
Commentary
 With annually ~1.5 million new HIV infections worldwide, the 
HIV/AIDS pandemic remains a significant global health burden [1]. 
While antiretroviral therapy is highly effective to manage and slow 
down disease progression, a preventive effective vaccine to control 
the pandemic remains elusive [2]. Currently available preventive 
strategies such as the use of condoms, and HIV pre- and post-expo-
sure prophylaxis are effective, but the lack of compliance remains 
challenging [3-5]. To end the HIV/AIDS pandemic, these existing 
treatment and prevention modalities need to be combined with an ef-
fective preventive vaccine, which is not available yet [5].
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 Given the difficulties in developing an HIV vaccine, a vaginal mi-
crobicide based on RNA interference (RNAi) technology might be an 
attractive approach to eradicate the pandemic by inhibiting heterosex-
ual HIV transmission, which accounts for most new HIV infections 
worldwide [6,7].

 Upon its discovery in 1998, RNAi quickly emerged as powerful 
tool to silence gene expression, which was applied to prevent and treat 
disease, and study the function of genes. In 2018, the FDA and EMA 
approved the first RNAi-based drug named patisiran, which opened 
the door for a novel class of RNAi-based therapeutics. Currently, six 
siRNA-based therapeutics are commercially available to treat various 
conditions [8].

 Our approach was to develop a preventive vaginal HIV microbi-
cide based on the topical application of RNAi technology. By harness-
ing cholesterol-conjugated small interfering RNAs (chol-siRNAs) as 
mediators of RNAi-based gene silencing, our goal was to modulate 
gene expression in murine mucosal immune cells in vivo as a model 
for inhibiting heterosexual HIV transmission [9].

 Our proof-of-concept study was based on previous findings in our 
lab, which showed that intravenous application of siRNAs in mice 
was functional in vivo. Injection of Fas-targeting siRNAs silenced Fas 
expression in murine hepatocytes in vivo. Upon challenge of mice 
with concanavalin A, intravenous administration of Fas-targeting 
siRNAs prevented hepatic fibrosis, thus manifesting the therapeutic 
potential of RNAi in vivo [10].

 Another proof-of-principle study showed the successful topical 
application of siRNAs in the murine Cervicovaginal Tract (CVT) in 
vivo, as Intravaginally (IVAG) instilled lipoplexed siRNAs targeting 
two HSV-2 host genes protected mice from a lethal challenge with 
HSV-2 [11]. In a subsequent study our colleagues Yichao Wu et al 
demonstrated that IVAG application of cholesterol-conjugated siR-
NAs inhibited HSV-2 infection by silencing expression of Nectin-1, 
which is a host protein mediating HSV-2 entry in the epithelial layer 
of the CVT. Co-targeting an antiviral and cellular gene such as Nec-
tin-1 proved to be more effective than knockdown of Nectin-1 alone 
[12].

 In contrast to lipoplexed siRNAs, chol-siRNAs didn`t trigger an 
interferon response or cause any detectable inflammation [12]. Since 
inflammation induced by sexually transmitted diseases is an import-
ant factor that enhances mucosal susceptibility to HIV infection, 
chol-siRNAs are likely to be more suitable as component of an HIV 
microbicide [13,14].

 Based on our previous studies, we embarked towards harnessing 
topically applied chol-siRNAs to modulate gene expression in murine 
mucosal immune cells in vivo [9]. Our proof-of-concept study`s goal 
was to demonstrate that chol-siRNAs can be used to target various 
immune cell populations within the murine CVT and silence host 
genes that are essential for HIV infection and viral dissemination.

 We chose CD45 as a target gene to suppress, as it is widely and 
uniformly expressed on human and murine immune cells such as 
dendritic cells, macrophages and T lymphocytes. To evaluate cellular 
uptake and functionality of siRNAs in vivo, we treated mice intravag-
inally with siRNAs, extracted immune cells from vaginal tissue, and  
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used a migration assay to isolate viable immune cells, which were 
analysed by multichannel flow cytometry [9].

 Upon intravaginal instillation of Cy3-labeled chol-siRNAs, 
we found that migrated cells were predominantly CD11b+ CD45+. 
Flow cytometry analysis showed that they efficiently incorporated 
chol-siRNAs. However, when treating mice with chol-siRNAs target-
ing CD45, gating on CD11+ F4/80+ macrophages revealed that CD45 
knockdown was minimal (around 20%) compared to mock-treated 
mice and thus unlikely to translate into a therapeutic effect [9].

 It turned out to be extremely challenging to isolate different viable 
mucosal immune cell populations from collagenase-digested vaginal 
tissue for flow cytometry analysis. Therefore, we developed a new 
computational imaging approach based on confocal fluorescence mi-
croscopy to quantify gene silencing of mucosal immune cells in situ 
upon intravaginal administration of chol-siRNAs into mice in vivo.

 First, we showed that intravaginally applied Cy3-labeled choles-
terol-conjugated siRNAs penetrate the entire vaginal mucosa of mice 
including the lamina propria (LP).

 In a second step, we harnessed our quantitative imaging method 
to measure gene knockdown of immune cells in situ. Compared to 
mock-treated mice, intravaginal instillation of CD45 chol-siRNAs 
resulted in (partial) gene silencing in intraepithelial (IE) and lamina 
propria (LP) dendritic cells. However, we could not detect any effec-
tive gene silencing in CD11b+ CD45+ cells and CD3ε+ CD45+ T cells 
in situ [9].

 Taken together, our research demonstrated penetration of intravag-
inally administered chol-siRNAs into the vaginal mucosa including 
the LP in vivo. Chol-siRNAs were efficiently taken up by intraepithe-
lial and lamina propria DCs, as well as CD11b+ CD45+ cells, but not 
by T cells. While chol-siRNAs induced partial gene silencing in IE 
and LP DCs throughout the vaginal mucosa in vivo, they were inef-
fective in F4/80+ CD11b+ macrophages and CD3ε+ CD45+ T cells.

 Despite several decades of research, the exact mechanisms under-
lying HIV infection remain poorly understood [15]. New evidence 
suggests that mucosal entry of HIV and its subsequent propagation 
not only involve multiple immune cell populations but also epithelial 
cells (ECs) [15-17]. ECs and mucosal DCs are considered as first tar-
gets of HIV, mediating viral binding/uptake, sequestration, and trans-
fer to HIV-susceptible cells [15-20].

 Mucosal DCs play a particularly important role in HIV infection: 
as sentinel cells they capture virions using their C-type lectin recep-
tors. Upon binding of virions, they upregulate the chemokine recep-
tor CCR7, allowing them to migrate from the cervicovaginal mucosa 
to afferent lymphoid tissues where they transmit captured virus to 
HIV-susceptible cells. Multiple studies demonstrated the critical role 
of actin control genes in DCs to allow trans-infection [15,18-21].

 Suppression of DC proteins that regulate binding of HIV-1 
(CD169/Siglec-1, DC-SIGN), cellular maturation and migration 
(CCR7), and actin organization (TSPAN7, DNM2) might be impact-
ful to inhibit DC-mediated HIV uptake, its transportation to lymph 
nodes and trans-infection of CD4+ T cells.

 Consequently, the most promising approach to disrupt HIV infec-
tion and dissemination might be to use multiplexes of siRNAs for tar-
geting a spectrum of critical host genes in both ECs and mucosal DCs, 
thereby inhibiting HIV uptake, viral sequestration, cell migration and 
cell-to-cell spread of HIV-1 to CD4+ T lymphocytes.

 Our study and the in vivo application of RNAi as a therapeutic 
agent may have several limitations.

 Successful siRNA-mediated gene silencing in mice does not au-
tomatically translate into its effectiveness in humans. However, the 
successful application of CD4 aptamer-siRNA chimeras to inhibit 
HIV transmission in humanized mice and the approval of multiple 
siRNA-based therapeutics for humans suggest siRNAs to be a prom-
ising compound for a topical microbicide that could be effective in 
humans [8,22].

 The stability of chemically unmodified siRNAs is endangered by 
endogenous RNAses in the vaginal tract [12]. Several advancements 
in siRNA synthesis (Phosphorothioate backbone modifications, inte-
gration of phosphorothioate residues) as well as siRNA conjugation 
and packaging (liposomes) dramatically improved siRNA stability 
and durability in vivo [23].

 Furthermore, chemical modifications of siRNAs including conju-
gation to cholesterol have been shown to optimize delivery and en-
dolysosomal escape upon cellular uptake, which is required to allow 
siRNAs to reach the P-bodies where the silencing machinery is locat-
ed [24].

 Design enhancements including sequence optimization and chem-
ical modifications, and careful selection of target genes may help 
reduce off-target effects, which are a typical drawback of applying 
RNAi [7].

 The targeted delivery of siRNAs remains a major challenge for the 
therapeutic application of RNAi. The in vivo transfection of immune 
cells is particularly difficult [22,25]. However, we showed that top-
ical application of chol-siRNAs could modulate gene expression in 
epithelial cells and mucosal dendritic cells simultaneously within the 
murine CVT [9,12]. Targeting these two cell types might not be suf-
ficient to completely inhibit HIV infection though. Addition of newly 
designed targeted siRNAs might help expand the reach to other cells 
that are critical for HIV infection such as T cells, macrophages and 
fibroblasts [25].

 In conclusion, our study suggests that chol-siRNAs might serve 
as an elegant tool to study the role of mucosal dendritic cells in HIV 
transmission and viral dissemination.

 The lack of an effective HIV vaccine necessitates alternative 
preventive approaches. Research by us and others showed topically 
administered chol-siRNAs to be effective in modulating gene expres-
sion in several mucosal cell populations which are critical for HIV 
infection. These findings are a first promising step towards a preven-
tive HIV microbicide. Ideally, a vaginal microbicide would contain a 
cocktail of stabilized siRNAs targeting multiple host and viral genes 
in all HIV relevant cell populations, aiming at minimizing HIV entry 
and viral sequestration, limiting DC migration and inhibiting DC-me-
diated trans-infection of T cells, and hence preventing subsequent 
viral dissemination.
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