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Summary

Despite their antiviral effect, the in vivo effect of interferons on HIV transmission is difficult to 

predict, because interferons also activate and recruit HIV-susceptible cells to sites of infection. 

HIV does not normally induce Type I interferons in infected cells, but does if TREX1 is knocked 

down. Here we investigated the effect of topical TREX1 knockdown and local interferon 

production on HIV transmission in human cervicovaginal explants and humanized mice. In 

explants in which TREX1 was knocked down, HIV induced interferons, which blocked infection. 

In humanized mice, even though TREX1 knockdown increased infiltrating immune cells, it 

delayed viral replication for 3–4 weeks. Similarly intravaginal application of Type I interferons the 

day before HIV infection induced interferon responsive genes, reduced inflammation and 

decreased viral replication. However, intravenous interferon enhanced inflammation and infection. 

Thus, in models of human sexual transmission, a localized interferon response inhibits HIV 

transmission, but systemic interferons do not.
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Introduction

Most viruses trigger expression of Type I interferons (IFN) when pattern recognition 

receptors detect viral nucleic acids (Coccia et al., 1994). IFNs orchestrate comprehensive 

antiviral gene expression programs within infected cells and promote innate and acquired 

antiviral immune responses by enhancing antigen recognition, lymphocyte activation, and 

recruitment of immune cells to infection sites. Acute infection with the human 

immunodeficiency virus (HIV), however, does not induce antiviral IFNs in the CD4+ T cells 

and macrophages that are productively infected (Goldfeld et al., 1991; Unterholzner and 

Bowie, 2008; Yan et al., 2010). HIV evades immune surveillance at multiple stages of the 

viral life cycle. During viral entry, TLR RNA sensors do not recognize HIV genomic RNA, 

because most virions bypass endosomes where these sensors are located. After fusion, 

genomic RNA is shielded within the viral capsid from cytosolic RNA receptors. HIV reverse 

transcripts are bound at both ends to HIV integrase, which is predicted to interfere with 

recognition by cGAS, the cytosolic DNA sensor. However, HIV reverse transcriptase (RT) 

also generates incomplete reverse transcripts that are not bound to integrase. These can 

trigger the cGAS-STING-IRF3 pathway of IFN induction if they are not digested by 

TREX1, a ubiquitous cytosolic 3′–5′ exonuclease (Cai et al., 2014; Gao et al., 2013; Sun et 

al., 2013; Yan et al., 2009; Yan et al., 2010). When TREX1 is knocked down or knocked out, 

in vitro HIV infection triggers Type I IFN expression in infected cells that inhibits viral 

replication. Type I IFNs can also be induced by mutating the HIV capsid or depleting host 

cofactors with which it interacts, and by knocking down SAMHD1 (Lahaye et al., 2013; 
Rasaiyaah et al. 2013; Zhang et al., 2014).

Although IFNs have a strong and unequivocal antiviral effect for most viruses, because HIV 

infects immune cells, the net effect of IFNs on HIV is more complicated. Type I IFNs block 

both early and late stages of the HIV life cycle (Agy et al., 1995; Coccia et al., 1994; Shirazi 

and Pitha, 1992). Although Type I IFNs also induce the expression of all known HIV 
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restriction factors, including the APOBECs, SAMHD1 and tetherin, Type I IFNs can 

potentially enhance HIV infection by promoting T cell activation and recruiting HIV-

susceptible cells to the site of infection. Therefore, although in vitro experiments show that 

TREX1 deficiency inhibits HIV replication, the in vivo consequences of TREX1 knockdown 

are difficult to predict.

The antiviral effects of Type I IFNs prompted researchers to evaluate their administration as 

a treatment of HIV infection in the early days of the HIV epidemic. Early studies showed 

clinical improvement (Hübner et al., 2007; Judge et al., 2005). These promising results were 

replicated by two randomized control studies, which demonstrated that IFNα treatment 

significantly reduced viral loads in chronically infected patients (Jackson et al., 2006; Saba 

et al., 2010). However, subsequent clinical trials did not demonstrate similar therapeutic 

benefit (Fitzgerald-Bocarsly and Jacobs, 2010; Lehmann et al., 2010; Swiecki and Colonna, 

2010). Researchers abandoned IFN-based therapies when HAART became widely available 

in the mid-1990s (Saba et al., 2010; Wu and KewalRamani, 2006). IFNs, like other 

cytokines, are meant to act locally at the site of infection, and are probably most effective at 

controlling viral infection when they are produced at high concentrations where the infection 

begins. The high concentrations required for therapeutic benefit when exogenous IFN is 

administered lead to systemic side effects, including fever, neutropenia and depression. The 

equivocal outcomes of systemic IFN treatment may have been due, in part, to the 

nonspecific generalized immune activation that accompanies sustained systemic IFN 

administration. Knocking down TREX1 does not induce IFNs in uninfected cells (Yan et al., 

2010), providing a means to localize IFN production to infected cells and evaluate whether 

IFNs produced in infected cells provide a net protective effect.

Here we knockdown TREX1 using CD4-aptamer-siRNA chimeras (CD4-AsiCs) in CD4+ 

cells in human cervicovaginal explants and in the genital tract of female humanized mice to 

evaluate the effect on HIV transmission of localized IFN production in infected cells. We 

previously showed that CD4-AsiCs, which are composed of a CD4-targeting aptamer 

covalently linked to the passenger strand of an siRNA and then annealed to the active strand, 

cause specific gene knockdown in CD4+ T cells and monocytes/macrophages without 

toxicity, cell activation or innate immune off-target effects (Wheeler et al., 2011; Wheeler et 

al., 2013). Gene knockdown in tissue lasts for almost two weeks (Collins et al., 2000; 
Wheeler et al., 2011). Topical application of CD4-AsiCs designed to knockdown CCR5 
and/or HIV gag and vif block vaginal transmission in humanized mice.

Because studying early events in the sexual transmission of HIV in humans is difficult, our 

understanding of sexual transmission of the virus relies heavily on studies in macaques 

challenged with cell-free simian immunodeficiency virus (SIV) (Arfi et al., 2008; 
Bergamaschi and Pancino, 2010; d’Ettorre et al., 2014; Miller et al., 2005; Piguet and 

Steinman, 2007). In this model, SIV first infects and expands in CD4+ T cells in the genital 

mucosa before spreading to myeloid cells (Haase, 2010; Miller et al., 2005; Zhang et al., 

1999). Infection is contained within the genital tract for about a week before disseminating 

to regional lymph nodes and systemically. This provides a “window of opportunity” for 

interventions to prevent HIV from establishing a foothold. Genital infection stimulates a pro-

inflammatory cytokine cascade, which recruits activated immune cells to the genital mucosa 
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(Caux et al., 2000; Dieu-Nosjean et al., 1999; Miller et al., 2005), which then promotes viral 

replication and spreading, both locally and systemically. Plasmacytoid dendritic cells 

(pDCs), the primary producers of Type I IFNs, are recruited to the genital mucosa, but IFN 

production is delayed (Klatt et al., 2014). Thus, because SIV does not induce IFNs in 

infected cells and IFN production by recruited cells in the genital tract is delayed, SIV does 

not have to cope with the antiviral effects of host IFNs while it is establishing the infection.

A recent study investigated the effect of manipulating Type I IFNs on transmission of 

repeated SIV rectal challenges in rhesus macaques (Sandler et al., 2014). Blocking the Type 

I IFN receptor increased viral replication and AIDS progression, while administration of 

IFN-α2a around the time of challenge blocked transmission. However, continued exposure 

to exogenous IFNs actually caused desensitization to its antiviral effect, increased the viral 

setpoint, and accelerated disease progression. This work highlights the potential protective 

role of Type I IFNs, but also suggests that the in vivo effects of IFNs are complex.

Immune responses can differ between human and nonhuman primates, since immune genes 

continue to coevolve with pathogens, and SIV differs in important ways from HIV. In 

particular, the SIV viral protein Vpx promotes degradation of host restriction factor 

SAMHD1, which limits HIV infection in resting T cells and myeloid cells, thereby enabling 

SIV to replicate in cell populations that HIV cannot. Given the complexity of the effects of 

IFNs, which activate components of the immune system capable of both propagating and 

inhibiting HIV (Boasso et al., 2008; Fitzgerald-Bocarsly and Jacobs, 2010; Hardy et al., 

2009; Poli et al., 1994), it is important to study the role of IFNs in HIV transmission in 

human systems. In particular, the exact role IFNs play in acute HIV infection, the timing of 

their induction, and the effects they exert on their most immediate downstream targets 

during the earliest stages of viral transmission remain poorly understood. Here we use two 

HIV-human transmission model systems, polarized human cervicovaginal explants and 

humanized mice, to investigate the effect of inducing Type I IFNs in infected cells by 

TREX1 knockdown to assess the effects of endogenous IFNs on HIV female genital 

transmission. These models both have limitations. The explants are only viable for 10 to 14 

days (Collins et al., 2000; Wheeler et al., 2011) and do not take into account recruitment of 

immune cells to the tissue. Although human myeloid and lymphoid cells are present in the 

female genital tract of humanized mice, they are less abundant than in human tissues, and 

their lymph nodes are often undeveloped or absent (Olesen et al., 2011). Moreover, 

humanized mice have chronic immune activation from graft vs host responses. Although 

there is good cross-reactivity between human and mouse cytokines and chemokines, 

signaling may not replicate precisely what occurs in humans. Nonetheless, these imperfect 

models are as close as we can get to human transmission.

Here we show that CD4-AsiCs knockdown TREX1 expression by 75–95% in human 

cervicovaginal tissue and the female genital tract of humanized mice. Knocking down 

TREX1 increased expression of Type I IFNs and interferon stimulated genes (ISGs) in HIV-

exposed, but not uninfected, human tissue and in humanized mice in the first 12–24 hours 

after exposure, but did not cause upregulation of inflammatory cytokines, such as IL1β, IL-6, 

and IL-8. Intravaginal (IVAG) IFN administration had a similar effect. In contrast, 

exogenous IFNs, given intravenously (IV) to humanized mice, induced ISGs as well as 
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proinflammatory cytokine gene expression, even in the absence of HIV infection. In tissue 

explants, TREX1 knockdown suppressed HIV infection, and suppression was largely 

mediated by Type I IFNs, since it was strongly inhibited by neutralizing antibodies to Type I 

IFNs. In humanized mice, a robust Type I IFN response decreased viral replication during 

the first 48 hours after exposure, despite recruitment of immune cells to the genital mucosa. 

Importantly, TREX1 knockdown in the genital tract delayed HIV infection for ~3–4 weeks, 

suggesting that IFN induction in infected cells suppresses local viral replication.

Results

TREX1 knockdown in CD4+ cells in vitro and in human cervicovaginal tissue explants

CD4-AsiCs were designed to knockdown TREX1 in CD4+ cells using the CD4 aptamer and 

siRNA linkage, previously shown to knockdown CCR5 and viral genes selectively in CD4+ 

T cells and macrophages in cervicovaginal tissue explants and the genital tract of humanized 

mice (Wheeler et al., 2011; Wheeler et al., 2013). The aptamer directs the chimeric RNA 

selectively into CD4+ cells, where Dicer cleaves the AsiC to separate the aptamer from the 

siRNA. A chimeric RNA encoding the CD4 aptamer linked at its 3′-end to the sense strand 

of one of two TREX1 siRNAs was in vitro transcribed using 2′-fluoropyrimidines to 

enhance stability and minimize off-target effects (Figure 1a–b). The in vitro transcribed 

RNA was then annealed to the antisense siRNA strand. To evaluate gene knockdown, 

PBMCs were incubated for 48 h with 0.25–4 μM TREX1 CD4-AsiCs and analyzed by qRT-

PCR for TREX1 mRNA (Figure 1c–d). TREX1 knockdown occurred specifically in CD4+, 

but not CD8+ T cells. The best knockdown occurred using 4 μM AsiC. ‘Sequence a’, which 

knocked down TREX1 by ~50% even at the lowest concentration and by ~90% at the 

highest concentration, was more effective than ‘sequence b’ and was used for subsequent 

experiments, unless otherwise noted. TREX1 knockdown in primary human CD4+ T cells 

also significantly reduced TREX1 protein and the proportion of cells that stained above 

background for TREX1 from 83% to 7%, as assessed by flow cytometry (Figure S1).

Type I IFN signaling leads to phosphorylation and nuclear translocation of the IRF3 

transcription factor. To investigate whether IFN signaling is activated after HIV infection in 

cells knocked down for TREX1, we assessed IRF3 localization by imaging flow cytometry 

in primary human MDMs and CD4+ T cells (Figure S2 a, b). TREX1 knockdown did not 

significantly change IRF3 localization in uninfected cells. However, as expected, IRF3 

translocated to the nucleus after HIV infection in cells knocked down with TREX1 siRNA 

compared to cells transfected with a non-targeting negative control siRNA (MDMs, p<0.01; 

CD4+ T cells, p<0.0001). To determine whether IRF3 activation is mediated by cGAS and 

IFI16, DNA sensors that recognize HIV reverse transcripts (Gao et al., 2013; Monroe et al., 

2013), we co-transfected CD4+ T-cells with TREX1 siRNA alone or together with cGAS or 

IFI16 siRNAs. siRNA targeting the DNA sensor AIM2 or the RNA sensor RIG-I, which are 

not required for the induction of type I IFN by HIV in TREX1 knock-out cells (Yan et al., 

2010), were used as controls. Knockdown of cGAS or IFI16, but not AIM2 or DDX58, the 

gene encoding RIG-I, significantly and strongly inhibited IRF3 nuclear translocation in 

response to HIV infection in TREX1 knocked down cells (Figure S2 f, h, j). Thus TREX1 
knockdown induces IFN pathway activation and IRF3 nuclear translocation in response to 
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HIV that is dependent on DNA sensing by both cGAS and IFI16, like recognition of HSV-1 

and Listeria monocytogenes DNA (Orzalli et al., 2015; Hansen et al., 2014).

We next evaluated TREX1 gene knockdown in human cervicovaginal explants. TREX1 
CD4-AsiCs (1 and 4 μM) were applied twice at an interval of 24 h to the epithelial surface of 

polarized human cervicovaginal tissue. Four days after the second treatment, tissues were 

digested to single cell suspensions, which were sorted into CD4+/CD3+ T cells, CD4+/

CD14+ macrophages and CD19+ B cell subsets and analyzed for TREX1 mRNA by qRT-

PCR (Figure 1f, g). TREX1 was knocked down by 80–95% in CD4+ T cells and 

macrophages, but not in B cells. Both concentrations led to comparable knockdown. We 

previously showed that CD4-AsiCs targeting other genes do not activate an innate immune 

IFN response on their own (Wheeler et al., 2011). However, because IFN induction may be 

sequence dependent, we evaluated whether TREX1-specific CD4-AsiCs induce Type I IFNs. 

We treated cervical explants with TREX1 CD4-AsiCs in the absence of HIV infection and 

measured expression levels of type I IFN mRNAs in the tissue at the expected peak response 

time (6 hr) by sensitive qRT-PCR assay (Figure S3 a). As expected, TREX1 CD4-AsiCs did 

not induce an IFN response, whereas Poly(I:C), used as a positive control, did.

TREX1 knockdown inhibits HIV replication and induces IFN-β in polarized human 
cervicovaginal explants

TREX1 knockdown inhibits HIV expression in vitro by up-regulating Type I IFNs (Yan et 

al., 2010). To evaluate whether knocking down TREX1 also inhibits HIV infection in human 

tissue, we used a previously validated polarized human cervicovaginal explant model of HIV 

transmission and infection. The observed p24 Ag production in infected explants measured 

active viral replication in the explants, rather than carryover of virus in the infectious 

inoculum, since p24 Ag levels did not increase in tissues that were infected in the presence 

of the HIV inhibitors, AZT or nevirapine (Figure S3 b). To evaluate the effect of TREX1 
knockdown in the explant system, we measured viral replication in cervicovaginal tissue 

from 3 healthy donors infected after they were treated with medium or CD4-AsiCs against 

TREX1 or, as positive control, a cocktail against CCR5, gag, and vif. Explants were treated 

3 and 2 d prior to challenge with HIVBaL and viral replication was monitored by measuring 

viral p24 antigen in the lower transwell chamber (Figure 2a–c). As previously demonstrated, 

the CCR5 and antiviral gene cocktail completely prevented productive HIV infection. CD4-

AsiCs encoding either TREX1 siRNA sequence inhibited HIV infection, but ‘sequence a’ 

performed better, almost completely suppressing p24 Ag production. Although HIV 

infection in the absence of gene knockdown did not lead to detectable IFNβ release until day 

9 of culture, when it was barely above background, the infected tissues that were treated 

with TREX1 AsiCs produced IFNβ that was detected in the first measurement on day 3 

(Figure 2d). Tissues treated with the more effective ‘sequence a’ AsiC generated more IFNβ. 

Tissues treated with the CD4-AsiC cocktail that blocked infection did not release IFNβ. To 

evaluate the importance of Type I IFNs in inhibiting HIV transmission in the tissue, blocking 

mAbs to IFNα and IFNβ were added to the culture medium 24 h before infection (Figure 

2e–g). The blocking antibodies had no effect on HIV production in explants that were 

knocked down for CCR5 and the viral genes, which was not surprising since they did not 

generate Type I IFNs. Antibody treatment blunted the amount of IFNβ protein detected in 
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the culture supernatants and increased HIV infection in TREX1 AsiC-treated explants. 

However, blocking IFNα and IFNβ in TREX1 AsiC-treated tissues did not completely 

restore HIV infection to the level observed in tissues not subjected to knockdown. Thus, 

TREX1 knockdown suppressed HIV infection in cervicovaginal tissues, largely via 

induction of Type I IFNs.

Recently transmitted HIV-1 viruses, termed transmitted/founder (T/F) viruses, are relatively 

resistant to suppression by Type I IFNs (Parrish, et al., 2013). To determine whether TREX1 
knockdown could inhibit infection with T/F HIV-1 virus, we compared the effect of TREX1 
knockdown on replication of a T/F virus relative to HIVBaL in human cervical explants 

(Figure S4), using treatment with the CD4 aptamer on its own as a control. T/F HIV 

replication was significantly inhibited by treatment with TREX1 CD4-AsiCs. However T/F 

virus was less strongly suppressed than HIVBaL.

Exposure of monocyte-derived macrophages (MDMs) to Type I IFN inhibits HIV replication 
when administered just before or after infection

To prepare for in vivo experiments with IFNs, we first defined the dose dependence and 

timing of IFN protection from HIV infection in vitro. MDMs were incubated for 24 h with 

different amounts of a recombinant form of IFN, engineered to bind multiple IFN receptors 

with high affinity (rIFN), prior to infection with 3 doses of HIVBaL (Figure S5). Adding 

10,000 IU rIFN in 0.3 ml culture medium suppressed viral replication in MDMs by >95% 

for even the highest viral challenge. Treatment up to 24 h prior to or 6 h after viral challenge 

completely prevented viral replication at the highest rIFN concentration, but adding the 

recombinant protein 6 h before infection was more effective than 24 h before infection at the 

lower doses. When rIFN was added 2 d before or 1 d after viral challenge, there was little 

protection.

TREX1 knockdown IVAG or topical rIFN upregulate ISGs and inhibit early HIV replication in 
humanized BLT mice

To investigate the in vivo effect of TREX1 expression on HIV transmission, we treated 

humanized BLT mice IVAG with PBS or 40 pmol of TREX1 CD4-AsiCs on 2 consecutive 

days. Half of the mice were not exposed to HIV and half were challenged the following day 

with HIV1JR-CSF using a viral dose that reproducibly infects all control mice (n=6) (Wheeler 

et al., 2011; Wheeler et al., 2013) (Figure 3a). Additional groups of mice (n=6) were treated 

with IV rIFN (104 IU) or IVAG rIFN (2×103 IU) the day before viral challenge. One hour 

post-rIFN administration, we measured rIFN levels in the serum. After IV injection, rIFN 

was detected in the serum at a level of 43.5 ± 0.57 IU/ml (n=3), but it was not detectable in 

the serum after IVAG application (data not shown). Mice were sacrificed 16 h after viral 

challenge, and cervicovaginal tissue was digested into single cell suspensions. Systemic IFN 

significantly increased the number of human CD45+ hematopoietic cells in the female 

genital tract, irrespective of HIV infection, while TREX1 knockdown and topical IVAG IFN 

increased human infiltrating cells in the genital tract only following HIV infection (Figure 

3b). Gene expression was examined in human CD45+ hematopoietic cells, human CD4+ 

cells, and in the total mixed cell population isolated from the vaginal mucosa by qRT-PCR. 

TREX1 CD4-AsiCs strongly knocked down TREX1 mRNA (by ~95%) in genital tract 
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CD4+ cells in both HIV uninfected and infected mice (Figure 3c). Both topical and systemic 

IFNs significantly increased CCR5 and IFN-responsive TREX1 and APOBEC3G and other 

ISG mRNAs in tissue CD4+ cells (Figure 3b, e–i, k). In the absence of HIV infection, 

TREX1 knockdown did not significantly change expression of inflammatory cytokines, 

CCR5, Type I and II IFNs, or ISGs, including SAMHD1 and APOBEC3G (Figure 3e–j).

After HIV challenge, HIV gag mRNA was detected above background in control and IFN-

treated BLT mouse genital tissue, but was not detected in mice treated with TREX1 AsiCs at 

this early time point (Figure 3d). Thus TREX1 knockdown was protective. TREX1 
knockdown, and to a greater extent topical and systemic IFNs, also increased CCR5 mRNA 

in the genital tissue, likely due to infiltration of activated immune cells and activation of 

tissue resident cells (Figure 3b, e). With exposure to HIV, TREX1 knockdown led to 

significantly increased Type I and Type II IFNs and ISG mRNAs, including the mRNAs for 

the HIV restriction factor ISGs, SAMHD1 and APOBEC3G (Figure 3h, i, k). TREX1 
knockdown did not have a consistent effect on HIV-induced inflammatory gene expression – 

it significantly increased TNFα, reduced IL-1β and IL-8, and did not change IL-6 mRNA 

expression. Thus, early after HIV infection, TREX1 knockdown in CD4+ cells in the female 

genital tract reduced HIV load and induced IFNs and antiviral gene expression, but at the 

same time increased recruitment of activated CCR5+ immune cells, expanding the numbers 

of susceptible cells in the tissue.

Topical, but not systemic, IFN significantly suppressed early HIV replication, assessed by 

measuring gag mRNA 16 hr after infection, compared to control mice, but inhibition was 

less effective than TREX1 knockdown, which suppressed HIV to undetectable levels (Figure 

3d). Systemic rIFN more potently induced ISG expression than TREX1 knockdown, but also 

enhanced tissue recruitment of CCR5+ hematopoietic cells and caused more pro-

inflammatory gene expression. The recruitment of activated HIV-susceptible cells and 

induction of inflammation in the genital tract after systemic IFN administration may have 

canceled the antiviral effects of ISGs on HIV replication.

TREX1 CD4-AsiCs upregulate gene expression of Type I IFNs and ISGs in the vaginal 
tissue of HIV-exposed humanized BLT mice

We next evaluated the effect of TREX1 knockdown on gene expression in the female genital 

tract of humanized mice 24 and 48 h after viral challenge (Figure 4a). Mice treated IVAG 

with TREX1 AsiCs were compared to mice treated IVAG with PBS as negative control, or 

lipopolysaccharide (LPS), which induces both Type I IFNs and inflammatory cytokines, as 

positive control. Each group was treated on 2 consecutive days and challenged with HIV 

IVAG on the following day. Blood and cervicovaginal tissue were harvested 24 and 48 h 

later, single cell suspensions were prepared, and human CD4+, human CD45+, and total cell 

populations were analyzed for mRNA expression by qRT-PCR (Figure 4c–i). IVAG LPS, as 

expected, increased the numbers of human CD45+ cells in the vaginal tissue (Figure 4b). 

TREX1 AsiCs knocked down TREX1 in CD4+ cells in the genital tract by 90% at 24 h and 

75% at 48 h post challenge, while IVAG LPS significantly increased the expression of IFN-

responsive TREX1 in CD4+ cells in vaginal tissue at both time points, and in the blood 

significantly at 48 h (Figure 4c). HIV infection in genital tract CD4+ cells was suppressed to 
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near background levels by TREX1 knockdown at both time points, while LPS pretreatment 

enhanced gag mRNA expression in the genital tract. (Figure 4d). Unexpectedly, HIV gag 
mRNA was detected in blood CD4+ cells of some LPS-treated mice at 48 hr, suggesting that 

infection may not be restricted to the genital tract in the setting of genital inflammation. 

However, because gag detection in blood cells was just above background, this finding needs 

to be interpreted with caution. CCR5 mRNA, an indicator of T cell activation, was 

significantly decreased in vaginal and blood CD4+ cells in TREX1 AsiC-treated mice, while 

it was significantly increased in LPS-treated mice in both compartments compared to mock 

treated, HIV-infected mice (Figure 4e). Knockdown of TREX1 increased the expression of 

Type I IFNs and ISGs and decreased expression of proinflammatory cytokines in tissue and 

blood, while LPS pretreatment increased both inflammation and the IFN response (Figure 

4f–i). Thus, TREX1 knockdown in genital CD4 cells, which enhanced antiviral IFN gene 

expression and suppressed inflammation, blocked HIV infection at 24 h and significantly 

controlled it to near background levels at 48 h. Generalized innate immune activation by 

LPS administration in the genital tract enhanced HIV replication locally and accelerated 

dissemination.

TREX1 CD4-AsiCs delay, but do not prevent, transmission of HIV to humanized BLT mice

To evaluate the net antiviral effect of TREX1 knockdown, we compared HIV infection and 

CD4+ T cell depletion in humanized mice treated IVAG with TREX1 AsiCs with mock-

treated mice and mice treated with the AsiC cocktail against CCR5 and viral genes that 

blocks viral transmission (Wheeler et al., 2011; Wheeler et al., 2013) (Figure 5a). (The 

control group data were previously published in (Wheeler et al., 2011), but the TREX1 
knockdown data, obtained at the same time, were not previously published.) All mock 

treated mice became infected and showed profound CD4+ T cell depletion (Figure 5b–e). 

Viremia was first detected 3–4 weeks post challenge and CD4 counts began to drop within 2 

weeks and CD4+ T cells were severely depleted in all mice by 8 weeks. Mice treated with 

the cocktail were not infected – they had undetectable viremia, assessed by HIV p24 Ag and 

HIV gag mRNA, and no change in CD4+ T cell counts. Mice treated with TREX1 AsiCs 

initially looked like they were protected, but they all developed detectable viremia by 7 

weeks. CD4+ T cell depletion only became significant after 9 weeks. Thus viral production 

was delayed for about a month by knocking down TREX1 prior to viral challenge compared 

to control mice. Despite the delay in infection, the viral setpoint in TREX1 AsiC-treated 

mice (~105 copies/ml blood) and extent of CD4+ T cell depletion at 12 weeks, when the 

experiment was terminated, were indistinguishable from those in control mice.

Discussion

Here we demonstrate that TREX1 knockdown using CD4-AsiCs induces expression and 

secretion of Type I IFNs and ISGs in HIV-infected cells that inhibits HIV transmission in 

human tissue explants and in humanized mice for several weeks when administered prior to 

viral challenge. Protection from HIV replication in tissue explants was largely abrogated by 

IFNα/β blocking antibodies, suggesting that protection is mediated by Type I IFN 

production in infected cells. The residual protection may have been due to incomplete 

blockade of all Type I IFNs. We also cannot exclude the possibility that some antiviral 
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effects of TREX1 knockdown are IFN-independent. Indeed ISGs can be induced in the 

absence of TREX1 independently of IFNs (Hasan et al., 2013). Within the first 2 days after 

HIV challenge, HIV replication was not detected in the genital tract of mice treated with 

TREX1 CD4-AsiCs and was suppressed in mice given rIFN IVAG, suggesting that local 

IFNs strongly inhibit HIV transmission in vivo. This was despite evidence of significant 

immune cell infiltration in the genital mucosa and CD4+ T cell activation to express CCR5, 

the HIV coreceptor used during sexual transmission. In contrast, IV administration of rIFN 

using five times the IVAG dose, which induced local IFN and ISG gene expression in the 

genital mucosa, but less robustly than IVAG administration, did not inhibit HIV replication 

at this early timepoint. Unlike treatment with IVAG IFN or TREX1-AsiCs, IV IFN activated 

proinflammatory cytokine expression (TNFα, IL-1β, IL-6 and IL-8), which likely 

counteracted the protective effects provided by rIFN.

In some humanized mice (but not those treated with TREX1 CD4-AsiCs), we detected HIV 

gag RNA at very low levels in CD4+ blood cells as early as 1 and 2 days following IVAG 

challenge, accompanied by suggestions of systemic immune activation by qRT-PCR analysis 

of CCR5 and cytokine gene expression in CD4+ blood cells (Figure 4d). Importantly, at 

these early times, systemic dissemination was exacerbated by IVAG pretreatment with LPS, 

which caused both local and systemic IFN induction and immune activation. A similar 

increase in sexual transmission was observed when rhesus macaques treated IVAG with 

other TLR agonists were challenged with SIV (Wang et al., 2005). In that case as well, both 

IFNs and inflammatory cytokines were induced in the genital tract. However infected cells 

were not detected in the blood of mice treated IVAG with CD4-AsiCs against TREX1. These 

data suggest that in humanized mice, HIV may not be contained within the genital tract for 

the first week after exposure. Nonetheless, we did not detect plasma viremia by RT-PCR or 

p24 Ag assay until 3 weeks after infection (Figure 5). Because the level of gag mRNA in 

circulating CD4+ T cells was just above background, the measured gag mRNA in circulating 

CD4+ T cells within the first few days after infection should be interpreted with caution and 

needs to be confirmed. The discrepancy between RT-PCR analysis of CD4+ T cells and 

plasma viremia assays suggests that RT-PCR analysis of circulating CD4+ T cells may be a 

more sensitive way to detect systemic dissemination than amplification of viral RNA in 

circulating virions in the serum. Early dissemination might be the consequence of chronic 

low levels of immune activation from graft vs host responses that are not completely 

suppressed in the NOD/SCID/Il2rg−/− (NSG) mice. Their chronic immune activation may 

mean that conclusions about transmission in humanized mice may not reflect transmission in 

women, who have no underlying immune activation or vaginal coinfection. However, these 

mice may be a good model for women with vaginal infections, such as bacterial vaginosis or 

trichomonas infection, who are more vulnerable to becoming infected. If these mouse 

findings are confirmed, they suggest that it is worth investigating whether early viral 

dissemination might occur in women with ongoing vaginal or systemic infection.

Although TREX1 knockdown suppressed HIV infection early on, HIV was transmitted with 

a delay in viral kinetics of ~3–4 weeks. In these experiments TREX1 CD4-AsiCs were 

administered one and two days before viral challenge. In an earlier study (Wheeler et al., 

2013), CCR5 knockdown in humanized mice using CD4-AsiCs provided complete 

protection from transmission when HIV challenge occurred within a day of AsiC 
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application, but although gene knockdown in the tissue persisted for ~2 weeks, protection 

was incomplete when HIV challenge was delayed for 4 or 6 days. The lack of complete 

protection after delayed challenge was attributed to influx of HIV-susceptible cells, not 

exposed to AsiCs, into the genital mucosa. Similarly, in this study, HIV might have persisted 

in the tissue (possibly within myeloid cells that do not necessarily replicate the virus, but 

efficiently transmit it to T cells (Arfi et al., 2008; Bergamaschi and Pancino, 2010; Kumar et 

al., 2014; Piguet and Steinman, 2007)) and then replicated in tissue resident CD4+ cells in 

which TREX1 knockdown had waned or in recruited CD4+ T cells that were not present at 

the time of knockdown. Although the knockdown of TREX1 only delayed the progression of 

HIV infection, but did not inhibit it completely, the suppression of local HIV replication in 

the genital tract might reduce person-to-person transmission. Future experiments in which 

TREX1 AsiCs are administered both before and after HIV challenge should address this 

question. By measuring viral DNA species and integration of the provirus within different 

human cell subtypes in the genital tract of humanized mice, we may be able to determine the 

cell types in which the virus persists during TREX1 knockdown. The viral setpoint and CD4 

depletion in TREX1 knocked down mice eventually reached the same levels as in mock-

treated mice. This surprising finding suggests that the viral setpoint is not determined by the 

original viral replicative burst, but by the complex interaction of the virus with the host 

immune system. The conservation of the viral setpoint here may be related to the well-

known and poorly understood clinical finding that viral levels return to the pretreatment 

setpoint when antiretroviral drugs are halted. What determines the viral setpoint in any 

setting is not well understood.

The in vitro data presented here suggest that there is a narrow temporal window during 

which IFNs can effectively control infection - the ~30 hours around the time of exposure. 

Our results echo those found in SIV infection in macaques, in which IFN only effectively 

blocks infection within a 3-day period (Unterholzner and Bowie, 2008). This may be one of 

the reasons that chronic IFN therapy showed inconsistent results in clinical trials and 

ultimately did not appreciably improve patient outcomes (Fitzgerald-Bocarsly and Jacobs, 

2010; Jackson et al., 2006; Lehmann et al., 2010; Saba et al., 2010; Swiecki and Colonna, 

2010). In addition to timing, location also seems to play a critical role. IFNs at the site of 

transmission provided protection, but after systemic IFN treatment, protection was lost, 

likely due to a shift in balance between protective and harmful IFN-triggered downstream 

events. Our finding in humanized mice differs from results in macaques, where IV 

PEGylated-IFN begun before SIV challenge and continued for 4 weeks provided protection 

from rectal challenge (Unterholzner and Bowie, 2008). Multiple variables could account for 

these differing observations including differences between species, site of infection, virus, 

and dose and type of rIFN.

This study is the first application to use in vivo gene knockdown as a tool to explore the 

earliest stages of HIV disease pathogenesis and the role IFNs play in transmission. 

Knockdown of individual host genes in all the cells that HIV infects using CD4-AsiCs 

provides a straightforward method to explore the role of individual host genes in HIV 

transmission. Preliminary results suggest that the CD4-aptamer also recognizes macaque 

CD4 (data not shown). Thus, this tool could also be used to study the role of host genes in 

SIV transmission in macaques, where gene knockout is not easy. We have recently found 

Wheeler et al. Page 11

Cell Rep. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that EpCAM-AsiCs given subcutaneously can silence gene expression in EpCAM+ cells 

distributed at distal sites throughout the mouse (Gilboa-Geffen et al., 2015). Preliminary 

studies of subcutaneous injection of CD4-AsiCs in humanized mice also show strong 

knockdown (~80%) in CD4+ T cells in local lymph nodes, as well as in the spleen and distal 

lymph nodes. These findings suggest that this powerful tool could be used to study the 

influence of individual host genes not only on transmission, but also on disease progression 

and pathogenesis.

Experimental procedures

CD4-AsiC synthesis

CD4-AsiCs were synthesized using the primer sequences given in Table S1 using in vitro 
transcription as described (Davis et al., 1998; McNamara et al., 2006; Wheeler et al., 2011). 

Sequences for the conjugated siRNAs are shown in Table S2.

Human cervical polarized tissue explants

Human cervical tissue was obtained with BCH and HMS Human Investigational Review 

Board approval from healthy donors undergoing hysterectomy for benign conditions and 

was prepared as previously described (Wheeler et al., 2011; Wheeler et al., 2013).

BLT mouse experiments

Animal work was approved by the Animal Care and Use Committees of Massachusetts 

General Hospital, Boston Children’s Hospital (BCH) and Harvard Medical School (HMS). 

All in vivo experiments were performed using progesterone-treated, ketamine/xylazine 

anesthetized NOD/SCID/IL2rg−/− (NSG) female mice, bearing humanized bone marrow 

following reconstitution with CD34+ cells from human fetal liver and surgical human 

thymic grafts (“BLT mice”), prepared by the MGH Humanized Mouse Program as 

previously described (Brainard et al., 2009; Kumar et al., 2008; Wheeler et al., 2011; 
Wheeler et al., 2013). Uniform HIV infection in challenge experiments was obtained by 

requiring high levels of human immune reconstitution using previously described criteria 

(Wheeler et al., 2011; Wheeler et al., 2013). These criteria included a minimum of 25% of 

human CD45+ cells in the blood, of which at least half are lymphocytes (and at least 40% of 

these are T cells). The absolute number of human T cells was required to be at least 200/100 

μL of blood. BLT mice were treated with PBS or 80 pmols of CD4-AsiCs in PBS by 

atraumatic application to the vaginal mucosa in 15 μL according to the indicated schedule. 

For infections, HIVJR-CSF (105 TCID50) diluted in 10 μL PBS was applied atraumatically to 

the vaginal mucosa. Mice were kept supine for 5 min after each application. For some 

experiments 1 μg/mL of LPS (List Biological Laboratories, Inc.) was applied IVAG. For 

other experiments, rIFN (R&D Systems) was administered either by tail vein injection 

(10,000 IU in 50 μL PBS) or by IVAG administration (2,000 IU in 10 μL PBS). For all post-

treatment analysis, both the vaginal tissue and peripheral blood were harvested and 

processed as previously described (Wheeler et al., 2011; Wheeler et al., 2013). Single cell 

suspensions were stained using 1/100 dilutions of hCD45 and hCD4 antibodies 

(BioLegend), and sorted by FACS for gene expression analysis.
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Additional experimental methods are described in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD4-AsiCs knockdown TREX1 in CD4+ cells in vitro and in polarized cervicovaginal 
explants
(a, b) Two TREX1 CD4-AsiCs (sequence a, a; sequence b, b) (c, d) CD4+ (red) and CD8+ 

(blue) T cells were treated and analyzed for TREX1 gene knockdown by qRT-PCR relative 

to GAPDH. (f, g) CD4+CD14+ macrophages, CD4+ T cells, and CD19+ B cells, sorted 

from polarized cervicovaginal explants treated with TREX1 CD4-AsiCs, or medium, were 

analyzed for TREX1 knockdown by qRT-PCR. Graphs show mean ± SEM from 3 

independent experiments (*p<0.05, **p<0.005, ***p<0.0005, by Student’s t-test, relative to 

mock-treated control samples). The change in TREX1 in B cells was not reproducible. See 

also Figure S1.
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Figure 2. CD4-AsiC knockdown of TREX1 inhibits HIV replication in polarized human 
cervicovaginal explants partly by inducing Type I IFNs
(a–d) Polarized explants (n=8) from 3 donors treated with PBS (blue) or twice pretreated 

with 4 μM CD4-AsiCs targeting TREX1 (siRNA sequence a, light green; siRNA sequence b, 

dark green) or CCR5, gag, and vif (cocktail, red) before HIV-1BaL challenge. Data for 

uninfected control cultures are shown in yellow. HIV infection analyzed by p24 Ag ELISA 

(b, c) and IFN-β protein measured by ELISA (d). Blocking monoclonal antibodies (mAbs) 

against IFN-α and IFN-β were applied 24 h prior to, and at the time of HIV challenge (e–g). 

Graphs show mean ± SEM (*p<0.05, **p<0.005, ***p<0.0005, by Student’s t test, relative 

to uninfected control). See also Figure S2, S3, S4.

Wheeler et al. Page 18

Cell Rep. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. TREX1 knockdown or topical IFN upregulate ISGs and inhibit HIV transmission in 
humanized mice
(a) Schematic. BLT mice (n=6 per treatment group) were treated twice IVAG with PBS 

(blue) or 40 pmol TREX1 CD4-AsiCs (green) or once with rIFN 104 IU IV (dark red) or 

2×103 IU IVAG (light red). Half of the mice in each group (n=3) were challenged 24 hr after 

the last treatment with HIVJR-CSF, and all mice were sacrificed 16 h after that. 

Cervicovaginal tissue was digested to a single cell suspension, and sorted into human 

CD45+ and CD4+ cell populations. (b) Flow cytometry analysis of human CD45+ cells in 

the vaginal tissue of each group of mice. (c–i) RNA from sorted cells or total tissue was 

analyzed for mRNA levels by qRT-PCR. TREX1 (c) and HIV gag (d) mRNA in vaginal 

CD4+ cells and CCR5 expression in vaginal CD45+ cells (e) are shown. (f–k) mRNA levels 

for human inflammatory cytokines TNFA (f) and IL1B (g), HIV restriction factors 

SAMHD1 (h) and APOBEC3G (i, A3G) and a panel of IFNs and ISGs (j, k) in vaginal 

tissue are shown. Human gene mRNA levels, relative to GAPDH mRNA, were normalized 

to the value in the HIV-uninfected, PBS control. gag RNA, which was not detected (ND) in 

uninfected samples, was normalized to GAPDH mRNA. Shown are the mean ± SEM for 

each group. (*, p<0.05 by 2-sided Student’s t-test, relative to PBS control). The graphs 

represent data from one experiment with BLT-mice prepared with human hematopoietic 

stem cells from one donor. See also Figure S5.
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Figure 4. TREX1 CD4-AsiCs upregulate Type I IFNs and ISGs and inhibit HIV transmission to 
BLT mice
(a) Schematic. BLT mice (n=6 per treatment group) were treated twice with IVAG PBS 

(blue), LPS (red), or 40 pmol TREX1 CD4-AsiCs (green). All mice were infected with 

HIVJR-CSF. Blood and cervicovaginal tissues were obtained at sacrifice 24 h and 48 h (n=3 

per treatment group) after viral challenge. PBMCs or genital tract single cell suspensions 

were either not sorted or sorted into human CD45+ and human CD4+ cell populations for 

analysis as indicated. (b) Flow cytometry analysis of human CD45+ cells in the tissue (left) 

and blood (right). (c–e) mRNA levels relative to human GAPDH were analyzed by qRT-

PCR for human TREX1 (c), HIV gag (d) and human CCR5 (e) using RNA extracted from 

CD4+ cells in genital tract (left) and blood (right). (f–i) mRNA levels were analyzed by 

qRT-PCR on RNA extracted from genital tract single cell suspensions or PBMCs as 

indicated for the following human genes - TNFA (f), IL1B (g), and a panel of IFNs, 

inflammatory cytokines, and ISGs (h, i). Human gene mRNA levels were normalized to the 

value in the HIV-uninfected, PBS control. gag RNA was normalized to GAPDH. ND, not 

detected. All graphs show mean ± SEM (*, p<0.05 relative to PBS-treated control mice, 

determined using Student t-test). Graphs represent data from one experiment using BLT-

mice prepared with human hematopoietic stem cells from one donor. See also Figure S5.

Wheeler et al. Page 20

Cell Rep. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. TREX1 CD4-AsiCs delay HIV transmission to BLT mice
(a) Experimental design. Mice (n=4 per treatment group) were treated according to the 

indicated dosing schedules (right) with PBS (blue, b), a cocktail of CD4-AsiCs targeting 

CCR5, gag and vif, using a regimen that previously blocked HIV transmission (red, c) 

(Wheeler et al., 2011), or TREX1 CD4-AsiCs (green, d). 40 pmol of each CD4-AsiC was 

administered IVAG twice according to the dosing schedule. Mice were assessed for HIV 

RNA by qRT-PCR (left), plasma HIV p24-Ag by ELISA (middle), and circulating CD4+ T 

cell count by flow cytometry (right). The dashed line represents the threshold of detection 

of the assay. No CD4 analysis was performed at week 4. (e) shows average ± SEM for each 

group (*p<0.05; ***p<0.005, ***p<0.0005, by 1-way ANOVA, relative to PBS control). 
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The graphs represent data from one of two independent experiments with different batches 

of BLT-mice prepared with human hematopoietic stem cells from two different donors.
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