of HIV entry receptors (anti-CD4-PE, anti-CXCR4-APC,
anti-CCR5-APC-Cy7, anti-04-PE/Cy5 and anti-§7-PE) and activation
markers (anti-CD38-PE-Cy7, anti-CD69-APC-Cy7, anti-CD86-PE-
Cy5 and anti-HLA-DR-Pacific blue) by flow cytometry at indicated
time points (0 h, 0.5h, 1 h, 3 hand 6 h). All antibodies were purchased
from Biolegend Inc. (San Diego, CA, USA). Analysis was conducted
on >10 000 gated viable lymphocytes based on fluorescence minus
one controls.

Statistical analysis
Data are presented as the mean=*standard deviation (SD). The sta-
tistical significance between different groups was calculated with the



t-test using GraphPad Prism version 5.0 software (San Diego, CA,
USA). Values of P<<0.05 were considered as statistically significant.

RESULTS

Soluble adhesion molecules were not suitable as biomarkers for
evaluating ‘non-surfactant’ microbicides such as CS

In the present study, we evaluated the soluble P- and E-selectin levels
in vaginal fluids induced by CS, a failed microbicide candidate, which
increased the risk of HIV acquisition without causing obvious epithe-
lial damage (Figure 1). As seen in Figure 2, CS did not induce signifi-
cant upregulation of the soluble selectins levels in vaginal fluids
compared with PBS-treated controls (P>0.05), whereas the positive
control, N9, still induced significant levels of soluble selectin
(P<0.05). These data demonstrated that these soluble adhesion mole-
cules might not be suitable markers for compounds that do not pro-
duce obvious epithelial damage and inflammation.

In the present study, we focused our subsequent studies on the
direct investigation of the recruitment of immune cells, including
HIV-targeted cells in vaginal mucosal tissues instead of soluble adhe-
sion molecules in vaginal fluids, and tried to establish a new system for
evaluating the safety profile of microbicide candidates, including not
only surfactant-based compound but also other compounds that are
toxic through other mechanisms.

Immune cells were recruited to topical mucosal sites earlier than
detectable cytokine secretion in CVLs after a single application
Three representative microbicide candidates, N9, CS and TFV, were
employed to investigate the effect of microbicide candidates at topical

Figure 1 Histopathological examination of genital tissues after intravaginal
application of different microbicide candidates. Tissue sections were stained with
haematoxylin—eosin from the untreated control (A), placebo (HEC gel)-treated
group (B), 40 mg/mL N9-treated group (C), 10 mg/mL TFV-treated group (D) and
60 mg/mL CS-treated group (E). No significant changes were identified on the
epithelial layer after the administration of a placebo control or 10 mg/mL TFV, and
treatment with 60 mg/mL CS resulted in slight inflammatory cell infiltration with-
out obvious epithelial disruption. In contrast, 40 mg/mL N9 caused severe dis-
ruptions of the epithelium and inflammation infiltrations. Scale bars=50 pum.
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Figure 2 Dynamics of soluble selectins in CVLs after single application of N9 or
CS. Mice were collected for CVL and killed at indicated time points following a
single application of 40 mg/mL N9, 60 mg/mL CS or PBS alone. Five mice were
set for each time point of each treatment. Soluble factors were quantified by
ELISA using CVL supernatant. For both of E- and P-selectins, there was no
difference between the CS treatment group and controls at all time points. In
contrast, for the treatment of N9, soluble E-selectin and P-selectin were rapidly
increased and persisted at significantly increased levels over 12 h. Experiments
were repeated two times and produced similar results. Data are represented as
the mean=SD for individual mice of one representative experiment. *P<0.05:
N9 and CS treatment groups versus corresponding PBS control.

mucosal sites. A previous report observed that N9 could induce the
increase of inflammatory cytokines in CVLs, including IL-1f, tumour-
necrosis factor-o and IL-6.*~ Considering the possible engagement of
natural killer (NK), Th17 and regulatory T cells at the topical mucosal
sites, we added interferon-v, IL-17A and IL-10 into our cytokine panel
and evaluated the cytokine production in CVLs after the administra-
tion of microbicide candidates. Four groups of mice were treated with
a single dose of 40 mg/mL N9, 60 mg/mL CS, 10 mg/mL TFV and 1.5%
HEC gel control, respectively. The dynamic production of cytokines
was monitored at different time points using a Cytometric Bead Array
as described previously.® The results indicated that following treat-
ment with both 40 mg/mL N9 and 60 mg/mL CS, the dynamic secre-
tions of the five pro-inflammatory cytokines in CVL were very similar
to the pattern observed with monocyte chemotactic protein-1, as
reported in our previous work,” which increased only transiently
and then peaked at 4 h post-treatment, followed by a sharp decline
and immediate return to baseline values at the later time points. In
contrast, 10 mg/mL TFV gel has been proven to be a safe component in
microbicide formulation in clinical usage and did not induce any
enhancement of cytokine production as compared to HEC gel
(Figure 3).

We next investigated the recruitment of immune cells at the topical
mucosal sites. As exemplified in Figure 4A, we used CD3/CD4/CD8 to
define T-cell subsets, y6 T-cell receptor-specific antibodies to define
v& T cells, NKp46 receptors to define NK cells, and CD14 and CD11c
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Figure 3 Dynamics of inflammatory cytokines in CVLs after treatment with microbicide candidates. Inflammatory cytokines secreted in CVLs were quantified at
different time points after a single intravaginal application of 1.5% HEC placebo, 10 mg/mL TFV, 60 mg/mL CS and 40 mg/mL N9. The X-axis indicates the hours after
the administration of microbicide candidate gels. The Y-axis indicates the production of corresponding inflammatory cytokines. The data represent the mean=SD for

individual mice of one representative experiment.

for monocytes and DC cells, respectively. As seen in Figure 4B, the
recruitment of immune cells, including HIV-targeted cells, responded
earlier than pro-inflammatory cytokines. Significant changes were
detectable as early as 2 h (compared to 4 h for cytokines) after a single
dose treatment of 40 mg/mL N9 and 60 mg/mL CS and peaked by the
4 h post-treatment (except CD8" T cells, the change of which were
detectable at 4 h post-treatment and peaked at 4 (N9) or 6 h (CS) post-
treatment). In contrast, 10 mg/mL TFV did not induce any more
recruitment of immune cells as compared with HEC control
(Figure 4B).

Recruitment was more sensitive than cytokine secretion in
determining mild degree stimulation

To compare the sensitivity of the recruitment of immune cells with
pro-inflammatory cytokines in determining the safety of microbicide
candidates, both high and low dose of N9 (40 mg/mL and 0.4 mg/mL
in HEC) or CS (60 mg/mL and 0.6 mg/mL) were administered intra-
vaginally, and analysed at 4 h post-treatment, at which the secretion of
both pro-inflammatory cytokines and recruitment of immune cells
reached their peaks. Compared with HEC alone gel, a dose of 40 mg/
mL N9 and 60 mg/mL CS were sufficient to induce significant
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increases of all five cytokines we tested, whereas their 100-fold dilution
formulations (0.4 mg/mL N9 and 0.6 mg/mL CS) could not trigger
significant increases of these cytokines in CVLs (Figure 5A). However,
low-dose N9 and CS both induced significant increases of immune cell
recruitment (P<<0.05) (Figure 5B) as well as the high-dose formula-
tions. These data demonstrate that recruitment of immune cells was
more sensitive than the secretion of pro-inflammatory cytokines in
CVLs, especially for determining mild degrees of stimulation that
might enhance the infection of pathogens without causing obvious
epithelial damage and inflammation.

In vitro evaluation model

Although the in vivo model described above could determine the safety
profile for a microbicide candidate, we further investigated how much
a cell line model in vitro could mimic and thereby potentially replace
the in vivo model. We employed the disruption of the integrity of the
cell layer and induced apoptosis as surrogates to determine the poten-
tial damage of microbicide candidate to the epithelial barrier. As
shown in Figure 6A, when we inspected the influence of microbicide
candidates on the integrity of a Caco-2 cell layer by staining the tight
junction protein occludin in situ, we observed that the density of
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Figure 4 The recruitmentofimmune cells at topical mucosal sites by intravaginal application of microbicide candidates. (A) Examples to define differentimmune cells.
CD3/CD4/CD8 were used to define T-cell subsets, v8 T-cell receptor-specific antibodies were used to define v8 T cells, as was the NKp46 receptor for NK cells and
CD14 and CD11c for monocytes and DC cells, respectively. (B) The recruitment of different immune cells was displayed after a single treatment of 1.5% HEC placebo
(HEC), 10 mg/mL TFV, 60 mg/mL CS and 40 mg/mL N9. The cells were then collected from vaginal tissues at the indicated time points post-treatment. At 2 h post-
treatment, significant recruitment was observed for allimmune cells except CD8* T cells after the application of CS and N9 (P<0.05). Recruitment peaked at 4 h post-
treatmentand then gradually returned to the baseline. In contrast, TFV did notinduce any enhanced recruitment of immune cells compared to the placebo control. The
data are represented as the mean=SD for individual mice of one representative experiment.

occludin in a low-dose CS (0.6 pg/mL)-treated Caco-2 cell layer
(Figure 6A, upper-right) was similar to that in the PBS-treated cell
layer (Figure 6A, upper-left), whereas it was lower in the Caco-2 cell
layer exposed to a high dose of CS (60 pug/mL) (Figure 6A, bottom-left),
which indicates a decrease of tight junctions between Caco-2 cells after
the administration of high-dose CS, and the dissociation of cell junctions
occurred in the epithelial cell layer. The dissociation or even disruption
was further enhanced when the cell layer was treated with N9 (Figure 6A,
bottom-right), suggesting that the application of microbicide candidate
could lead to damage to the tight junctions between epithelial cells, and
the occludin staining assay could be used to evaluate this damage.

To explore a quantitative assay to determine the potential damage
to the epithelial barrier, we employed a Caco-2 apoptosis assay after
treatment with the microbicide candidates. Flow cytometry data indi-
cated that apoptotic epithelial cells (Caco-2) but not necrotic cells
were greatly increased from the original 8.0% to 30.8% after

Sensitive-cytokine at 4 h

co-incubation of Caco-2 cells with 60 pg/mL CS for 6 h, whereas no
significant difference was observed in the cells treated with a low dose
of CS (0.6 pg/mL) as compared with the cells treated with PBS
(Figure 6B), indicating that the apoptosis assay could be used to
quantify the effect of microbicide candidates on epithelial cells.
Because our in vivo data suggested that the recruitment of immune cells
into topical sites is highly sensitive to microbicide candidate treatment, we
tested whether this observation hold true in other cell lines and low-dose
CS was employed. The upregulation of activation markers and homing
receptors, including HIV-1 receptor/coreceptors, was used as sensitive
surrogates to determine the potential recruitment of immune cells to
the topical sites. Two cell lines were employed in this assay, including
THP-1 cells as a macrophage-derived cell line to represent an innate
immunity cell line and Jurkat cells as a representative T-cell line. HIV
receptor/coreceptors, including CD4, CXCR4, CCR5, o437, and activa-
tion markers, including CD86 and HLA-Dr for THP-1 cells and CD69 and
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Figure 5 Recruitment of immune cells is more sensitive than secretion of pro-inflammatory cytokines in the indication of inflammation induced by N9 or CS. In three
independent experiments, five groups of mice (five mice per group) were treated intravaginally with a single dose of 15 mg/mL HEC placebo gel, 40 mg/mL N9, 60 mg/mL
CS, and their 100-fold dilutions (0.4 mg/mL N9 and 0.6 mg/mL CS), respectively. CVL and vaginal tissues were collected 4 h after application. (A) In regard to the secretion
of pro-inflammatory cytokines, there were no differences between the low dose of CS (or N9) treatment group and the control group, whereas significant increases were
observed between the high-dose groups and the control. (B) In regard to the recruitment of immune cells in local tissues, both high-dose and low-dose N9 or CS significantly
upregulated the per cent of immune cells indicated in the figure. Data are represented as the mean=SD for individual mice of one representative experiment. *P<0.05.
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Figure 6 The integrity of Caco-2 epithelial layers and apoptosis induced by microbicide candidates. (A) The occludin immunofluorescence staining for the tight
junctions in Caco-2 epithelial layers. After 6 h of co-incubation of Caco-2 cells with microbicides, cell integrity was inspected using occludin fluorescent antibodies. The
results revealed that the tight junctions in the epithelial layers remained intact following treatments with PBS (left up) and low-dose CS (0.6 pg/mL) (right up), whereas
high-dose CS (60 pg/mL) (left bottom) caused slight destruction of epithelial layers, and 40 pg/mL N9 (right bottom) destroyed the integrity of the epithelial layer. Scale
bars=25 um. (B) The apoptosis of Caco-2 epithelial cells induced by CS. Different cell populations were displayed in the upper panel. The viable cells had low PE and
low 7-AAD signals. The apoptotic cells had high PE and low 7-AAD signals, and the necrotic cells had high PE and high 7-AAD signals. After 6 h of co-incubation, low-
dose CS (0.6 pg/mL) produced similar apoptosis compared with that of PBS, whereas high-dose CS (60 pg/mL) resulted in a significant increase of apoptotic cells but
not cell necrosis (up and bottom panel). Data represent the means=SD from triplicate experiment results (bottom panel). A t-test was performed between the
microbicide candidate-treated group and the PBS-treated group. *P<0.05. 7-ADD, 7-aminoactinomycin D; PE, phycoerythrin.

CD38 for Jurkat cells, were quantified at different time points, including
0.5 h, 1 h, 3 h and 6 h after the treatment with low-dose CS (Figure 7A).
Unexpectedly, upregulation was observed for all surface markers in the
THP-1 cells, which peaked at 1 h after the treatment and then decreased
(Figure 7B), indicating that the THP-1 cells are capable of rapidly respond-
ing to exogenous stimulation. A similar pattern was observed in Jurkat cells

(Figure 7C); however, two differences should be noticed. The first differ-
ence is that CD38 did not increase after microbicide treatment. The second
difference is that all up-regulation peaked at 3 h instead of 1 h in THP-1
cells, suggesting that Jurkat T cells responded slower than THP-1 cells.
Interestingly, the enhanced expression of HIV-1 receptor/coreceptors,
including CD4, CXCR4, 047 and CCR5, was observed for both THP-1

~
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Figure 7 Upregulation of HIV-1 receptor/coreceptor and activation markers on cell lines after the treatment of low-dose CS. (A) Representative experiments were
shown for different surface markers and for different time points after the application of low-dose CS. The expression of HIV receptors (CD4, CCR5, CXCR4, a4p7) and
activation markers (HLA-Dr, CD38, CD69) on THP-1 cells or Jurkat T cells at different time points were tested. The left panel shows the kinetics of surface markers for
THP-1 cells, and the right panel shows the surface markers for Jurkat T cells. (B, C) The corresponding statistical results for THP-1 and Jurkat T cells, separately. Upon
stimulation with low-dose CS, the expression of HIV receptors and activation markers (except CD38) were upregulated and peaked by 1 h post-treatment for the THP-1
cell line and 3 h post-treatment in the Jurkat T-cell line. The data represent the means=+SD from triplicate experiment results.

and Jurkat cells, indicating the potential recruitment of HIV-1 infection
targets after the administration of low-dose CS.

DISCUSSION

The clinical failure of several microbicide candidates due to safety
concerns has emphasized the importance of safety evaluation in pre-
clinical testing. Several important evaluations have been taken into
consideration by current approaches, including the integrity of the cell
layer by measuring the drop of transepithelial electrical resistance in a
transwell culture model,” cell toxicity by MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay,*'®'" influence on
the bacterial microenvironment by semiquantitative vaginal culture
assay,'>!” inflammatory irritation and colposcopic abnormalities in a
rabbit vaginal irritation models,* and inflammatory cytokine produc-
tion at the topical sites in mouse models."* However, there are still
some limitations to these evaluation approaches,”® and researchers
continue to explore more sensitive assays to improve the examination
of the safety profiles of microbicide candidates.

In previous study, we identified some adhesion molecules, such as
E- and P-selectin as biomarkers for evaluation of surfactant-based
compounds.” Surfactant-based compounds may promote HIV-1
transmission by eroding the protective mucosal epithelial layers and
inducing the inflammatory reaction. Other microbicide candidates,
such as polyanionic-based compounds (e.g., CS), displayed better
tolerance on vaginal epithelium and flora; however, they still trigger
nuclear factor-«B activation through some unknown mechanism and
induce release of pro-inflammatory cytokines and chemokines cap-
able of recruiting immune cells, including HIV host cells.”'>®
Following the treatment of surfactant compounds, shedding soluble
E-/P-selectins, vascular adhesion molecule-1, CD14 and/or myeloper-
oxidase could be released into the vaginal secretions through damaged
epithelial layers. This enables such soluble adhesion molecules to be
good biomarkers that reflect the mucosal leukocyte reaction to pro-
inflammatory conditions.””!” However, when being treated with other
non-surfactants toxic compounds that do not cause epithelial disrup-
tion, the CVL levels of the adhesion molecules did not display signifi-
cant increases, as there was a relatively intact epithelium and less
inflammation at the topical site. In the present study, we directly
investigated the recruitment of immune cells, including HIV-targeted
cells, in vaginal mucosal tissues instead of soluble adhesion molecules
in vaginal fluids and developed in vitro cells models. Our data demon-
strated that the recruitment of immune cells at the topical mucosal
sites and the upregulation of HIV receptor/coreceptors in vitro are
highly sensitive biomarkers for the influence of microbicide candi-
dates as compared with assays involving evaluation of histopathology
and local secretion of pro-inflammatory cytokines.

Though there are many safety evaluation approaches, including
topical immune cell recruitment assays, which have been explored
and added into the existing body of use in preclinical settings, it
remains unknown how to mutually interpret the data generated from
different approaches, the true assay sensitivities and how to effectively
combine these evaluations. Our data suggests that safety evaluation
assays might be categorized into three levels according to their sensi-
tivities, provisionally named as low sensitive, sensitive and highly

sensitive assays. The low sensitive assay is represented by histopatho-
logical examination and most likely could be extrapolated to the rabbit
vaginal irritation approach. These approaches can identify visible
damage to the mucosal barrier or significant inflammation induced
by N9, though they hardly detect the changes resulting from high-dose
CS. The sensitive assays are represented by the quantification of
inflammatory cytokine production in mucosal wash in vivo or super-
natants of stimulated cell lines in vitro, the examination of the integrity
of the cell layer by occludin staining or transepithelial electrical re-
sistance assays in vitro and apoptosis assays in vitro. These assays are
capable of identifying the changes caused by high-dose CS but not low-
dose CS, which is 100-fold lower than high-dose CS. Finally, the highly
sensitive assays include the recruitment of immune cells at the topical
mucosal sites and the upregulation of surface markers, including HIV
receptor/coreceptors and activation markers. These approaches are
able to detect the minor changes (invisible damage) resulting from
the administration of low-dose CS at very early stages. Because the
assays at the varied sensitivity levels provide different perspective
information, we recommended that at least one assay from each sen-
sitivity level should be included in the safety evaluation algorithm and
preferentially two assays from the same sensitive level with one being
in vivo and the other in vitro for comparison purposes and for mutual
corroboration. Interestingly, no significant change was observed for
10 mg/mL (1%) TFV, even with the most sensitive assays, which is in
accordance with previous clinical and preclinical observations.’
Although the result of Vaginal and Oral Interventions to Control
the Epidemic (VOICE) trial is opposite to Centre for the AIDS
Program of Research in South Africa (CAPRISA) 004, which indicated
that a vaginal gel containing 1% TFV could reduce risk 39% overall in
women using the active product and 54% in highly adherent users,” it
still confirmed the safety of 1% TFV gel.'® In addition, there are many
differences between these two trials. For example, CAPRISA 004 used
‘before and after’ sex doses, whereas VOICE tested a daily dosing
regimen. Therefore, at least for now, people cannot ascribe the ineffec-
tiveness of TFV gel in the VOICE trial to safety factors such as inflam-
mation, recruitment or aberrant activation of immune cells before all
of the clinical data are analysed in full and further investigations are
performed.

The application of highly sensitive assays in the safety evaluation of
microbicide candidates is emphasized by its capacity to detect the
recruitment of HIV-1 target cells and the upregulation of activation
markers and HIV-1 receptor/coreceptors at very early stages. In our in
vitro experiments, we observed that low-dose CS upregulated the
expression of HIV receptor/coreceptors on macrophage or lympho-
cyte cells in the absence of triggering the production of inflammatory
cytokines. The dramatic upregulation of 04p7, a newly discovered
HIV receptor that serves both as the receptor for HIV mucosal infec-
tion'®?° and as mucosal homing receptor,?** can partially explain
why the recruitment of immune cells at the mucosal sites occurred
after topical administration of low-dose CS. Taken together, our
results indicate that low-dose CS may enhance the acquisition of
HIV via the recruitment of HIV target cells and the upregulation of
the HIV-1 receptor/coreceptors in the absence of causing apoptosis
and inflammatory cytokine production, which cannot be identified by
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traditional models. Our observations may explain the observation in
previous studies in which CS was more prone to enhance HIV infec-
tion when a low dose rather than a high dose was used."

Taken together, the data presented here not only broaden the
understanding of the potential mechanisms of microbicide candidates
that result in the enhancement of HIV infection, but also provide a
more stringent preclinical assessment tool for the safety evaluation of
microbicide candidates, and therefore, have important implications
for the development of microbicides.
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