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ABSTRACT

Epidemiological studies have demonstrated that herpes simplex virus 2 (HSV-2) infection significantly increases the risk of
HIV-1 acquisition, thereby contributing to the expanding HIV-1 epidemic. To investigate whether HSV-2 infection directly facil-
itates mucosal HIV-1 acquisition, we used our transgenic hCD4/R5/cT1 mouse model which circumvents major entry and tran-
scription blocks preventing murine HIV-1 infection by targeting transgenic expression of human CD4, CCR5, and cyclin T1
genes to CD4� T cells and myeloid-committed cells. Productive infection of mucosal leukocytes, predominantly CD4� T cells,
was detected in all hCD4/R5/cT1 mice intravaginally challenged with an HIV-1 infectious molecular clone, HIV-Du151.2env-
NLuc, which expresses an env gene (C.Du151.2) cloned from an acute heterosexually infected woman and a NanoLuc luciferase
reporter gene. Lower genital tract HIV-1 infection after HIV-Du151.2env-NLuc intravaginal challenge was increased �4-fold in
hCD4/R5/cT1 mice coinfected with HSV-2. Furthermore, HIV-1 dissemination to draining lymph nodes was detected only in
HSV-2-coinfected mice. HSV-2 infection stimulated local infiltration and activation of CD4� T cells and dendritic cells, likely
contributing to the enhanced HIV-1 infection and dissemination in HSV-2-coinfected mice. We then used this model to demon-
strate that a novel gel containing tenofovir disoproxil fumarate (TDF), the more potent prodrug of tenofovir (TFV), but not the
TFV microbicide gel utilized in the recent CAPRISA 004, VOICE (Vaginal and Oral Interventions to Control the Epidemic), and
FACTS 001 clinical trials, was effective as preexposure prophylaxis (PrEP) to completely prevent vaginal HIV-1 infection in al-
most half of HSV-2-coinfected mice. These results also support utilization of hCD4/R5/cT1 mice as a highly reproducible immu-
nocompetent preclinical model to evaluate HIV-1 acquisition across the female genital tract.

IMPORTANCE

Multiple epidemiological studies have reported that genital herpes simplex virus 2 (HSV-2) infection increases the risk of HIV-1 sex-
ual acquisition by severalfold. Understanding the underlying mechanisms by which HSV-2 facilitates HIV-1 infection and optimizing
the efficacy of therapies to inhibit HIV-1 infection during HSV-2 coinfection should contribute to reducing HIV-1 transmission. Using
our novel transgenic hCD4/R5/cT1 mouse model infectible with HIV-1, we demonstrated that HSV-2 infection enhances vaginal trans-
mission and dissemination of HIV-1 infection while stimulating recruitment and activation of CD4� T cells and dendritic cells in the
lower genital tract. HIV acquisition by hCD4/R5/cT1 mice vaginally coinfected with HSV-2 could be completely prevented in almost
half the mice by preexposure prophylaxis (PrEP) with a novel gel containing tenofovir disoproxil fumarate (TDF), the tenofovir prod-
rug, but not with the tenofovir microbicide gel utilized in CAPRISA-004, VOICE, and FACTS-001 clinical trials. The hCD4/R5/cT1
mice represent a new preclinical mouse model to evaluate vaginal HIV-1 acquisition.

Infection with herpes simplex virus 2 (HSV-2) is a major cause of
sexually transmitted diseases in the world, infecting an esti-

mated 500 million individuals worldwide with a prevalence of up
to 70% in sub-Saharan Africa, the epicenter for the human immu-
nodeficiency virus type 1 (HIV-1) pandemic (1–4). Multiple epi-
demiological studies have indicated that infection with HSV-2
increases the likelihood of acquiring HIV-1 infection by several-
fold and thereby contributes to the expansion of the HIV-1 epi-
demic (5–9). Investigating the molecular and cellular mechanisms
underlying the synergistic relationships between HIV-1 and
HSV-2 infection has been limited by the absence of an in vivo
model to study coinfection with these two viruses. Primary HSV-2
infection creates genital ulcerations that disrupt the epithelial sur-
face and compromise the mucosal barrier; this facilitates HIV-1
passage into the submucosa where it encounters mucosal CD4� T

cells, macrophages, and dendritic cells, infects initial target cells,
and forms local foci of infected cells which disseminate through-
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out the lymphoid tissue (10–13). In addition, HSV-2 infection
alters the mucosal microenvironment by increasing the local pro-
duction of proinflammatory cytokines and chemokines that re-
cruit and activate CD4� T lymphocytes, macrophages, and den-
dritic cells, thereby enhancing the probability that HIV-1 will
encounter and infect target cells (14–16).

While various humanized mouse models have been used to
evaluate mucosal HIV-1 transmission and the efficacy of different
preventive therapeutics, including topical or systemic preexpo-
sure prophylaxis (PrEP), the exposed mucosal tissues of these chi-
meric models are composed of mouse epithelial cells while the
submucosa consists of a mixture of mouse stromal cells, macro-
phages, and dendritic cells and various levels of human leukocytes
(17). The species differences between mouse and human cells in
cytokine and chemokine responsiveness and the binding of lym-
phocyte homing receptors to their ligands will likely affect the
trafficking and recruitment of human leukocytes into the mouse
female reproductive tract in response to inflammation induced by
infection. In addition, humanized mouse models are constructed
by transplanting human hematopoietic stem cells with and with-
out human thymic tissue into highly immunodeficient mice,
which are highly susceptible to HSV-2 infection, precluding their
use for HIV-1 and HSV-2 coinfection studies. Some of the inher-
ent limitations of humanized mouse models would be circum-
vented by an immunocompetent mouse model rendered suscep-
tible to HIV-1 infection by the transgenic expression of human
genes that overcome murine blocks to HIV-1 replication and en-
try. We previously constructed hCD4/R5/cT1 mice which are
transgenic for CD4 promoter/enhancer-mediated expression of
human CD4, CCR5, and cyclin T1 transgenes by mouse CD4� T
cells, monocytes, and dendritic cells (18). Expression of these hu-
man transgenes enables CD4-expressing mouse leukocytes to cir-
cumvent the HIV-1 entry block in mouse cells due to the inability
of mouse CD4 and CCR5 to engage gp120 (19) and to overcome
the HIV-1 transcription block, secondary to the inability of Tat to
bind mouse cyclin T1 and recruit the positive transcription elon-
gation factor b (P-TEFb) complex to the HIV-1 transactivation
response (TAR) RNA target element required to efficiently initiate
proviral transcription (20–22). We previously reported that cir-
cumventing these inherent murine replication blocks by expres-
sion of human CD4, CCR5, and cyclin T1 transgenes enabled the
hCD4/R5/cT1 mice to support productive in vivo HIV-1 infection
after inoculation with replication-competent HIV-1 expressing a
Renilla luciferase (LucR) reporter gene (18).

A major advance in the development of topical PrEP to prevent
sexual transmission of HIV-1 infection was the randomized, pla-
cebo-controlled CAPRISA 004 trial, which demonstrated that the
application of 1% tenofovir (TFV) vaginal gel before and after
sexual intercourse reduced HIV acquisition by an estimated 39%
in all study participants and by 54% in women highly adherent to
the gel application protocol (3). However, a subsequent study of
high-risk, predominantly young, unmarried women in sub-Saha-
ran Africa, the Vaginal and Oral Interventions to Control the Ep-
idemic (VOICE) trial, failed to show a protective effect of daily
administration of vaginal 1% TFV gel, which, based on analysis of
plasma drug levels, was most likely due to low adherence by the
study subjects (23). Similarly, the FACTS 001 trial also failed to
show any protection, which has also been attributed to poor ad-
herence (24). Because HSV-2 infection facilitates HIV-1 transmis-
sion and increases the amount of drug needed to protect against

HIV-1 acquisition (13), the efficacy of PrEP for preventing HIV
infection could be reduced by the presence of active HSV-2 infec-
tion.

The active metabolite of TFV, tenofovir diphosphate, potently
inhibits HIV reverse transcriptase by DNA chain termination.
TFV was the first antiretroviral drug to be formulated into a mi-
crobicide gel due to its excellent safety profile (25). While TFV
displays poor oral bioavailability, its prodrug, tenofovir disoproxil
fumarate, (TDF; Viread), is efficiently absorbed after oral admin-
istration and converted into TFV by serum and tissue esterases
(26). Although TFV gel was shown to be effective as a PrEP agent
in the CAPRISA 004 trial, TDF gel should prevent HIV-1 acquisi-
tion more effectively than TFV gel because it displays �100-fold
greater in vitro anti-HIV-1 activity than TFV (27), likely a conse-
quence of its more rapid cellular penetration than that of TFV,
which enables it to generate higher intracellular levels of the active
metabolite, tenofovir diphosphate (4, 28). The long intracellular
half-life (12 to 15 h in activated lymphocytes and 33 to 50 h in
resting lymphocytes) of tenofovir diphosphate may mitigate in-
termittent adherence (27, 28). TDF delivered by an intravaginal
ring protected 100% of macaques repeatedly exposed to simian
immunodeficiency virus (SIV) by 16 weekly vaginal challenges
(29), and vaginally administered 0.3% TDF gel was more effective
in protecting mice from genital herpes than 1% TFV gel (4). Im-
portantly, ex vivo studies demonstrated that TDF did not adversely
affect cell growth or disrupt epithelial cell tight junctions, predic-
tive of TDF not compromising the barrier formed by the vaginal
and ectocervical stratified squamous epithelium, which would
have the unintended consequence of facilitating HIV-1 infection
(28). Therefore, we utilized our novel transgenic mouse mucosal
HIV-1 infection model to compare the efficacy of two nucleotide
analogue reverse transcriptase inhibitors used as topical PrEP,
TFV and its prodrug, TDF (29), to inhibit acquisition of HIV-1
during acute HSV-2 infection (4). In the current study, we dem-
onstrate that the hCD4/R5/cT1 mice are reproducibly infected
after mucosal challenge with HIV-1 and that the magnitude of
mucosal HIV-1 infection and of dissemination into the lymph
nodes is markedly increased when the mice are challenged during
acute HSV-2 infection. We also demonstrated that the acquisition
of vaginal HIV-1 infection during acute HSV-2 infection can be
prevented significantly more effectively by administration of the
0.3% TDF gel than by treatment with 1% TFV gel.

MATERIALS AND METHODS
Generation of HIV-1 infectious molecular clones. We previously re-
ported on LucR-expressing, replication-competent HIV-1 reporter virus
technology (30), which productively infected the hCD4/R5/cT1 mouse
model (18) and has well-established utility in other contexts, e.g., to eval-
uate the HIV-1-inhibitory capacity of antibodies, NK cells, and CD8 T
cells (31–38). To further improve upon the sensitivity of HIV-1 reporter
virus in vivo detection, we developed a novel reporter virus construct
encoding NanoLuciferase (NLuc) (39) in the place of LucR. NLuc is a
brighter and more stable bioluminescent reporter with a longer half-life
than Renilla luciferase (39), which is particularly important for quantify-
ing low-level HIV replication during the initial stages of infection in the
lower genital tract. Furthermore, to provide biological relevance for in
vivo studies on acute HIV-1 infection and the efficacy of PrEP to inhibit
HIV infection resulting from vaginal exposure, we chose an R5-tropic env
gene, C.Du151.2 (GenBank accession number DQ411851), obtained
from an acute infection sample of a woman infected in South Africa by
heterosexual transmission (40). The new plasmid encoding the replica-
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tion-competent infectious molecular clone (IMC) was named pNL-
NLuc.T2A-C.Du151.2.ecto. Virus derived from it (NL-NLuc.T2A-
C.DU151.2.ecto) is referred to herein as HIV-Du151.2env-NLuc. Briefly,
pNL-NLuc.T2A-C.Du151.2.ecto was generated by cloning the Env glyco-
protein ectodomain coding region of a strain expressing env C.Du151.2
into the pNL-LucR.T2A reporter backbone, essentially as described pre-
viously (32, 38), resulting in expression of full-length Env in cis. The LucR
coding region was then replaced by that of the NLuc gene (39) present in
the vector pNL1.1[Nluc] from Promega (GenBank accession number
JQ437370.1), specifically nucleotides (nt) 100 to 615, which span the
NLuc start codon to the last codon before the stop codon. of the genetic
elements present in NL-LucR.T2A (30), encompassing env and the re-
porter gene linked in frame to nef by a T2A peptide coding sequence, is
preserved, resulting schematically in the following: [env]TAAGctagccac-
cATG-[Nluc]-GCG---[T2A]tctagaATG[nef], where the stop codon of env
is indicated, followed by the naturally occurring G, followed by an addi-
tional 5 plus 4 nucleotides (lowercase) to form an NheI site (italic) which
overlaps with a Kozak sequence (underlined), followed by the NLuc start
codon. The NLuc stop codon (---) is removed to allow for read-through
into the T2A peptide sequence, which leads into an XbaI site (lowercase,
italic, encoding two additional amino acids) and the nef open reading
frame (ORF).

Virus stocks were generated by transient transfection of 293T cells
with the plasmid pNL-NLuc.T2A-Du151.2.ecto, and the infectious titer of
the virus generated, HIV-Du151.2env-NLuc, was determined by limiting
dilution infection of TZM-bl cells (expressed as 1 � 107 to 2 � 107 infec-
tious units [IU]) as described previously (30). We confirmed replication
competence in CD4� T cell lines and in primary CD4� T cells and con-
firmed highly sensitive detection of de novo proviral gene expression via
the NLuc activity readout (data not shown). Of note, we found that 293T
cell-derived virus stocks contained significant levels of NLuc activity, even
of the nonsecreted NLuc form utilized here; however, in applications like
the one presented here, in which the infection is in vivo and small volumes
are applied or wash steps or other diluting circumstances are used, inoc-
ulum-derived NLuc activity was not detected when we inoculated wild-
type mice (Fig. 1B). Thus, residual NLuc in the inoculum did not pose a
barrier to sensitive detection of de novo NLuc gene expression after in vivo
inoculation in tissue-derived HIV-infected cells.

Vaginal gels. TFV (1%) gel and the universal placebo gel, hydroxy-
ethylcellulose (HEC) were provided by CONRAD (41). TDF (Gilead,
Foster City, CA) was mixed (0.3%, wt/wt) in HEC (H2O [96.3%, wt/
wt], Natrosol 250 HX Pharm HEC [2.7%, wt/wt; Ashland Covington,
KY], NaCl [0.85%, wt/wt], and sorbic acid NF [0.1%, wt/wt; Spectrum
Chemicals, New Brunswick, NJ]) and stored at �80°C as described
previously (4).

The hCD4/R5/cT1 mouse model. hCD4/R5/cT1 mice were con-
structed as described previously (18). Briefly, founder mice were gener-
ated by injecting fertilized mouse eggs of C57BL/6 mice with two CD4
promoter/enhancer-regulated vectors. One vector expressed the human
CD4 and human CCR5 genes linked as a single transcript by the P2A
self-cleaving picornavirus-like 2A peptide, which generates equimolar
amounts of the CD4 and CCR5 proteins, and the other vector expressed
the human cyclin T1 gene. Founder mice with tandem integration of the
two vectors were identified by PCR analysis from tail DNA for human
CD4, CCR5, and cyclin T1 and crossed with C57BL/6 mice to identify
progeny that expressed all three transgenes that were transmitted as a
tightly linked single allele.

HIV-1 infection of hCD4/R5/cT1 mice and gel treatment. hCD4/R5/
cT1 mice (8 to 10 weeks old) were either untreated or pretreated with a
subcutaneous injection of 2.5 mg of depot medroxyprogesterone acetate
(DMPA) (Sicor Pharmaceuticals, Irvine, CA). Five days later, the mice
were intravaginally inoculated with 30 �l of HIV-Du151.2env-NLuc
(�4.5 � 105 IU) while in an inverted position, which was maintained for
�4 min to prevent immediate discharge of virus as described previously
(42). Six days after inoculation, vaginal mucosal mononuclear cells were

isolated from the lower genital tract (vagina and cervix) as described pre-
viously (43) and resuspended in lysis buffer (30 �g/ml DNase I, 0.425
mg/ml collagenase D [Roche], and 0.5 mg/ml Dispase II [Roche]) as de-
scribed previously (43, 44). HIV-Du151.2env-NLuc infection was quanti-
fied by measuring the activity of NLuc in the cellular lysate using a Pro-
mega NanoLuc Luciferase Assay (Promega, Madison, WI) according to
the manufacturer’s instructions. To determine whether CD4� T cells or
macrophages were the predominant population of mucosal cells infected
after intravaginal inoculation, mouse CD4� T cells and CD11b� mono-
cytes were isolated from the total mononuclear population of the lower
genital tract by immunomagnetic sorting. Briefly, lower genital tract
mononuclear cells were incubated with anti-mouse CD11b microbeads
(Miltenyi Biotec, Cambridge, MA) and passed through a positive-selec-
tion AutoMACS separation column using the AutoMACS automated
bench-top magnetic cell sorter (Miltenyi Biotec) to obtain purified mono-
cytes. The monocyte-depleted cells were then incubated with anti-mouse
CD4 microbeads (Miltenyi Biotec) and passed through the AutoMACS
automated bench-top magnetic cell sorter as described above to obtain
purified CD4� T cells. The purity of the immuno-sorted cells was greater
than 90%. HIV infection was then quantified by measuring the NLuc
activity from the cellular lysate of the purified CD4� T cells and CD11b�

macrophages.

FIG 1 DMPA-treated hCD4/R5/cT1 mice become infected with an infectious
molecular HIV-1 clone expressing an NLuc reporter gene. (A) Mice (n � 5
mice/group) were infected by atraumatically introducing HIV-Du151.2env-
NLuc (4.5 � 105 IU) into the vagina 5 days after one group of mice were
subcutaneously injected with DMPA (2.5 mg). Six days after infection, lower
genital tract mononuclear cells were isolated, and the NLuc activity in the
cellular lysate was quantified. (B) Wild-type littermates (n � 3) and hCD4/R5/
cT1 mice (n � 3) were infected by atraumatic intravaginal introduction of
HIV-Du151.2env-NLuc (4.5 � 105 IU) 5 days after subcutaneous injection
with DMPA (2.5 mg). Six days after inoculation, CD4� T cells and CD11b�

monocytes were isolated from the lower genital tract by immunomagnetic
sorting. The cells were lysed, and their NLuc activity was quantified. NLuc
activity was then determined on the cellular lysates of isolated cells, and values
are reported as relative light units (RLU) corresponding to a normalized anal-
ysis of 106 mononuclear cells. The average NLuc activity in the cellular lysates
from each group � standard error of the mean and individual data points are
shown. Asterisks indicate significance (*,P 	 0.05; **, P 	 0.01).

HSV-2 Coinfection Enhances In Vivo HIV-1 Infection
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To test the capacity of PrEP to prevent HIV-1 infection in this model,
DMPA-treated hCD4/R5/cT1 mice were treated with daily intravaginal
doses of 1% TFV, 0.3% TDF, or HEC gel (30 �l) or with daily intraperi-
toneal injections of emtricitabine (FTC)/TDF (Truvada; 3.5 mg of FTC
and 5.2 mg of TDF) (45), with the first dose administered 1 day prior to
intravaginal inoculation with 30 �l of HIV-Du151.2env-NLuc (4.5 � 105

IU). Genital tract tissue was harvested 6 days after inoculation. Alterna-
tively, the mice were treated with a single intravaginal dose of gel (30 �l) at
12 h prior to HIV inoculation and a second dose of gel 12 h after HIV
inoculation to simulate the dosing, referred to as BAT24 dosing, used in
the CAPRISA 004 trial (3).

Coinfection with HIV and HSV-2. hCD4/R5/cT1 mice (8 to 10 weeks
old) were pretreated with 2.5 mg of DMPA 5 days before intravaginal
inoculation of HSV-2 (clinical isolate 4674; 105 PFU), UV-inactivated
HSV-2, or phosphate-buffered saline (PBS), as described previously (12).
The UV-inactivated HSV-2 virus was produced by exposing the HSV-2
inoculum to the UV light source for 7 min at a distance of 10 cm, as
previously described (16). Two days later, a subset of mice from each
group was inoculated intravaginally with 30 �l of HIV-Du151.2env-NLuc
(4.5 � 105 IU). Six days after HIV-Du151.2env-NLuc inoculation, vaginal
mucosal mononuclear cells were isolated from the lower genital tract and
draining lymph nodes for quantification of HIV-Du151.2env-NLuc infec-
tion by measuring the NLuc activity in the cellular lysate. To measure the
phenotypic identity of isolated mononuclear cells in the lower genital tract
of hCD4/R5/cT1 mice, mice were DMPA treated and then either mock
inoculated or HSV-2 inoculated. Two days later some of the mice from
each group were HIV-Du151.2env-NLuc challenged or mock challenged,
and mononuclear cells were then isolated from the lower genital tract. To
examine the efficacy of PrEP to prevent mucosal HIV-1 infection during
acute HSV-2 infection, a group of DMPA-treated hCD4/R5/cT1 mice
were inoculated with HSV-2 (105 PFU/mouse). Two days later the mice
were treated at 12 h before and 12 h after intravaginal challenge with
HIV-Du151.2env-NLuc with 1% TFV, 0.3% TDF, or HEC gel. Six days
later, HIV infection was quantified by measuring NLuc activity in mono-
nuclear cells isolated from the lower genital tract as described above and
from the draining inguinal/iliac lymph nodes after tissue disassociation
through a 70-�m-pore-size cell strainer (BD Biosciences, Bedford, MA).
Mice were also evaluated on day 6 post-HIV infection and scored for
HSV-mediated epithelial disease (genital ulcers, edema, and erythema) on
a scale that ranged from 0 (no disease) to 4 (severe ulceration) as described
previously (46, 47).

Flow cytometry analysis. Mononuclear cells isolated from the lower
genital tract tissue, as described above, were incubated with Fc-receptor
blocking buffer for 15 min (Miltenyi Biotec, Cambridge, MA) and then
stained (5 � 105 cells/sample) with a combination of fluorescently labeled
monoclonal antibodies to mouse CD3, CD45, CD4, CD25, and CD69 or
to mouse CD45, CD11c, CD14, and major histocompatibility complex
class II (MHC-II) (e-Bioscience, San Diego, CA). Expression of these sur-
face molecules was then quantified using an LSRII instrument (BD Bio-
sciences, San Jose, CA) and FlowJo software (Treestar, Ashland, OR). The
total number of lymphocyte or myeloid cell phenotypic subpopulations
was calculated by multiplying the percentage of cells expressing the phe-
notypic markers by the total number of viable cells isolated from the lower
genital tract.

Statistical analysis of data. GraphPad Prism statistical software was
used for statistical analysis using one-way analysis of variance (ANOVA)
with Tukey’s test for multiple comparisons or an independent two-tailed
Student’s t test. Differences were considered statistically different for P
values of 	0.05.

Study approval. All the studies were performed under protocols ap-
proved by the Institute for Animal Studies at the Albert Einstein College of
Medicine in compliance with the human and animal experimentation
guidelines of the United States Department of Health and Human Ser-
vices.

RESULTS
Infection of DMPA-treated hCD4/R5/cT1 mice with HIV-1 af-
ter intravaginal inoculation. We investigated whether DMPA
treatment, which thins the vaginal epithelium and facilitates in-
fection of vaginal infection of macaques with SIV and simian-
human immunodeficiency virus (SHIV) (48, 49), was required for
the development of local HIV-1 infection in the lower genital tract
of the hCD4/R5/cT1 mice after intravaginal challenge. The hCD4/
R5/cT1 mice express human CD4, CCR5, and cyclin T1 under the
control of the CD4 promoter/enhancer, thereby targeting expres-
sion of these transgenes and susceptibility to HIV-1 infection to
CD4� T cells and monocyte/macrophages (18). To further in-
crease the sensitivity of HIV-1 detection, we developed a novel
NanoLuciferase (NLuc)-expressing replication-competent IMC,
NL-NLuc.T2A-C.Du151.2.ecto, expressing an env gene, derived
from an HIV strain, C.Du151.2, obtained from a woman soon
after acute infection acquired by male-to-female transmission
(40). The virus generated by this IMC is referred to as HIV-
Du151.2env-NLuc and was chosen for its biological relevance for
vaginal transmission studies. DMPA-treated hCD4/R5/cT1 mice
developed productive HIV-1 infection after intravaginal inocula-
tion, as indicated by the detection of NLuc activity in the mucosal
mononuclear cells of the lower genital tract on day 6 postinfec-
tion, whereas infection was not reproducibly detected in the mice
not pretreated with DMPA (Fig. 1A). These data confirm results
that we previously reported that hCD4/R5/cT1 transgenic mice
pretreated with DMPA developed localized infection of cervical-
vaginal mucosal leukocytes after intravaginal inoculation with an
infectious molecular clone of HIV-1 expressing LucR (18). We
next determined which subset(s) of mononuclear cells was most
productively infected with HIV-1 by immunomagnetic sorting of
mouse CD4� and CD11b� cells from the lower genital tract tis-
sues of DMPA-treated hCD4/R5/cT1 mice six days after intravag-
inal inoculation and measuring NLuc activity in normalized num-
bers of purified cells (Fig. 1B). The NLuc activity in the purified
CD4� T cells was almost 5-fold higher than that in purified
CD11b� cells, suggesting that at 6 days postchallenge, productive
HIV-1 replication predominantly occurred in CD4� T cells,
which is similar to results previously described in vaginally in-
fected macaques (50).

HSV-2 infection enhances HIV-1 infection in the female re-
productive tract of hCD4/R5/cT1 mice and increases dissemina-
tion of HIV-1-infected cells into draining lymph nodes. Several
epidemiological studies have indicated a strong association be-
tween HSV-2 infection and an increased risk for the acquisition of
HIV-1 infection (5–9). To directly examine the effect of HSV-2
infection on HIV-1 acquisition, DMPA-treated hCD4/R5/cT1
mice were either mock infected or intravaginally challenged with
UV-inactivated HSV-2 or fully infectious HSV-2 (105 PFU), and
then 2 days later, subsets of hCD4/R5/cT1 mice were coinfected
with HIV-Du151.2env-NLuc (Fig. 2A). The level of HIV-1 infec-
tion in mononuclear cells isolated from the lower genital tract 6
days after HIV challenge in the hCD4/R5/cT1 mice first infected
with live HSV-2 was �4-fold higher (P 	 0.05) than that in the
mock-infected hCD4/R5/cT1 mice or hCD4/R5/cT1 mice first in-
oculated with UV-inactivated HSV-2 (Fig. 2B). The enhancing
effect of HSV-2 on the level of HIV-1 infection was further indi-
cated by the dissemination of HIV-1 infection, within 6 days after
HIV-Du151.2env-NLuc inoculation, to the draining lymph nodes
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of 9 of 12 hCD4/R5/cT1 mice infected with HSV-2; in contrast,
HIV-1 infection was not detectible in the draining lymph nodes of
mock-infected hCD4/R5/cT1 mice or the hCD4/R5/cT1 mice that
were initially inoculated with UV-inactivated HSV-2 (Fig. 2C).

HSV-2 infection recruits potential HIV-1 target cells to gen-
ital mucosal tissues. One possible mechanism that may have con-
tributed to the increased HIV-1 infection in HSV-2-infected
hCD4/R5/cT1 mice after intravaginal inoculation is HSV-2-me-

diated secretion of chemokines and cytokines, which recruited
CD4� T cells, dendritic cells, and/or macrophages to the submu-
cosal site of HSV-2 infection (11, 12). An influx of HIV-1-suscep-
tible cells into the submucosal tissues would provide more infect-
ible targets for HIV-1, thereby facilitating both the establishment
and dissemination of HIV-1 infection. To investigate this possi-
bility, we intravaginally inoculated DMPA-treated hCD4/R5/cT1
mice with HSV-2 (105 PFU); 2 days later we challenged a subset of
these mice with HIV-Du151.2env-NLuc and after another 2 days
harvested the lower genital tract for comparative phenotypic anal-
ysis (Fig. 3A). HSV-2 infection significantly increased by over
2-fold the number of CD45� cells in the lower genital tract com-
pared to the numbers in mock-infected and HIV-1-inoculated
hCD4/R5/cT1 mice (Fig. 3B), predominantly by markedly in-
creasing the population of CD4� T cells (Fig. 3C). In addition,
HSV-2 infection alone and combined with HIV-Du151.2env-
NLuc challenge also significantly increased the number of CD14�

CD11c� monocytes (Fig. 3D) and CD14�/CD11c� dendritic cells
in the lower genital tract compared to the numbers in uninfected
hCD4/R5/cT1 mice (Fig. 3E).

Another mechanism by which HSV-2 infection augments
HIV-1 infection in the lower genital tract may be by activating
CD4� T cells, thus rendering them more susceptible to productive
HIV-1 infection than resting CD4� T cells. Evaluation of the ac-
tivation status of mouse CD4� T cells present in the lower genital
tract demonstrated a significant increase in the number of CD4�

CD69� T cells in HIV-1/HSV-2-coinfected hCD4/R5/cT1 mice
compared to that in uninfected mice or mice infected only with
HIV-Du151.2env-NLuc (Fig. 4A). HIV-1/HSV-2 coinfection may
also activate immature dendritic cells in mucosal tissues, as indi-
cated by increased expression of MHC-II molecules (51), thereby
enabling these activated dendritic cells to disseminate HIV-1 in-
fection by transporting HIV-1 into the lymph nodes (52). There-
fore, we investigated whether HSV-2/HIV-1 coinfection increased
the number of dendritic cells in the lower genital tract that express
MHC-II molecules. Two days after DMPA-treated hCD4/R5/cT1
mice were intravaginally mock challenged or HSV-2 challenged,
mice from each group were intravaginally challenged with HIV-
Du151.2env-NLuc. Two days after HIV-1 inoculation, the lower
genital tissues were harvested, and the dendritic cells were ana-
lyzed by flow cytometry. The population of activated dendritic
cells expressing MHC class II molecules (Fig. 4B) was significantly
increased in hCD4/R5/cT1 mice infected with HSV-2 and HIV-1
compared to that in uninfected mice or mice infected only with
HIV-Du151.2env-NLuc. This increased population of activated
dendritic cells may have facilitated transport of HIV-1 from the
lower genital tract to the draining lymph nodes and contributed to
the lymph node dissemination observed only in the HSV-2/HIV-
1-coinfected hCD4/R5/cT1 mice.

Intravaginal TDF gel is more effective than TFV gel in pre-
venting the acquisition of HIV-1 infection in uninfected and
HSV-2-coinfected hCD4/R5/cT1 mice. We utilized hCD4/R5/
cT1 mice as a preclinical model to evaluate the in vivo efficacy of
candidate microbicides during genital HSV-2 infection to prevent
vaginal HIV acquisition by comparing the in vivo effectiveness of
1% TFV gel and 0.3% TDF gel vaginally administered according a
protocol based on the dosing scheme used in either the CAPRISA
004 trial or VOICE trial. hCD4/R5/cT1 mice were pretreated with
0.3% TDF, 1% TFV, or HEC control gel or intraperitoneally in-
jected with the combination of FTC/TDF 12 h prior to HIV-1

FIG 2 Acute HSV-2 infection increases mucosal HIV-1 infection. hCD4/R5/
cT1 mice were intravaginally mock challenged or challenged with infectious
HSV-2 or UV-inactivated HSV-2 5 days after subcutaneous injection with
DMPA (2.5 mg). Two days after challenge, some mice from each group were
then intravaginally mock challenged or challenged with HIV-Du151.2env-
NLuc (4.5 � 105 IU). (A) The experimental design. (B) Six days after HIV
infection, lower genital tract mononuclear cells were isolated, and NLuc activ-
ity in the cellular lysate was quantified. (C) Six days after HIV-1 infection,
mononuclear cells were isolated from the draining lymph nodes, and the NLuc
activity in the cellular lysate was quantified. The average NLuc activity from
two pooled experiments in the cellular lysates from each group � standard
error of the mean and individual data points are shown; values are reported as
RLU corresponding to a normalized analysis of 106 mononuclear cells. Aster-
isks indicate significance using one-way ANOVA with Tukey’s test for multiple
comparisons (NS, not significant; *, P 	 0.05; **, P 	 0.01).
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challenge and then daily until the mice were sacrificed at 6 days
after HIV-1 inoculation. Daily topical or systemic PrEP signifi-
cantly inhibited HIV infection in the lower genital tract (Fig. 5A),
with the strongest protection observed with 0.3% TDF gel. Com-
plete protection (defined as relative light units [RLU] of 	35,
which is the maximum background RLU observed in the lower
genital tract of mice inoculated with a noninfectious [env-nega-
tive] NLuc reporter-expressing control virus) was observed in 7 of
11 TDF gel-treated mice (Fig. 5A). Moreover, when one dose of gel
was administered 12 h before and a second dose was administered
12 h after HIV exposure to simulate the pericoital recommended
dosing in CAPRISA 004 (designated BAT24), the 0.3% TDF gel
completely protected 4 of 9 mice from lower genital tract infection
(Fig. 5B). In contrast, while TFV gel significantly inhibited the
level of HIV-1 infection, low levels of HIV-1 infection were still
detected in the lower genital tracts of almost all of the treated mice.

We compared the efficacy of TDF gel and TFV gel to protect
hCD4/R5/cT1 mice from the acquisition of HIV-1 infection after
acute HSV-2 infection. DMPA-treated hCD4/R5/cT1 mice were
mock infected or infected by intravaginal HSV-2 inoculation. Af-
ter 36 h, groups of mice were treated with 0.3% TDF, 1% TFV, or
HEC gel using a dosing similar to BAT24 of 12 h before and 12 h
after intravaginal inoculation with HIV-Du151.2env-NLuc. Six
days after HIV-1 challenge, NLuc activity was measured in mono-
nuclear cells from the lower genital tract and draining lymph
nodes (Fig. 6A). Both TDF and TFV gels significantly protected
mice from HIV-1 infection of the lower genital tract, but TDF gel
was significantly (P 	 0.01) more effective at inhibiting local
HIV-1 infection than TFV gel and completely protected 4 of 9
HSV-2-infected mice from acquiring HIV-1 (Fig. 6B). Although
treatment with the 1% TFV gel did not completely inhibit lower
genital tract HIV-1 infection in any of the HSV-2-infected hCD4/

FIG 3 HSV-2 infection induces the influx of CD4� T cells, monocytes, and dendritic cells into the lower genital tissues of hCD4/R5/cT1 mice. hCD4/R5/cT1
mice were DMPA treated and 5 days later were intravaginally mock challenged or HSV-2 challenged. Two days later, some mice from each group were
intravaginally mock inoculated or inoculated with HIV-Du151.2env-NLuc (4.5 � 105 IU). Two days later, lower genital tract mononuclear cells were counted and
analyzed by flow cytometry, and the total number of the indicated subpopulation was determined by multiplying the total cell number by the percentage of cells
expressing the indicated phenotypic markers. (A) The experimental design. Total numbers of CD45� cells (B), CD4� T cells (C), CD14�/CD11c� macrophages
(D), and CD14�/CD11c� dendritic cells (E) are shown. The average number of cells from each group � standard error of the mean and individual data points
are shown. The data represent one of two experiments with 4 to 5 mice per group. Asterisks indicate significance using one-way ANOVA with Tukey’s test for
multiple comparisons (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001).
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R5/cT1 mice, the marked reduction in the level of initial local
infection it provided may have been sufficient to prevent the
spread of infection from the mucosal tissues to the draining lymph
nodes within 6 days after HIV-1 inoculation, which occurred in 7
out of 9 HEC gel-treated mice (Fig. 6C). Moreover, although the
first dose of gel was not administered until 36 h after the mice were
HSV-2 challenged, TDF, but not TFV, significantly reduced
HSV-2 disease scores (Fig. 6D).

DISCUSSION

Evaluation of the in vivo efficacy of HIV-1 PrEP, particularly in the
context of coinfection with sexually transmitted infections or
other factors that facilitate HIV-1 acquisition, would be greatly
facilitated by the expanded availability of preclinical testing mod-
els. To this end, we created a preclinical mouse model that repro-
ducibly supports in vivo HIV-1 infection and is highly accessible
and cost-effective, hCD4/R5/cT1 mice. These genetically modi-
fied mice bypass the murine HIV entry block by expressing human

CD4 and human CCR5 transgenes and the murine HIV-1 tran-
scription block by expressing the gene for the human transcrip-
tion factor, cyclin T1. We previously reported that these hCD4/
R5/cT1 mice are susceptible to HIV-1 acquisition by intravaginal
challenge using an engineered HIV-1 virus that is replication com-
petent and expresses the Renilla luciferase reporter gene (18). In
this report we demonstrated that HIV-1 acquisition after intra-
vaginal challenge was markedly increased by pretreatment with
progesterone. This is compatible with macaque studies which re-
ported that vaginal transmission of SIV and SHIV were markedly
increased by pretreatment with progesterone due to thinning of
the vaginal epithelium (48, 49). We also validated hCD4/R5/cT1
mice as a highly sensitive mouse model that can be used to rapidly
screen and evaluate the comparative effectiveness of potential
PrEP products to prevent the acquisition of HIV-1 infection. Fur-
thermore, this preclinical model enabled us to begin to evaluate
the mechanistic basis by which coinfections with pathogens such
as HSV-2 may facilitate HIV-1 acquisition and the comparative
efficacy of PrEP to prevent HIV-1 acquisition during coinfection
with a sexually transmitted infection that is associated with an
increased risk of HIV acquisition (53).

Numerous epidemiological studies have reported a 2- to 4-fold
increase in the acquisition of HIV-1 infection in individuals with a
history of HSV-2 infection (7). This increased risk for HIV-1 ac-
quisition has been partially attributed to the release of proinflam-
matory cytokines and chemokines as a result of the interaction
between epithelial cells and HSV-2 (10–13). This inflammatory
response then recruits to the site of inflammation potential target
cells for HIV-1 infection which produce additional cytokines and
chemokines, populating the mucosal environment with activated
cells that increase the likelihood for the establishment of HIV-1
infection. In our transgenic mouse model, HSV-2-challenged
hCD4/R5/cT1 mice displayed increased levels of HIV-1 infection
in the lower genital tract mucosa and increased dissemination of
HIV-1 infection into the draining lymph nodes. We previously
reported that HSV-2 infection of C57BL/6 mice induced an in-
crease in interleukin-1
 (IL-1
), tumor necrosis factor alpha
(TNF-�), IL-1�, monocyte chemotactic protein 1 (MCP-1), mac-
rophage inflammatory protein 1
 (MIP-1
), and RANTES gene
expression in the lower genital tract mucosa 2 days after infection
(12). MCP-1, MIP-1
, and RANTES are chemokines that stimu-
late the recruitment of T cells and monocytes (54, 55). In the
current study, we demonstrated that HSV-2 infection induced the
cellular recruitment of CD4� T lymphocytes, monocytes, and
dendritic cells into the hCD4/R5/cT1 mouse lower genital tract
mucosa, likely due the virus’s stimulation of the release of MCP-1,
MIP-1
, and RANTES in the lower genital tract. In addition, the
HSV-2 infection induced production of TNF-� and IL-1
, acti-
vators of T cells, which likely mediated the increased number of
CD69�-activated CD4� T lymphocytes that we observed in the
lower genital tract of HSV-2-infected hCD4/R5/cT1 mice (56, 57).
HSV-2 infection also increased the population of activated den-
dritic cells in the lower genital tract, as indicated by the increased
number of dendritic cells expressing MHC class II molecules. Ex-
pression of MHC class II molecules by dendritic cells following
peripheral activation is associated with their maturation into ef-
fector dendritic cells that migrate to draining lymph nodes and
interact with T cells (51, 58). After vaginal exposure, mouse den-
dritic cells can transport HIV-1 from the vaginal mucosa to drain-
ing lymph nodes (59). Consequently, the increased migration of

FIG 4 Impact of HSV-2 and/or HIV-1 on the number of activated CD4� T
cells, activated dendritic cells, and CCR7� dendritic cells. hCD4/R5/cT1 mice
were DMPA treated and 5 days later mock challenged or HSV-2 challenged.
Two days later, some mice from each group were intravaginally mock inocu-
lated or inoculated with HIV-Du151.2env-NLuc (4.5 � 105 IU). Two days later,
lower genital tract mononuclear cells were isolated, counted, and analyzed by
flow cytometry, and the total number of the indicated subpopulation was
determined by multiplying the total cell number by the percentage of cells
expressing the indicated phenotypic markers. (A) Total number of CD69-
expressing CD4� T cells. (B) Total number of MHC class II molecule-express-
ing dendritic cells. The average number of cells from each group � standard
error of the mean and individual data points are shown. The data represent one
of two experiments with 4 to 5 mice/group. Asterisks indicate significance
using one-way ANOVA with Tukey’s test for multiple comparisons (*, P 	
0.05; **, P 	 0.01).
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dendritic cells into draining lymph nodes induced by HSV-2 in-
fection may enable dissemination of HIV-1 infection from the
distal genital tissues into the lymph nodes, where they can produc-
tively infect resident CD4� T cells. Although mice have been ex-
tensively used to study vaginal transmission of HSV-2 infection,
these results need to be interpreted in context because the level of
vaginal inflammation after mouse infection is greater than that in
humans (60), which may increase the impact of vaginal HSV-2
infection on HIV-1 acquisition. A limitation of this model is the
presence of additional blocks in HIV-1 replication in mouse cells
that are not corrected by expression of human CD4, CCR5, and
cyclin T1 (61), which restricts the use of the model to study infec-
tion in the first week after intravaginal HIV-1 inoculation. These
additional blocks prevent the development of productive systemic
HIV-1 infection and plasma viremia after vaginal inoculation,
which impedes the dissemination of HIV-1-infected cells to the
draining lymph nodes. We hypothesize that this limitation may be
partially overcome by HSV-2-mediated increases in the number
of activated CD4� T cells and dendritic cells expressing MHC class
II molecules, which facilitated dissemination of HIV-1 into the
draining lymph nodes of HSV-2/HIV-1-infected mice.

Application of TFV-based gels as PrEP has been shown to de-
crease the acquisition of HIV-1 and HSV-2 infection (3, 4). The
CAPRISA 004 trial was the first large-scale study to demonstrate
the efficacy of a 1% TFV gel to reduce the heterosexual transmis-
sion of HIV-1 infection (39%) and HSV-2 (51%) (3). Studies
using humanized bone marrow/liver/thymus (BLT) mice that

were treated according to the CAPRISA 004 treatment regime
recapitulated these results and showed that a 1% TFV gel inhibited
HIV-1 infection by 88% (62). However, the recent FACTS 001
clinical trial showed no protection among women prescribed 1%
TFV gel to use within 12 h before and after sexual intercourse. The
lack of efficacy was attributed to low adherence, which was as-
sessed by the number of returned empty gel applicators and self-
reported sexual acts (24). Nevertheless, despite adhering to the
study regimen, some study subjects still acquired HIV infection.
In the VOICE trial, 27% of seroconverters in the vaginal TFV gel
treatment group had TFV levels detected in their plasma; in the
CAPRISA 004 trial, while high adherers displayed a 54% decrease
in HIV-1 acquisition, this group was not completely protected
from infection (3, 23). These trials support the need to investigate
the efficacy of other topical drug formulations with more rapid
uptake, increased tissue permeability, and enhanced intracellular
concentration or the use of a method for sustained delivery of
microbicides, such as an intravaginal ring (29).

We compared the efficacy of 1% TFV gel and 0.3% TDF gel
using either a daily dosage treatment regime or treatment 12 h
before and after HIV-1 exposure. We previously showed that 0.3%
TDF was more effective than 1% TFV gel in preventing HSV-2
infection (4). In this report we expanded upon these studies by
comparing the efficacy of 0.3% TDF gel to 1% TFV gel in mice that
were either infected with HIV-1 alone or coinfected with HSV-2.
Treatment with 0.3% TDF gel protected hCD4/R5/cT1 mice from
acquisition of HIV-1 infection after intravaginal exposure more

FIG 5 The 0.3% TDF gel is significantly more effective in preventing the acquisition of HIV-1 infection than the 1% TFV gel. (A) DMPA-treated hCD4/R5/cT1
mice were treated with intravaginal 1% TFV gel, 0.3% TDF gel, or HEC gel or with an intraperitoneal injection of TDF/FTC starting 24 h prior to infection and
then vaginally infected by atraumatically introducing HIV-Du151.2env-NLuc (4.5 � 105 IU). Mice were then treated daily with the indicated compound; 6 days
after infection, lower genital tract mononuclear cells were isolated and lysed, and NLuc activity in the cellular lysate was quantified. (B) DMPA-treated
hCD4/R5/cT1 mice were treated with either 1% TFV gel, 0.3% TDF gel, or HEC gel 12 h prior to and 12 h after intravaginal inoculation with HIV-Du151.2env-
NLuc (4.5 � 105 IU). Six days after challenge, lower genital tract mononuclear cells were isolated and lysed, and NLuc activity in the cellular lysate was quantified;
values are reported as RLU corresponding to a normalized analysis of 106 mononuclear cells. The average NLuc activity from two pooled experiments in the
cellular lysates of mice from each group (5 to 11 mice/group) � standard error of the mean and individual data points are shown. Asterisks indicate significance
using one-way ANOVA with Tukey’s test for multiple comparisons (**, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001). The experimental design for each experiment
is shown above the graph.
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effectively than with 1% TFV gel using both treatment protocols.
The increased efficacy of 0.3% TDF gel compared to that of 1%
TFV gel in preventing vaginal acquisition of HIV-1 infection was
further indicated by its ability to maintain potency even in the
context of acute HSV-2 infection. The capacity of TFV to inhibit
HIV-1 infection is reduced by HSV-2 infection, as indicated by a
recent study using an ex vivo ectocervix model which reported that
the presence of HSV-2 infection increased the concentration of
TFV required to prevent HIV-1 infection (13). Thus, the hCD4/
R5/cT1 mice provided an in vivo model that demonstrated that
even in the presence of the inflammation and cellular recruitment
induced by acute HSV-2 infection, 0.3% TDF gel provides a suf-
ficient concentration of the active metabolite, tenofovir diphos-
phate, to prevent the acquisition of HIV-1 infection. HIV-1 infec-
tion in the lower genital tract of the hCD4/R5/cT1 mice required
pretreatment with DMPA, which was shown to increase the rate of
vaginal SIV acquisition in macaques by thinning the vaginal epi-
thelium (48). The use of DMPA treatment may provide a more
stringent animal model to test the efficacy of PrEP microbicides
because it may reflect the conditions associated with cervical/vag-
inal inflammation.

A limitation to the use of the hCD4/R5/cT1 mouse model com-
pared to the BLT mouse and other newer humanized mouse mod-
els is the diminished capacity of mouse CD4� T cells to support

HIV-1 infection and develop disseminated HIV-1 infection after
vaginal exposure. Nevertheless, the mice develop highly repro-
ducible local HIV-1 infection of CD4� T cells and macrophages
after vaginal challenge, HSV-2-induced dissemination of HIV-1
infection into the draining lymph nodes, and the ability to reca-
pitulate a key component in early HIV-1 transmission by predom-
inantly infecting CD4� T lymphocytes (50). Furthermore, a major
advantage of this model is that all of the cells are murine, and
therefore this obviates concerns about variable interactions be-
tween human cells and mouse epithelial cells crucial for chemo-
kine/cytokine interactions and cellular trafficking. In addition,
while humanized mice constructed using highly immunodeficient
NSG (NOD-SCID-IL2r��/�) mice would be highly susceptible to
HSV-2 infection and likely rapidly killed after infection with this
virus, the hCD4/R5/cT1 transgenic mice are fully immunocom-
petent, enabling them to be used for HSV-2 coinfection studies.
Other key advantages of this model compared to humanized
mouse models are that these experiments can be performed in a
rapid 2-week time frame without a wait of months for engraft-
ment with human cells, that the hCD4/R5/cT1 mice used have the
same genetic background in contrast to the multiple human ge-
netic backgrounds of different donors used in humanized mice,
and that there is less experimental variability due to differences in
levels of engraftment by human cells. In addition, these studies

FIG 6 The 0.3% TDF gel more effectively inhibits vaginal HIV-1 infection in HSV-2-infected mice than the 1% TFV gel. DMPA-treated hCD4/R5/cT1 mice were
mock challenged or challenged with HSV-2 (105 PFU/mouse). Two days later, the mice were treated with either HEC gel, 1% TFV gel, or 0.3% TDF gel 12 h before
and after they were vaginally infected by atraumatically introducing HIV-Du151.2env-NLuc (4.5 � 105 IU). (A) Experimental design. (B) Six days later, HIV
infection was quantified by measuring NLuc activity in mononuclear cells isolated from the lower genital tract, and values are reported as RLU corresponding to
a normalized analysis of 106 mononuclear cells. (C) Six days later, HIV infection was quantified by measuring NLuc activity in mononuclear cells isolated from
the draining lymph nodes, and values are reported as RLU corresponding to a normalized analysis of 106 mononuclear cells. (D) Six days later, HSV-2 epithelial
disease was quantified, and values are presented as the HSV-2 disease score. The average NLuc activity or epithelial disease from two pooled experiments in the
cellular lysates from mice from each group (8 to 9 mice/group) � standard error of the mean and individual data points are shown. Asterisks indicate significance
using one-way ANOVA with Tukey’s test for multiple comparisons (**, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001).
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used an infectious molecular clone expressing a clade C Env which
is representative of the predominant HIV subtype in sub-Saharan
Africa where HSV-2 infection is also endemic (63, 64).

We are currently exploring ways to increase the capacity of
mouse CD4� T cells to support HIV-1 infection by overcoming
additional species-specific blocks such as the downregulation of
mouse APOBEC3, a host factor that inhibits HIV-1 replication
(65). In spite of limitations associated with the use of hCD4/R5/
cT1 mice, this preclinical model should provide the field with
an immunocompetent, cost-effective, and highly reproducible
mouse model to evaluate the efficacy of PrEP microbicides in un-
infected mice as well as in mice coinfected with pathogens associ-
ated with increased HIV-1 acquisition.
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