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SUMMARY

Plasmacytoid dendritic cells (plasmacytoid DC, pDC)
are major IFN-I producers and have been shown to be
affected by HIV through ill-defined mechanisms. In
this study, we directly assess the role of pDC in early
infection, evaluating whether modulating their abun-
dance can alter viral replication. First, HIV infection
of humanized mice induces systemic depletion of
pDC, and in the presence of soluble FMS-like tyrosine
kinase 3 ligand (FIt3L), pDC levels remain elevated.
FIt3L significantly delays the onset of viremia and re-
duces viral replication via a process that is dependent
on pDC and mediated through an enhanced early
IFN-I response. pDC from FIt3L-treated mice are
more prone to express IFN-a following TLR7 stimula-
tion, but this propensity is gradually decreased during
infection. In conclusion, maintaining pDC levels and
function is key to effective early viral control, and in
this context, these findings provide practical insights
for anti-HIV strategies and vaccine design.

INTRODUCTION

Plasmacytoid dendritic cells (DC) are main producers of type |
interferon (IFN-I) and play an important role in bridging innate
and adaptive immunity. Plasmacytoid DC express abundant
TLR7 and TLR9, allowing them to recognize respectively, sin-
gle-stranded RNA (ssRNA) as well as unmethylated DNA with
CpG moitifs, triggering copious release of IFN-I and other pro-in-
flammatory cytokines (Swiecki and Colonna, 2015). HIV sensing
by pDC occurs predominantly through endosomal recognition of
the viral ssRNA by TLR7, and infected cells are reportedly more
efficiently sensed than cell-free virions (Beignon et al., 2005;
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Lepelley et al., 2011). Sensing in early endosomes leads to
IFN-I production, whereas that in late endosomes/lysosome pro-
motes release of pro-inflammatory cytokines and co-stimulatory
molecules (O’Brien et al., 2011). Human pDC can secrete all
types of IFN-I; the most commonly known are IFN-o. and IFN-
(Ito et al., 2006).

GS-9620, a TLR7 agonist, can inhibit HIV infection in vitro
through a mechanism that is dependent on IFN-I produced by
pDC (Bam et al., 2016). However, in vivo, IFN-I responses can
be beneficial or deleterious depending on the timing. Indeed,
blocking IFN-I signaling in early weeks of simian immunodefi-
ciency virus (SIV) infection results in accelerated disease
progression, and administration of IFN-a.2 initially prevents sys-
temic infection in macaques, but further treatment promotes an
IFN-tolerant state (Sandler et al., 2014). In chronically infected
sooty mangabeys, exogenous IFN-«2 brings about a significant
but transient decline in viremia (Vanderford et al., 2012). Never-
theless, during chronic infection, the presence of pDC and
sustained IFN production could contribute to HIV-induced im-
munopathogenesis (Li et al., 2014) because persistent IFN-I
signaling is associated with aberrant immune activation, height-
ened inflammation, accelerated cell death, and dysregulated
immune cell function (Cheng et al., 2017; Herbeuval et al.,
2005a, 2005b; Li et al., 2017; O’Brien et al., 2013; Zhang et al.,
2015; Zhen et al., 2017). Interestingly, the fact that HIV
traffics predominantly to early endosomes favors persistent
IFN-a production (O’Brien et al., 2011), perpetuating a condition
that allows further chronic inflammation and viral persistence. In
this regard, IFN-I signaling blockade by an IFN-I receptor antag-
onist during chronic SIV infection has recently been found to
lower inflammation without altering T cell activation/exhaustion
or viral replication (Nganou-Makamdop et al., 2018).

The effect of HIV/SIV infection on pDC homeostasis has
been documented previously, although it is not clear whether
pDC were redistributed or depleted (Barratt-Boyes et al., 2010;
Barron et al., 2003; Biancotto et al., 2007; Brown et al., 2009;
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Figure 1. HIV Infection Induces Depletion of pDC in Humanized Mice
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(A and B) hNSG mice were infected with CCR5-tropic HIV-1 NL4.3-ADA-GFP virus for up to 35 days. Shown are plasma viral loads (A; at least 10 mice per time
point) and DC frequency (B; relative to 10° human CD45* cells) from peripheral blood and the indicated tissues at 21 dpi, as determined by flow cytometry. Each
dot represents one mouse, and there were 5-10 mice analyzed per group, as indicated on the graph.

(legend continued on next page)
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Donaghy et al., 2001; Kwa et al., 2011; Lehmann et al., 2014; Li
et al., 2013; Reeves et al., 2012; Sabado et al., 2010). Indeed,
in studies with HIV-infected patients or SIV-infected monkeys,
a decreased pDC count in the blood was associated with
pDC being accumulated in the colorectum, gut mucosae, or
associated draining lymph nodes (LNs) (Lehmann et al., 2014;
Li et al, 2013; Reeves et al, 2012). In contrast, other
investigations in humans and animals have documented a loss
of pDC in the blood and LNs (Barratt-Boyes et al., 2010; Barron
et al., 2003; Biancotto et al., 2007; Brown et al., 2009; Donaghy
et al., 2001; Sabado et al., 2010). It is unlikely that the depletion
is a direct effect of the virus on the cells because pDC are largely
not susceptible to productive infection owing to high level
expression of endogenous restriction factors such as SAMHD1
(Bloch et al., 2014).

As mentioned above, robust IFN-I responses are important
in early control of HIV/SIV infection, suggesting a beneficial
role of pDC. Nevertheless, cellular factors, including chemokines
produced by SlV-activated pDC, can reportedly recruit target
cells to initial sites of viral invasion, effectively establishing the
infection (Li et al., 2009). This paradox implies that spatio-
temporal modulation of pDC location and function could
conceivably enhance antiviral responses without inciting height-
ened, detrimental immune activation. In this study, we directly
assessed the role of pDC during early HIV infection in humanized
mice, determining whether modulating pDC levels in vivo would
shape the course of viral replication. We found that HIV infection
induced systemic depletion of pDC in the periphery and
lymphoid tissues. Interestingly, global expansion of DC by
CDX-301, a soluble form of FIt3L, led to a significant delay in
HIV infection and meaningful reduction of viremia in humanized
mice. Importantly, this antiviral effect of Ft3L was dependent
on pDC and mediated through an enhanced IFN-I response
because blocking this pathway relieved the viral control by
FIt3L. Intriguingly, pDC mobilized by FIt3L were more responsive
to TLR7 stimulation, although their ability to make IFN-a was
gradually reduced over the course of infection. Overall, our find-
ings clearly demonstrate a protective role of pDC in early stages
of infection, providing a potential rationale for future develop-
ment of pDC-based therapeutic approaches to complement
conventional anti-HIV strategies.

RESULTS

HIV Infection Induces Depletion of pDCs in Humanized
Mice

We first assessed the effect of HIV infection on pDC during
early infection using humanized mouse models. In this system
of humanized non-obese diabetic (NOD)-severe combined im-
munodeficiency (SCID) IL2Ry™" (hNSG) mice, viremia levels
began to plateau around 21 days post infection (21 dpi) (Fig-
ure 1A). Because the aim was to study the role of pDC in the early
phases, 21 dpi was usually the endpoint in subsequent experi-

ments. Flow cytometry (Figure S1) was used to assess the effect
of HIV on pDC homeostasis. At 21 dpi, we observed a significant
decrease in pDC frequency, albeit to varying extents between
the blood, bone marrow (BM), spleen, and gut-associated
lymphoid tissues (GALT) (Figure 1B). Indeed, pDC were
decreased by 10-fold in the blood, whereas those in the
tissues were reduced by approximately 3- to 5-fold. Notably,
there was no concomitant increase in pDC levels in the lungs
and liver (Figure 1B), suggesting that HIV primarily induces
depletion of pDC in hNSG mice. In sharp contrast, conventional
DCs (cDC) were largely unaffected by HIV.

To ascertain whether the presence of both innate and adap-
tive immunity would influence the extent of pDC depletion by
HIV, we performed similar experiments in humanized Bone
Marrow Liver Thymus (hBLT) mice (Marsden and Zack, 2017)
and found comparable viral kinetics as well as similar effects of
HIV on pDC (Figures 1C and 1D). In both models, pDC levels
were reduced to a greater extent in the blood than in the BM,
spleen, or GALT. We speculate that the more profound decrease
in pDC in the blood could have been a combination of cell deple-
tion by HIV and homeostatic mobilization to tissues during
infection.

FIt3L Treatment Reduces HIV Infection in Humanized
Mice

Given that pDC were greatly decreased in early HIV infection,
we asked whether expanding this population in vivo could alter
the course of HIV replication. As documented previously, we
found that a soluble form of FIt3L, CDX-301, induced a marked
systemic increase in DC frequencies in the blood and tissue
without having a discernable effect on T cells or monocytes
(Anandasabapathy et al., 2015; Masten et al., 2004; Pulendran
et al., 2000; Figure S2). Of note, although cDC were expanded
by about 2-fold in the blood, spleen, GALT, and BM, pDC levels
were significantly higher (up to 5-fold) in these compartments.
Moreover, pDC in non-lymphoid tissues of the lungs and liver
were enhanced by at least 10-fold following FIt3L treatment,
whereas cDC levels were not significantly affected (Figure S2).
Similar frequencies of pDC were obtained when CD123* cells
(Figure S1A) were gated on CD4, BDCA2, or ILT7 (Figures
S1B and Figure S2C). In the context of uninterrupted FIt3L
treatment, when mice were challenged with the NL4.3-ADA
virus (Figure 2A), we observed nearly complete protection
from HIV infection at 7 dpi (Figure 2B). At 14 dpi, viral loads
(VL) were almost 2-log lower in the FIt3L-treated group, and
the reduced viremia was maintained throughout the follow-
up. Additionally, in tissues of FIt3L-treated mice (BM, spleen,
lungs, and liver), we observed a markedly lowered level of cells
carrying the integrated HIV DNA genomes (Figures 2C-2E) or
expressing viral proteins (p24*). Importantly, this protective
effect of FIt3L was sustained over 35 days of infection (Fig-
ure 2F), demonstrating a long-lasting effect of FIt3L. The fact
that FIt3L treatment enabled similar control of HIV infection in

(C and D) The same experimental design and analysis as in (A) and (B) but for hBLT mice. (C) has 9 mice per time point. (D) has 5-10 mice per group, as indicated

on graph. Each dot represents one mouse.

Horizontal lines indicate median values. Statistical analysis: two-tailed Mann-Whitney tests; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

LOD, limit of detection. See also Figure S1 and Table S1.
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Figure 2. FIt3L Treatment Reduces HIV Infection in Humanized Mice

(A) Experimental setup to evaluate the effect of FIt3L treatment on HIV infection in ANSG and hBLT mice.

(B) Plasma viral loads over a 21-day infection period in hNSG mice receiving PBS (black circles, 9 mice) or FIt3L (purple, 8 mice).

(C-E) Total and integrated HIV DNA was quantified by real-time PCR in BM (C) (5 mice per group), spleen (D) (9 mice in the PBS group, 8 mice in the FIt3L group),
and (E) lungs (4 mice per group) and liver (4 mice per group) at 21 dpi. Frequencies of HIV-infected (p24*) CD4* T cells were determined by flow cytometry.
(F) Plasma viral loads over a 35-day infection period in hNSG mice receiving PBS (black circles, 7 mice) or FIt3L (purple, 7 mice).

(G) Plasma viral loads over a 21-day infection period in hBLT mice receiving PBS (black circles, 8 mice) or FIt3L (purple, 7 mice).

Each dot represents one mouse. In (B)—(G), horizontal lines indicate median values. Statistical analysis: two-tailed Mann-Whitney tests; “p < 0.05, **p < 0.01,
****p < 0.0001. See also Figures S2-S4 and Table S1.

hBLT mice suggested that the protective role of FIt3L was not  set-point level, initiating expansion of pDC did not lead to a
altered by the presence of a concomitant adaptive immune reduction in viremia (Figure S4).

response (Figure 2G). Further, we examined the effect of We next investigated the effect of uninterrupted FIt3L injec-
FIt3L on infection with the transmitted founder virus CHO77 tions on pDC levels during HIV infection and found that
and found similar control of HIV replication (Figure S3). How-  their levels in the blood and tissues remained persistently
ever, in the context of a potential therapeutic application for  elevated in infected animals (Figure 3). FIt3L modestly expanded
FIt3L, when viral propagation had already reached a chronic ¢cDC, and in agreement with data shown previously (Figure 1),
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cDC were not affected by HIV. As reportedly previously, CD4*
T cell levels remained constant over 21-day infection with the
NL4.3-ADA virus (Dave et al., 2013), and FIt3L treatment did
not alter their frequency, except in the BM, where CD4" T cells
were evidently increased, albeit this was statistically insignifi-
cant. Nevertheless, despite this trend, HIV infection in this organ
was still reduced compared with BM from FIt3L-untreated mice
(Figure 2C). Taken together, our findings indicate that FIt3L
administration prior to and during infection significantly delayed
HIV infection and lowered the frequencies of infected cells, a
phenomenon that was intimately associated with elevated levels
of pDC.

FIt3L Treatment Reduces HIV Replication via a Process
that Is Dependent on pDC

To directly prove that FIt3L-mediated control of HIV replication
was a consequence of pDC expansion, we used a pDC-specific
monoclonal antibody (mAb) to deplete this population from
hNSG mice and monitored the effect of this depletion on viral
replication (Figure 4A). 15B is an anti-BDCA2 mAb that has
been shown to efficiently remove pDC from the blood and tis-
sues of humanized mice (Li et al., 2014). To this end, we found
that, although FIt3L led to a pronounced decrease in viremia
(median by 1.6 log) (Figure 4B), Ab-mediated depletion of pDC
(Figure 4C) restored viremia to the level of untreated mice, effec-
tively abolishing the FIt3L effect (Figure 4B). Accordingly, the fre-

2774 Cell Reports 29, 2770-2782, November 26, 2019

and likely excluding an essential, direct

role of cDC. Overall, our data clearly

demonstrate that FIt3L treatment leads to
control of HIV replication via a process that is entirely dependent
on pDCs, reaffirming the protective role of pDC during early
infection. Indeed, in the absence of FIt3L, pDC depletion by
15B increased viremia by 7.4-fold (median 48,400 versus 6560
copies/mL) as early as 7 dpi (Figures S5A and S5B). Interestingly,
this viremic difference became less pronounced over time (4.8-
fold difference at 14 dpi and 2.6-fold at 21 dpi), most probably
because pDC were being depleted simultaneously by HIV (Fig-
ure S4B, right panel). Also, in the context of hBLT mice, pDC
depletion by 15B abolished viremic suppression induced by
FIt3L (Figure S5C). Interestingly, unlike earlier findings in hNSG
mice (Figure 4B-C), viral loads in the 15B-treated group were
higher than in the FIt3L-untreated group (median, 11,2640 versus
33,760) and correlated with a reduced pDC level (215 versus 488
cells in 10° hCD45*) (Figures S5C and S5D). Taken together,
these findings not only reaffirm the intimate relationship between
pDC abundance and viremia but also underline the benefit of ex-
panding pDC via FIt3L treatment to maintain viral control.

FIt3L-Derived pDCs Are More Prone to Express IFN-o
following TLR7 Stimulation

Given that FIt3L-mediated expansion of pDC reduced HIV infec-
tion, we asked whether pDC generated by FIt3L were
functionally different from those at steady state. First, we found
that pDC from FIt3L-treated mice were more responsive to
ex vivo stimulation with the TLR7 agonist R848, as shown by a
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Figure 4. FIt3L Treatment Reduces HIV Replication via a pDC-Dependent Process

(A) Experimental setup to determine whether Fit3L-mediated control of HIV infection is driven by pDC. hNSG mice were administered PBS or FIt3L as shown and

subsequently received three injections of the pDC-specific Ab 15B or an isotype
(B) Plasma viral load at sacrifice.

(C) DC levels in the blood and spleen.

(D) Total and integrated HIV DNA in the spleen.

(E) Frequency of HIV-infected (p24*) CD4* T cells in the spleen.

Each dot represents a mouse. Horizontal lines indicate median values. In (B)-

control. Mice were then infected with CCR5-tropic HIV-1 NL4-3.ADA.GFP.

(E), there were 15 mice in —FIt3L+HIV; 10 mice in +Flt3L+iso+HIV, and 13

mice in +FIt3L+15B+HIV. Statistical analysis: two-tailed Mann-Whitney tests; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figures S1 and S5 and

Table S1.

higher frequency of IFN-a-expressing cells and, perhaps to a
lesser extent, of tumor necrosis factor alpha (TNF-o)-expressing
pDC (Figure 5A). When HIV-infected CD4* T cells were used as a
stimulus to mimic a more physiological setting, we noted a
similar trend for IFN-a, validating the results with R848 (Fig-
ure 5B). In the case of TNF-a, we did not observe a difference
between FIt3L-treated and untreated groups (Figure 5B),
perhaps suggesting that, in the context of sensing of infected

T cells, aside from TLR7 signaling, there may be additional
events that regulate TNF-a expression in pDC. Indeed, Webster
et al. (2018) showed that pDC sensing of arbovirus-infected
cells induces an IRF7-restricted response, favoring IFN-I pro-
duction but not nuclear factor kB (NF-kB)-mediated inflamma-
tory cytokines such as TNF-a.

At steady state, HLA DR, and CD40 were markedly lower on
pDC from FIt3L-treated mice, perhaps reflecting their less
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Figure 5. pDC from FIt3L-Treated Mice Are More Prone to Express IFN-a following TLR7 Stimulation Ex Vivo

Splenocytes from uninfected hNSG mice treated or not treated with FIt3L were stimulated with an R848 agonist (A) or HIV-infected MT4 cells (B). Unstimulated
splenocytes or those cultured with mock-infected MT4 served as controls.

(A and B) Left panels: pseudo-color flow graphs of representative mice showing frequencies of pDC expressing IFN-a or TNF-a. Right panels: pDC
capacity to express IFN-a or TNF-a following stimulation in different mice. In the analysis with R848, there were 12 mice per group. In the analysis with
HIV-infected MT4 cells, there were 7 mice in the —FIt3L group and 11 mice in the +FH3L group. Plasmacytoid DC are defined as
mCD45-hCD45*CD3~CD14 CD19 HLADR*CD123*CD11c~CD4*BDCA2*. Box-and-whisker plots highlight minimum, maximum, and median frequencies of
cytokine-expressing pDC. Numbers shown on bar graphs indicate median levels. Statistical analysis: two-tailed Mann-Whitney tests; *p < 0.05, **p < 0.01, ***p <
0.001, ***p < 0.0001.

(legend continued on next page)
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mature and/or activated status. Nevertheless, in response to
stimulation, pDC from both groups expressed comparably
elevated levels of the markers, indicating that pDC were indeed
activated (Figure 5C).

pDC Capacity to Sense and Make IFN-o Decreases
during HIV Infection

Given the results with uninfected mice (Figure 5) and the fact
that HIV-1 represses IFN-I responses by exploiting the
cross-talk between the restriction factor BST2 and the pDC-
inhibitory receptor ILT7 (Bego et al.,, 2015), we shifted our
focus toward furthering our understanding of how IFN-I re-
sponses by pDC might be affected in the context of FIt3L. In
HIV-infected mice from both FIt3L-treated and untreated
groups, we observed a reduction in the level of pDC capable
of expressing IFN-a, and this was especially evident at 21
dpi. Nevertheless, at all time points throughout the infection,
pDC from FIt3L-treated mice remained more capable of ex-
pressing IFN-o. than their counterparts from animals not
treated with FI3L (Figures 6A and 6B). Interestingly, the
decrease in pDC capacity to make IFNa during HIV infection
was likely unrelated to activation status because HLA DR
was indiscriminately upregulated on R848-stimulated pDC
from both groups and at all time points (Figure 6C), Addition-
ally, we did not observe significant proliferation by pDC in un-
infected and infected mice before or after TLR7 stimulation
(Figure S6). Importantly, there was no significant difference
in the level of Ki67* pDC before infection and 21 days post
infection (Figure S6). Overall, these findings suggest that
FIt3L treatment enhances pDC quantitatively and qualitatively
and that modulating pDC function may be advantageous for
the virus to establish systemic and chronic infection.

Blocking IFN-I Signaling Early Abrogates FIt3L-
Mediated Control of HIV Replication

To gain insight into whether the protective effect of FIt3L was
specifically mediated through an enhanced IFN-I response, we
measured plasma IFN-I over time and assessed whether there
was a correlation with viral loads. At 7 dpi, we found no evidence
of detectable IFN-I despite observing a reduction in viremia in the
FIt3L-treated, isotype control (iso) group compared to the FIt3L-
untreated group (FIt3L—). However, at 14 and 21 dpi, we
observed a positive correlation between IFN-I release and
viremia (Figures 7A and 7B), suggesting that the FIt3L effect
could not have been attributed to the increased IFN-I levels sus-
tained throughout the infection. The fact that IFN-I was more
readily detectable in the FIt3L-untreated, highly viremic group
compared with the FIt3L-treated, virally attenuated group further
supports this notion. Unsurprisingly, pDC depletion by 15B sup-
pressed IFN-I release, reaffirming that pDC were the primary
source of IFN-I in early infection, as shown previously (Bruel
et al., 2014; Li et al., 2014). Also, consistent with findings shown

in Figure 4, Ab-mediated depletion of pDC restored viremia to
the level of the FIt3L-untreated group (Figure 7A), reaffirming
the importance of pDC in viral suppression mediated by FIt3L.

Because viral replication can influence the extent of pDC
sensing, which, in turn, modulates IFN-I| release (Saidi et al.,
2016; Wimmers et al., 2018), examining IFN-I response at an
earlier time point might allow a more accurate determination
of its involvement in FIt3L-induced control of HIV infection.
Additionally, measuring plasma IFN-I may not necessarily reca-
pitulate the response in tissues. Thus, we evaluated mRNAs of
IFN-stimulated genes (ISGs) in splenocytes at 7, 14, and 21 dpi
and observed notably higher levels of the ISGs OAS7, Mx1,
and /RF7 in Flt3L-treated mice at 7 dpi (Figure 7C), suggesting
an enhanced IFN-I response during the period of viremic
control in FIt3L-treated mice. Interestingly, at 14 dpi, when
viremia remained reduced in the FIt3L group, ISG mRNA levels
became comparable between the two groups (Figure 7D),
implying that, as HIV replication was progressing, the enhanced
antiviral IFN-I response elicited initially in the FIt3L group might
be diminished by the host’s reaction to ongoing viral propaga-
tion. Indeed, at 21 dpi, the ISG levels were significantly higher
in Fit3L-untreated mice (Figure 7E). In light of these findings,
we performed an experiment to determine whether blocking
IFN-I signaling early (Zhen et al., 2017) would alter the protective
effect of FIt3L. Following confirmation of the neutralizing activity
of the anti-IFNAR2 Ab in vivo (Figure S7), we treated animals
with the Ab prior to HIV challenge and found that blocking
IFN-I signaling fully abolished FIt3L-mediated suppression of
viremia (Figure 7F). Overall, the findings demonstrate that
FIt3L-induced expansion of pDC provides early control against
HIV by enhancing IFN-I responses.

DISCUSSION

Plasmacytoid DC play a complex role in HIV infection, poten-
tially having both beneficial and undesirable effects on the
immune system. Here we provide direct evidence demon-
strating a protective role of pDC in early phases of HIV infec-
tion. Specifically, in vivo treatment with FIt3L, a cytokine that
induces expansion and mobilization of DC subsets (Anandasa-
bapathy et al., 2015; Masten et al., 2004; Pulendran et al.,
2000), leads to a significant delay in HIV infection and reduces
viral replication through a process that is strictly dependent
on pDC. We find that FIt3L-generated pDC are more respon-
sive to TLR7 stimulation, although the pDC capacity to make
IFN-o. was decreased during infection. Finally, the protective
effect of FIt3L is invariably associated with sustained pDC
levels and mediated through enhanced IFN-I responses.

We show that HIV infection induces widespread depletion of
pDC in the blood and tissues (Figure 1). Loss of blood pDC has
been observed previously, and in some studies, the decrease
was attributed to pDC redistribution to lymphoid tissues

(C) HLA DR and CD40 expression on pDC before and after stimulation. Expression is depicted as median fluorescence intensity (MFI) from flow graphs. For HLA
DR analysis, there were 18 mice in the —FIt3L group and 14 mice in the +FIt3L group. For CD40 analysis, there were 6 mice in the —FIt3L group and 5 mice in

the +FIt3L group.

Statistical analysis: Mann-Whitney test to compare differences among treatment groups (A-C) and two-tailed Wilcoxon matched-pairs rank test to compare
differences before and after stimulation within the same mouse (C). See also Figure S1 and Table S1.
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Figure 6. pDC Ability to Make IFN-o in Response to TLR7 Stimulation Is Decreased during HIV Infection
Splenic pDC from HIV-infected mice were analyzed for their ability to make IFN-a following R848 stimulation. Infected and uninfected mice received the same

number of FIt3L injections at the time of ex vivo analysis.

(A) Representative flow plots showing the frequency of IFN-a-expressing pDC at 21 dpi.

(B) Box-and-whisker plots of IFN-a production by pDC at different time points during infection. Minimum, maximum, and median values are as indicated. There
were 10 mice per group for uninfected animals, 6 mice per group for 7 dpi, and 9 mice per group for 21 dpi. Numbers shown on top indicate median frequencies of
cytokine-expressing pDC. Statistical analysis: two-tailed Mann-Whitney tests; *p < 0.05, **p < 0.01, ***p < 0.001.

(C) Effect of TLR7 stimulation on HLA DR expression on pDC over the course of infection. Shown are MFls. There were 10 mice per group for uninfected animals, 6
mice per group for 7 dpi, and 9 mice per group for 21 dpi. See also Figures S1 and S6 and Table S1. Refer also to the Figure 5 legend for the definition of pDC.

(Barratt-Boyes et al., 2010; Barron et al., 2003; Biancotto et al.,
2007; Brown et al., 2009; Donaghy et al., 2001; Kwa et al.,
2011; Lehmann et al., 2014; Li et al., 2013; Reeves et al., 2012;
Sabado et al., 2010). It is currently unclear whether the loss is
due to reduced production of pDC progenitors from the BM,
as demonstrated in lymphocytic choriomeningitis (LCMV)
infection (Macal et al., 2018), or due to apoptosis (Brown et al.,
2009; O’Brien et al., 2013). In the latter context, the nature of
lymphoid tissue architecture in hNSG mice might affect pDC’s
ability to recirculate, favoring a microenvironment conducive to
apoptosis (Swiecki et al., 2011).
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Interestingly, uninterrupted FIt3L treatment was invariably
associated with reduced viremia and sustained pDC levels
throughout infection (Figures 2 and 3). Importantly, the effect of
FIt3L on viral replication was observed with both laboratory-
adapted and transmitted founder viral strains. The fact that
FIt3L-mediated control was completely abrogated when pDC
were depleted unequivocally demonstrates that the protection
was mediated by pDC (Figure 4), although we cannot fully
exclude potential indirect involvement of other cell types.
Consistent with findings in rodents (Bjorck, 2001), splenic pDC
from FIt3L-treated mice were more responsive to stimulation
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(A) Design of the experiment as described for Figure 4. Plasma viral loads as well as coordinated measurements of pDC frequency and IFN-I were quantified at 7,
14, and 21 dpi. For the analyses of VLs and pDC frequency at 7 dpi, there were 12 mice in the —FIt3L group, 9 mice in +FIt3L+iso, and 12 mice in +FIt3L+15B. At 14
dpi, 12 mice in each group were analyzed for VLs and pDC frequency. At 21 dpi, there were 15 mice in the —FIt3L+HIV group, 10 mice in +FIt3L+iso+HIV group,

(legend continued on next page)
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with both the TLR7 agonist R848 and HIV-infected T cells, as
shown by a higher frequency of IFN-a-expressing pDCs (Fig-
ure 5). Nevertheless, their capacity to make IFN-o was gradually
decreased during infection, with fewer pDC expressing IFN-o at
21 dpi compared with 7 dpi. We hypothesize that IFN-I response
by pDC is essential to maintain the protective effect of FIt3L and,
consequently, the reduction might diminish the effectiveness of
FIt3L treatment over time. Indeed, viral loads were elevated at
21 dpi compared with 7 dpi, despite the fact that pDC levels
were similar at both time points. The ability of HIV to modulate
pDC function is consistent with previous reports documenting
pDC dysfunction in early infection. Indeed, Huang et al. (2011)
observed a significant decrease in the frequency of IFN-a-ex-
pressing pDC in response to an R848-like TLR7 agonist in pa-
tients with acute HIV infection. Along this line, in monkeys with
acute SIV infection, activation-induced exhaustion of pDC and/
or expansion of non-functional pDC precursors blunts their
responsiveness to viral stimulation (Bruel et al., 2014). Further,
the notion of a gradual decrease in pDC function following viral
infection is not restricted to HIV or SIV infection. In fact, it has
been reported in a chronic model of LCMV that the ability of
pDC to produce IFN-a. progressively decreased as early as 5
dpi, and the defect was maintained over the 30-day follow-up
(Macal et al., 2018).

Although plasma IFN-a. was not detectable in the first 7 days
of infection, we show that the protective effect of FIt3L was driven
by an early, enhanced IFN-I response because blocking of IFN-I
signaling abolished suppression of viremia; we also observed
higher ISG levels in tissue at 7 dpi in FIt3L-treated mice. Neverthe-
less, over the course of infection, it became evident that
plasma IFN-I or tissue ISGs could not be predictive/correlated
measures of viral control (Figure 7). It is possible that different
IFN-I subtypes might have been released unequally, and perhaps
those with anti-HIV activity were not as abundant as the others.
Indeed, HIV-activated pDC produce IFN-I subtypes with weaker
antiviral properties more plentifully (Harper et al., 2015). Also,
IFN-I production is regulated through an autocrine/paracrine
loop (Wimmers et al., 2018), and HIV enhances IFN-I release in
a concentration-dependent manner (Saidi et al., 2016) In this
context, the positive correlation between viremia and IFN-I at 21
dpi is analogous to what has been observed previously within
the first 10 days of infection in macaques (Bruel et al., 2014).
Consequently, reduced viral replication in Fit3L-treated animals
could conceivably lead to less IFN-I being produced, which, in
turn, could affect ISG levels, as evident in our study.

Taken together, our findings clearly demonstrate the protec-
tive role of pDC during early HIV infection and provide important
insights toward furthering our understanding of critical events

that govern viral transmission, systemic viral dissemination,
and establishment of persistent long-lived viral reservoirs (Li
etal., 2009; Sandler et al., 2014). As shown in this study, the pro-
gressive loss of pDC sensing capacity coupled with systemic
depletion of pDC following HIV infection highlights a potential
need for development of therapeutic approaches that help main-
tain pDC function to ultimately allow a more robust innate im-
mune response against HIV.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-human BDCA2 Liguo Zhang; Li et al., 2014 15B

Mouse anti-human BDCA2 (clone 201A)
Mouse anti-human BDCA2 (clone 201A)
Mouse anti-human CD2 (clone RPA-2.10)
Mouse anti-human CD4 (clone OKT4)
Mouse anti-human CD5 (clone UCHT2)
Mouse anti-human CD8 (clone SK1)
Mouse anti-human CD11c (clone 3.9)
Mouse anti-human CD11c (clone 3.9)
Mouse anti-human CD14 (clone M5E2)
Mouse anti-human CD16 (clone 3G8)
Mouse anti-human CD19 (clone HIB19)
Mouse anti-human CD45 (clone HI30)
Rat anti-mouse CD45 (clone 30-F11)
Mouse anti-human CD56 (clone HCD56)
Mouse anti-human CD69 (clone FN50)
Mouse anti-human CD123 (clone 6H6)
Mouse anti-human CD123 (clone 6H6)
Mouse anti-human HLA DR (clone L243)
Mouse anti-human HLA DR (clone L243)
Mouse anti-human IFNAR2 (clone MMHAR-2)
Mouse anti-human IFNAR2 (clone MMHAR-2)
Mouse anti-human IFNa (clone LT27:295)
Mouse anti-human ILT7 (clone 17G10.2)
Mouse anti-human Ki67 (clone B56)
Mouse anti-HIV-1 core (clone KC57)
Mouse anti-HIV-1 core (clone KC57)
Mouse anti-human TNFa (clone MAb11)
Mouse isotype control IgG2a

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

PBL Science
PBL Science
Mitenyi Biotec
BioLegend

BD Biosciences
Beckmann Couter
Beckmann Couter
BioLegend
BioXcell

Cat # 354214; RRID: AB_2563141
Cat # 354206; RRID: AB_11150412
Cat# 300232; RRID:AB_2800715
Cat # 317428; RRID: AB_1186122
Cat# 300632; RRID:AB_2632671
Cat# 344730; RRID:AB_2564510
Cat# 301633; RRID:AB_2561990
Cat# 301635; RRID:AB_2562191
Cat# 301822; RRID:AB_493747
Cat# 302026; RRID:AB_2278418
Cat# 302252; RRID:AB_2563560
Cat# 304014; RRID:AB_314402
Cat# 103146; RRID:AB_2564003
Cat# 318314; RRID:AB_604103
Cat# 310912; RRID:AB_314847
Cat# 306024; RRID:AB_2562070
Cat# 306017; RRID:AB_10900244
Cat# 307622; RRID:AB_493177
Cat# 307640; RRID:AB_2561913
Cat # 21385-3; RRID: AB_605467
Cat # 21385-9; RRID: AB_387828
Cat # 130-099-214; RRID: AB_2659983
Cat# 326408; RRID:AB_2136375
Cat # 563757; RRID:AB_2688008
Cat # 6604665; RRID:AB_1575987
Cat # 6604667; RRID:AB_1575989
Cat# 502909; RRID:AB_315261
Cat #: BE0085; RRID:AB_1107771

Bacterial and Virus Strains

HIV: pCHO77.t/2627
HIV: pNL4.3-ADA-GFP

NIH AIDS Reagent Program
Eric Cohen; Dave et al., 2013

https://www.aidsreagent.org Cat # 11742
N/A

Chemicals, Peptides, and Recombinant Proteins

Brefeldin-A

Collagenase |

Collagenase V

Collagenase Xl

DNase (bovine pancrease)
Hyaluronidase

Liberase (TL, Research grade)
Soluble FIt3L

R848

R848 (Vaccigrade)

Biolegend
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roche

Celldex Therapeutics
InvivoGen

InvivoGen

Cat # 420601

Cat # C0130-1G

Cat # C9263-100MG

Cat # C7657-1G

Cat # D4513-1VL

Cat # H3506-1G

Cat # 05401020001

CDX-301

Cat # tIrl-r848

Cat # vac-r848
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IFNa-2a PBL Science Cat # 11100-1

Critical Commercial Assays

COBAS AmpliPrep/COBAS TagMan HIV-1 test Roche https://diagnostics.roche.com/

(Version 1)

Fixation/Permeabilization Solution Kit BD Biosciences Cat # 554714
Foxp3 transcription factor staining buffer set eBioscience Cat # 00-5523-00
Fixable violet dead cell stain kit ThermoFisher Cat # 34963
RNeasy Mini plus kit QIAGEN Sciences Cat # 74136
QIAamp DNA mini kit QIAGEN Sciences Cat # 51304
Human CD34" selection kit Mitenyi Biotec Cat # 130-100-453
Powerup Sybergreen Mastermix Applied Biosystems Cat # A25741
TagMax Fast Advanced Master Mix Applied Biosystems Cat # 4444556
QIAzol Lysis Reagent QIAGEN Sciences Cat # 79306

Experimental Models: Cell Lines
Human: ACH2 cells

NIH AIDS Reagent Program
Human: CEM.NKR-CCR5 NIH AIDS Reagent Program
Human: HelaTZM bl NIH AIDS Reagent Program
Human: HEK-Blue IFN-a/3 InvivoGen

Human: MT4 NIH AIDS Reagent Program
Human: 293T ATCC

Experimental Models: Organisms/Strains
Mouse: NOD-scid IL2Rgamma™"
Oligonucleotides

NIH-ARP Cat# 349-443, RRID:CVCL_0138
NIH-ARP Cat# 4376-29; RRID:CVCL_X623
NIH-ARP Cat# 8129-442; RRID:CVCL_B478
RRID:CVCL_KT26

NIH-ARP Cat# 120-438, RRID:CVCL_2632
ATCC Cat# CRL-3216, RRID:CVCL_0063

The Jackson Laboratory https://www.jax.org/

Primer: GAPDH Forward: This paper N/A
GCCATCAATGACCCCTTCATT

Primer: IFNa Forward: This paper N/A
TCCATGAGVTGATBCAGCAGA

Primer: IRF7 Forward: This paper N/A
GAGCCCTTACCTCCCCTGTTAT

Primer: Mx1 Forward: CAGCACCTGATGGCCTATCA This paper N/A

Primer: OAS1 Forward: This paper N/A
TGTGTGTCCAAGGTGGTAAAG

Recombinant DNA

psvCMV-VSV-G Eric Cohen; Lodge et al., 1997 N/A

Software and Algorithms

FACS Diva BD Biosciences https://www.bdbiosciences.com/en-us
FlowdJo (Versions 9.9.3 and 10.1) TreeStar https://www.flowjo.com
lllustrator CC2018 Adobe https://www.adobe.com
Prism (Versions 7 and 8) GraphPad https://www.graphpad.com

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Eric A. Cohen (eric.
cohen@ircm.qc.ca). This study did not generate new unique reagents. The plasmids psvCMV-VSV-G and HIV NL4.3-ADA-GFP
are available from the Lead Contact with a completed Material Transfer Agreement so as to ensure adequate access to proper
biosafety facilities.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Humanized NSG and BLT mice

NSG (NOD-scid IL2Rgamma™") mice were acquired from the Jackson Laboratory. Cord blood-derived human CD34* hematopoietic
stem cells (HSCs) were isolated by positive selection using human CD34" selection kit (Miltenyi Biotech). 10° of CD34* cells were
injected i.v. into sublethally irradiated NSG mice (7 to 11 weeks old). Humanized bone marrow/liver/thymus (hBLT) mice were
generated as previously described (Melkus et al., 2006). Briefly, human fetal thymus was implanted under the kidney capsula of 6
to 10-week old NSG mice. In addition to the thymic implant, mice also received (i.v.) autologous fetal liver CD34* HSCs (5x10°).
Prior to humanization, all mice were preconditioned using gamma radiation with 1 to 2 Gy. Efficiency of humanization was moni-
tored by flow cytometry analysis of human immune cell subsets. Characteristics of humanized mice used in this study can be found
in Table S1. The Table also provided information pertinent to the gender of mice used in different experiments. Given the nature of
the experimental system used (i.e., humanized mice), mouse gender per se did not have any bearing on the results. Typically, human-
ized NSG mice were used when they were about 17 to 19 weeks post humanization whereas BLT mice were usually used when they
were about 8-10 weeks post humanization.

Human cord blood and autologous fetal thymus and liver were obtained from the Cord Blood Research Bank, Sainte-Justine Hos-
pital following written informed consent from donors and approval of a research protocol by the Centre Hospitalier Universitaire
(CHU) Sainte-Justine institutional review board (CER#2126). Fetal tissues were obtained from a local abortion clinic through our clin-
ical collaborator (J.V.G) and the donors provided written consent prior to acquisition of tissues. As per the Ethic’s guidelines, no in-
formation regarding the donors were provided to us. Mice were maintained in specific pathogen-free animal facility of CHU Sainte-
Justine Research Center or in the animal core facility of the Montreal Clinical Research Institute in accordance with protocols
approved by each institution’s Institutional Animal Care and Use Committee (IRCM 2015-11 and CIBPAR#5828593). All experiments
performed were approved and conformed to the regulatory standards set by the Committees.

Cell lines

HEK293T cells (ATCC) were generated from epithelial cells that were originally isolated from a female fetal kidney tissue. The HelLa
TZM-bl cell line (Platt et al., 1998), acquired from the NIH AIDS reagent program, was generated from HeLa cells, a cell line derived
from a 30-year-old female patient with papillomavirus-related endocervical adenocarcinoma. HEK-Blue IFN-a/f reporter cells, ob-
tained from InvivoGen, were generated from the parental HEK293 cell line as aforementioned. HEK293T, HeLa TZM-bl and HEK-Blue
cells were grown in DMEM media (10% FBS supplemented with Penicillin-streptomycin). The T cell lines CEM.NKR-CCR5 (Howell
etal., 1985), MT4 (Harada et al., 1985) and ACH-2 (Folks et al., 1989) were obtained from the NIH AIDS reagent program. CEM.NKR-
CCRS5 cells were derived from the parental CEM T cell line and the latter was isolated originally from a 4-year-old female patient with
lymphoblastic leukemia. MT4 cells were obtained by co-culture of leukemic cells from a male patient with male cord blood lympho-
cytes. ACH-2 cells were generated from a CEM T cell line subclone and contained one copy of the integrated proviral HIV-1. All three
CD4'T cell lines were maintained in RPMI 1640 media supplemented with 10% FBS and Penicillin-streptomycin. All cultured cells
were maintained at 37°C and 5% CO,,

Measurements of bioactive IFN-I using HEK-Blue IFN-o/f3 reporter cells

Bioactive IFN-I was quantified in plasma using HEK-Blue IFN-a/ reporter cells (InvivoGen) according to manufacturer’s instructions.
Three-fold serial dilutions of recombinant IFN-a. (PBL Science) were used as quantitative standards. IFN-I levels were extrapolated
from the linear range of the standard curve generated from the quantitative standards mentioned above.

Primary cell cultures: ex vivo stimulation of splenocytes with HIV-infected CD4* T cells and TLR7/8 agonist
Resiquimod R848

MT4 cells were infected with VSV-G pseudotyped, CCR5-tropic NL4.3-ADA-GFP for 48h and at the time of co-culture with spleno-
cytes, approximately 15%-30% were GFP*. Splenocytes (10° in 500 pl), seeded in a 24-well plate were co-cultured with infected
MT4 cells (120,000) for 12h. Alternatively, 10° splenocytes (200 pl in a 96-well U-bottom plate) were treated with R848 (10 pg/mL;
Invivogen) for 3h. Following the stimulation, Brefeldin-A (BioLegend) was added and cells were cultured for another 6h. Splenocytes
that did not receive the agonist or those cultured with mock-infected MT4 cells were used as negative controls. Subsequently, cells
were stained for cell surface markers of interest followed by intracellular staining for IFN-a. and TNF-a as described below.

METHOD DETAILS
Virus production
5x10° HEK293T cells (obtained from ATCC) were transfected with 20 ug of CCR5-tropic pNL4.3-ADA-GFP proviral DNA (Dave et al.,

2013), or pCHO77.t/2627 (NIH AIDS reagent program) by the calcium phosphate method. To prepare the virus used in co-culture as-
says, HEK293T cells were co-transfected with pNL4.3-ADA-GFP and pCMV-VSV-G (Lodge et al., 1997). Culture supernatant was
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collected at 60 h post-transfection. Virus was concentrated by ultracentrifugation over a 20% sucrose cushion and titered in HeLa
TZMbl and CEM.NKR-CCRS5 cells (both lines were from the NIH AIDS reagent program). TCID5q was calculated using the Spearman-
Karber method.

FIR3L treatment, infection of humanized mice and quantification of viral loads
FIt3L (CDX-301) was kindly provided by Celldex Therapeutics (Hampton, NJ). H-NSG and hBLT were treated daily with FIt3L (2 ng,
i.p.) for 11 days before infection and every two days thereafter. This dose was equivalent to 75 ng/kg, previously found to be non-toxic
and well tolerated in human studies (Anandasabapathy et al., 2015).

Humanized NSG and BLT mice were infected (i.p.) with 500,000 and 200,000 TCIDs of virus in 100 pl of DMEM, respectively. Un-
infected mice were injected with 100 pl of sterile DMEM medium. Plasma HIV-1 viral loads were determined using the quantitative
COBAS AmpliPrep/COBAS TagMan HIV-1 test, version 2.0, Roche (detection limit, < 20 copies/ml).

Depletion of human pDC and blocking of type I IFN (IFN-I) signaling

To deplete pDC in vivo, 15B, a mAb specific to blood dendritic cell antigen-2 (BDCA-2) was used (Li et al., 2014). In brief, ANSG were
treated (i.p) with 15B (100 ng, equivalent to 4 mg/kg) on alternate day for 5 days before infection and every two days thereafter. Con-
trol mice were injected with isotype control IgG2a (Bioxcell).

To block IFN-I signaling, mice were injected with anti-IFNAR2 mAb (clone MMHAR2, PBL Science) (i.p., 100 ng) 24h before infec-
tion and every 2 days thereafter (Zhen et al., 2017). Control mice were injected with isotype control IgG2a. To confirm blocking of the
pathway, hNSG mice previously treated with FIt3L for 11 days were injected with 100 ug of the anti-IFNAR2 Ab (or isotype control) for
6 h followed by a 13-hour stimulation with the TLR7/8 agonist Resiquimod R848 (Vaccigrade, InvivoGen) (Cheng et al., 2017). Analysis
of ISGs was performed in spleen cells by real-time PCR. In certain cases, efficiency of binding of the anti-IFNAR2 mAb to the receptor
in vivo was assessed by flow cytometry using PE-conjugated anti-IFNAR2 mAb (clone MMHAR2, PBL Science).

Cell isolation from peripheral blood and tissues
Mice were bled at different time points before and after infection. Plasma was collected and white blood cells were isolated by treat-
ing whole blood with red blood cell lysis buffer (Invitrogen).

Infected mice were sacrificed by gas anesthesia overdose and intra-cardiac puncture. Cardiac perfusion was performed before
tissues were harvested. BM cells were isolated from the femur using the needle method. To purify splenocytes, spleens were crushed
and passed through a 40-um cell strainer (BD Biosciences) to yield single-cell suspensions. Lung and liver tissues were digested with
a mixture of enzymes (all from Sigma-Aldrich) containing collagenase | (135 U), collagenase XI (27.5 U), hyaluronidase (18 U) and
DNase (18 U) in 2 mL of HBSS (Wisent) for 1 h at 37°C. Cell suspensions were filtered through a sterile 70-um cell strainer and cells
purified by centrifugation over 40% and 80% Percoll gradients (Sigma). Cells from GALT were prepared as follows. In brief, intestines
were cut into 1-cm pieces and bathed with gentle agitation (450 rpm) in RPMI supplemented with 10% FBS, 5 mM EDTA and
0.145 mg/ml of DTT for 20 min at 37°C. The tissue was further digested in RPMI containing 750 ug of Liberase, 2 mg of Collagenase
V and 173 pg of DNase for 1 h at 37°C with agitation (500 rpm). Single-cell suspension was obtained by passing the sample through
100-pm and subsequently, 70-um cell strainers.

Flow cytometry

Blood cells and single-cell suspensions from tissues were stained with fluorescently labeled Abs as desired. Dead cells were
excluded using live/dead fixable violet dead cell stain kit (ThermoFisher). Surface-stained cells were fixed and permeabilized using
the Cytofix/Cytoperm kit (BD Biosciences) as per manufacturer’s instructions and intracellularly stained for HIV-1 p24 or for IFN-a and
TNF-a. Flow cytometry data were collected on a Fortessa flow cytometer (BD Bioscience) and analyzed by Flowjo software (Versions
9.9.3 and 10.1).

Nucleic acid extraction and quantification of HIV genomes and human genes by real-time PCR

RNA from splenocytes or other tissues were extracted using RNeasy Mini plus kit or QIAzol Lysis Reagent (both were from QIAGEN)
according to manufacturer’s instructions. cDNA was generated using Superscript Il reverse transcriptase (Invitrogen) and used as
templates for HIV RNA analysis or cellular genes as detailed below. Total DNA from tissue-derived cells were extracted using QlAamp
DNA mini kit (QIAGEN) according to manufacturer’s instructions. Total and integrated HIV DNA were quantified by modified nested
real-time PCR assay using Tag DNA polymerase (BioLabs) in the first PCR and TagMax Fast Advanced Master Mix (Applied Bio-
systems) in the second PCR (Vandergeeten et al., 2014). DNA from serially diluted ACH-2 cells (NIH AIDS Reagent Program) was
extracted and amplified in parallel to generate a standard curve from which unknown samples were enumerated. Human CD3
gene was used as a normalizer. Cellular gene mRNA was quantified using Powerup Sybergreen Mastermix (Applied Biosystems)
and primers: GAPDH 5- GCCATCAATGACCCCTTCATT (forward) 5'- TTGACGGTGCCATGGAATTT (reverse); IFN-A 5'-TCCAT
GAGVTGATBCAGCAGA (forward) 5'-ATTTCTGCTCTGACAACCTCCC (reverse); IRF7 5'-GAGCCCTTACCTCCCCTGTTAT (forward)
5’-CCACTGCAGCCCCTCATAG (reverse); Mx1 5'- CAGCACCTGATGGCCTATCA (forward) 5'- ACGTCTGGAGCATGAAGAACTG
(reverse); OAS1 5'- TGTGTGTCCAAGGTGGTAAAG (forward) 5'- TGAGAGGACTGAGGAAGACAA (reverse).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using GraphPad Prism (Version 7). Descriptive measures (mean, median, minimum/maximum range and
percent) were used to summarize the data. Non-parametric Mann-Whitney’s U-tests (two-tailed) were used to compare ranks between
two treatment groups. Two-tailed Wilcoxon matched-pairs rank test to compare expression level of HLA DR and CD40 before and after
TLR7 stimulation. Pearson correlation analysis was performed to determine if there was an association between plasma IFN-I
levels and viral loads. Linear regression was performed prior to Pearson analysis to assess if the relationship between the variables
was linear. A P value of less than 0.05 was considered statistically significant. *, **, ***, *** signify < 0.05, < 0.01, < 0.001, < 0.0001,
respectively; ns, not significant. No statistical methods were used to predetermine population size. Randomization was not used.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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