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Sweden

Genital herpes is a common sexually transmitted infection caused by herpes simplex virus
type 2 (HSV-2). Genital herpes significantly enhances the acquisition and transmission of
HIV-1 by creating a microenvironment that supports HIV infection in the host. Dendritic
cells (DCs) represent one of the first innate cell types that encounter HIV-1 and HSV-2
in the genital mucosa. HSV-2 infection has been shown to modulate DCs, rendering
them more receptive to HIV infection. Here, we investigated the potential mechanisms
underlying HSV-2-mediated augmentation of HIV-1 infection. We demonstrated that
the presence of HSV-2 enhanced productive HIV-1 infection of DCs and boosted
inflammatory and antiviral responses. The HSV-2 augmented HIV-1 infection required
intact HSV-2 DNA, but not active HSV-2 DNA replication. Furthermore, the augmented
HIV infection of DCs involved the cGAS-STING pathway. Interestingly, we could not see
any involvement of TLR2 or TLR3 nor suppression of infection by IFN-f production.
The conditioning by HSV-2 in dual exposed DCs decreased protein expression of IFI16,
cGAS, STING, and TBK1, which is associated with signaling through the STING pathway.
Dual exposure to HSV-2 and HIV-1 gave decreased levels of several HIV-1 restriction
factors, especially SAMHD1, TREX1, and APOBECS3G. Activation of the STING pathway
in DCs by exposure to both HSV-2 and HIV-1 most likely led to the proteolytic degradation
of the HIV-1 restriction factors SAMHD1, TREX1, and APOBEC3G, which should release
their normal restriction of HIV infection in DCs. This released their normal restriction of HIV
infection in DCs. We showed that HSV-2 reprogramming of cellular signaling pathways
and protein expression levels in the DCs provided a setting where HIV-1 can establish a
higher productive infection in the DCs. In conclusion, HSV-2 reprogramming opens up
DCs for HIV-1 infection and creates a microenvironment favoring HIV-1 transmission.
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Crisci et al.

HSV-2 Enables HIV-Infection in Dendritic Cells

INTRODUCTION

Human immunodeficiency virus (HIV) infection is a sexually
transmitted disease that reportedly afflicts almost 37 million
people globally (1). The risk of contracting HIV-1 infection
during a sexual encounter is three-fold higher for individuals
infected with genital herpes simplex virus type-2 (HSV-2)
(2, 3), and the greatest risk is seen in individuals that have
encountered HSV-2 recently (4). Many HSV-2 seropositive
individuals are unaware of their infection status, and viral
shedding and epithelial micro ulcers are known to occur
frequently in asymptomatic individuals. Furthermore, evidences
point to that antiviral treatment is unable to suppress HSV-
2 infection completely (5-7). The presence of both HIV-1 and
HSV-2 creates an environment where immune cells such as
dendritic cells (DCs) and Langerhans cells (LCs) can be exposed
to and conditioned by either viruses or virus-derived factors.
Of interest, the presence of both HSV-2 and HIV-1 appears to
enhance HIV DNA levels several fold in DCs (8), LCs (9), and
macrophages (10).

The augmentation of HIV infection by the presence
of HSV-2 appears to have multiple explanations, including
a microenvironment conditioned by the infiltration and
persistence of HSV-2-specific CD4+ T cells in the mucosa (11).
CD4+ T cells due to their a4p7+ expression are particularly
susceptible to HIV infection (12-14). In addition, the increased
infiltration of myeloid DCs and plasmacytoid DCs (12) likely
contributes to enhancement of the mucosal infection by the
recruitment of additional HIV target cells. The reason behind
the enhanced infection, besides the higher number of immune
cells present, could be due to the activation of DCs located in
the mucosa (15). The activated DCs produce high levels of TNF,
which conditions the microenvironment as well as adjacent DCs
and T cells, rendering them more susceptible to HIV-1 infection
by increasing their CCR5 expression (8). In addition, HSV-2
could also precondition DCs and T cells by providing pathogen-
associated molecular patterns (PAMPs), resulting in enhanced
HIV infection.

The microenvironment at the site of infection is enriched
with an array of soluble factors that are likely to influence
HIV-1 and HSV-2 infection including components of the
complement system (16-18). HIV-1 virions are protected from
the normal complement mediated lysis due to the incorporation
of complement inhibitory molecules, such as CD55 and CD59
into their lipid membrane (19), which leads to HIV-1 particles
opsonized by inactivated complement fragments such as iC3b
and C3d (20-22). In addition, the virions transferred during
sexual transmission should be complement and/or complement
antibody opsonized particles seeing the exposure to seminal fluid
and or cervix secretions (19). Both viruses are believed to exploit
this arm of the innate immune machinery to enhance the severity
of infection and evade complement-mediated lysis of the virions
(18, 20, 21, 23).

The activation of innate immunity is an essential component
of antiviral defense mechanisms. So far, considerably less is
known about the innate cellular programming generated by
HSV-2 in DCs that is likely to augment HIV infection. Both

HSV-2 and HIV are recognized by an array of pattern recognition
receptors (PRRs) in the host. Toll-like receptor (TLR) 2, TLR3,
TLRY, and certain intracytoplasmic sensors such as absent
in melanoma 2 (AIM2), interferon gamma inducible protein
16 (IFI16), and melanoma differentiation-associated protein 5
(MDAS5) have previously been shown to recognize HSV in
different mouse and/or human cell types (24, 25). Early HSV-1
recognition in human primary cells, e.g., macrophages, involves
two intracellular nucleotide sensing pathways for the induction
of type I IFNs and inflammatory factors. With the MDA5/MAVS
being paramount for the induction of type I IFNs, whereas the
TLR2 pathway appears to play aless important role in early innate
responses (24). Recent findings have established the involvement
of innate sensors IFI16, and cGMP-AMP synthase (cGAS) in host
defense against DNA viruses such as HSV (26). IFI16 sensing
of HSV DNA activates the inflammasome machinery and IFN-$
responses in some cell types (26). In HSV-1-infected fibroblasts,
HSV-1 DNA is sensed by both IFI16 and cGAS (27). IFI16 and
cGAS stimulate the STING pathway resulting in activation of
TBK1 and IRF3, which leads to IFN-B production (28). HIV-1
is recognized by TLRs, RIG-1-like receptors, NOD2, IFI16, and
cGAS (29-31). We have found that signaling in HIV-infected
human monocyte derived DCs involves the TLR8 pathway with
subsequent activation of the p38 MAPK, ERK, NF-kB, IRF1, and
IRF7 signaling cascades, whereas complement-opsonized virions
had the ability to suppress these and activate the Lyn, PI3K, IRF3
signaling pathways (20).

In light of the elevated HIV infection and viral shedding in
the genital mucosa in HSV-2 seropositive individuals (2, 3, 5-
7), and the fact that DCs are targeted by HIV-1 during sexual
transmission, we aimed to decipher HSV-2 induced cellular
programming underlying the enhanced HIV-1 infection of DCs.
Preconditioning of human DCs with HSV-2 prior to HIV-1
exposure elevated the inflammatory and antiviral responses as
well as the level of HIV infection in the DC. We found that
multiple signaling pathways were activated at the transcriptional
level in both free and complement opsonized HSV-2/HIV-
1 exposed DCs. The enhancement in HIV-1 infection was
dependent on the activation of the STING pathway and required
the recognition of structurally intact HSV-2 DNA. The HSV-2
conditioning, by both free and complement opsonized, in the
dual exposed DCs decreased the protein levels of IFI16, cGAS,
TBK1, and IRF3, all involved in the STING pathway. In addition,
the activation of the STING pathway in HSV-2/HIV-1 infected
DCs led to decreased levels of several HIV restriction factors,
e.g., SAMHD1, TREX1, and APOBEC3G, which diminished their
cellular restriction of HIV-1 infection in the DCs. Our work
demonstrated that HSV-2 mediated reprogramming enhances
HIV’s ability to infect the DCs and induces a favorable
microenvironment for HIV infection and transmission.

MATERIALS AND METHODS

Reagents

DC culture medium RPMI1640 (GIBCO, Sweden) was
supplemented with 2mM glutamine, 20 pg/mL gentamicin
(GIBCO), 10mM HEPES (GIBCO), and 1% human plasma.
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Recombinant human GM-CSF (Genzyme) (100 U/mL) and 300
U/mL recombinant human IL-4 (R&D Systems, Minneapolis,
MN, USA) were utilized for the in vitro propagation of DCs.

Monocyte-Derived DCs and THP1 Cell

Culture

Whole blood from healthy volunteers or bufty coats from the
blood bank at Linkoping’s University Hospital were collected
(Ethical Permits M173-07, and M75-08/2008). Peripheral blood
mononuclear cells (PBMCs) were separated by density gradient
centrifugation using Ficoll-Hypaque (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) and incubated on cell culture
dishes (BD, Europe) for 1h at 37°C to allow adherence of
DC progenitors and to be able to discard non-adherent cells.
Progenitors were differentiated into immature monocyte-derived
DCs (henceforth referred to as immature DCs) by adding 100
U/mL GM-CSF and 300 U/mL IL-4 at day 0, 2, and 4 of culture.
The DCs were thereafter assessed for expression of CD14 and
CD83 markers as a quality control before use in the experiments.
In some experiments either wild type THP1 or THP1-Dual™
KO-STING cells (Invivogen, France) were used. The THP1
cells were cultured according to the manufacturer’s instructions,
activated using phorbol 12-myrisate 13-acetate (PMA, 10 pg/mL)
and incubated 2 days before the cells were infected and treated in
the same manner as described below for DCs.

Virus Propagation and Titration

HSV-2, virus stock was prepared in African green monkey kidney
(GMK) cells cultured in DMEM supplemented with 10% heat
inactivated (HI) FCS as described previously (32). The HSV-
2 strain 333 was used either as infectious, or as y-irradiated
(30 min) inactivated virus. HIV-1BaL/SUPT1-CCR5 CL.30 (lot
4235, 4238, 4313, and 4366) was produced using chronically-
infected cultures of the ACVP/BCP cell line (No. 204), originally
derived by infecting SUPT1-CCR5 CL.30 cells (generously gifted
by Dr. J. Hoxie, University of Pennsylvania) with an infectious
stock of HIV-1BaL (NIH AIDS Research and Reference Reagent
Program, Catalog No. 416, Lot No. 59155). Virus was purified
and concentrated as previously described (33) and aliquots were
frozen down. All virus preparations were assayed for infectivity.

Generation of GFP Reporter CCR5-Tropic

Virus

NLENGI-IRES proviral construct was used to generate
NLENGI-IRES-70 by replacing ENV with YU-2 ENV as
described elsewhere (34, 35). The proviral construct was
generously donated by Dr. David N Levy (New York University,
New York, NY, United States). HEK-293T cells were cultured in
DMEM containing 10% HI FCS, and at ~70% confluency, the
cells were transfected with NLENG1-IRES-70 proviral construct
using the CaPO4 method. After 8h of transfection, the media
was replaced with DMEM supplemented with 1% HI FCS. The
GFP-HIV was harvested the next day by collecting supernatant,
and cell debris were removed by pelleting at 2,500 rpm for 5 min.
Virus stocks were aliquoted and frozen at —80°C.

Opsonization of HSV-2 and HIV

Complement opsonization of HSV-2, HIV, and GFP-HIV was
done by incubation of the virions with an equal volume of human
serum (HS) (Ethical Permits M173-07, and M?75-08/2008).
Different HS were used for opsonization; HSV-1 and HSV-2
seronegative HS was used to opsonize HSV-2 virus (referred
as CHSV), and HIV and HSV-2 seronegative HS was used to
opsonize HIV-1 or GFP-HIV-1 viruses (referred to as CHIV
and CHIV-GFP). The HS was tested for HSV antibodies using
HerpeSelect® 1 ELISA IgG and HerpeSelect® 2 ELISA IgG kits
(Focus Diagnostics, Cypress, CA, USA). Free viruses HSV-2,
HIV-1, and GFP-HIV-1 (referred to as HSV, HIV, and GFP-HIV)
were diluted to the same concentration opsonized virus. The
negative control, i.e., mock, was treated with culture medium.
All virus groups were incubated for 1h at 37°C and used in the
co-infection experiments.

HSV-2 and HIV Infection of DCs

Immature DCs (10° cellsymL) were infected with mock,
(30 ng/ul) HIV, or CHIV as single infection. HIV/HSV or
CHIV/CHSV were used in two setups: direct and delayed co-
infection. In the delayed group, 1 MOI HSV-2 and CHSV were
added to DCs for 2h and the cells were thereafter washed
before the addition of HIV and CHIV for 4, 6, or 22h. In
the direct co-infection setup, both virus types were added to
the DCs simultaneously for 3 h, washed and then incubated for
additional 21 h in all the set ups DCs were cultured in 1% human
plasma medium. The DCs were harvested, washed, and lysed
with Bioline RLY lysis buffer (Bioline, UK) for RNA extraction,
or fixed with 4% paraformaldehyde (PFA) 10 min at 4°C for
immune phenotyping by flow cytometry.

In order to examine the level of productive HIV infection,
the two setups of co-infection were performed, and supernatants
were collected on day 1, 4, 7, and 10. After collection of the
supernatant, the cells were re-suspended in 10% FBS before
addition of IL-4 and GM-CSF. HIV p24 level was determined by
an in house p24 ELISA assay (36). Additionally, HIV productive
infection was assessed using a GFP reporter CCR5-tropic virus
using the same experimental set up as described earlier for the
other viruses. DCs were infected with GFP-HIV for 3 and 5 days
before the percentage of positive GFP cells were analyzed by
flow cytometry.

Total RNA Extraction, Reverse

Transcription, and gPCR

Total RNA from DCs exposed to the different conditions
was extracted using a commercial Isolate II RNA Mini or
Micro Kit (Bioline, UK), and total ¢cDNA was produced
by SuperScript III Reverse Transcriptase First Strand cDNA
Synthesis kit (Invitrogen, Carlsbad, CA, USA). Quantification
of gene transcripts was performed using the SensiFAST SYBR®
Hi-ROX Kit (Bioline, UK) and CFX96 Touch Real-Time system
(BIO-RAD Inc.). Primers targeting B-actin and GAPDH were
used as housekeeping genes for reference as described by others
(37). Primers were procured from CyberGene AB (Stockholm,
Sweden). To compensate for variation between plates, values
were normalized as previously described (38).
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ELISA and Cytometric Bead Array

The levels of TNF (Mabtech, Sweden) and IFN-B (VeriKine
kit; PBL Assay Science, USA) proteins were assessed in DC
culture supernatants after ca 20 h of infection by ELISA according
to the manufacturers’ protocols. Cytometric bead arrays (BD
Biosciences, Stockholm, Sweden) were used to measure the
levels of cytokines and chemokines in cell supernatants and
for measuring the levels of phosphorylated protein in DCs
lysates (BD Biosciences, Stockholm, Sweden) according to the
manufacturer’s protocols.

Flow Cytometry

The quality of immature DCs was assessed by staining with anti-
human CD83 and CD14 PE-conjugated antibodies (BD, Europe).
DCs were used if the purity was >95% and their expression of
CD14 and CD83 were <10%. The expression of HSV-2 antigens
in HSV-2 exposed DCs was done by a polyclonal anti-HSV-
2 antibody (B0116, Dako, Denmark). The effects infection had
on various proteins were evaluated by staining with PE-Cy7-
conjugated anti-human APOBEC3G (Abcore, USA), Alexa Fluor
647-conjugated anti-human SAMHDI (Bioss Inc. USA), Alexa
Fluor 647-conjugated anti-human TREX1, anti-human IRF3, PE-
conjugated anti-human NAK/TBKI, anti-human IFI16 (Abcam,
UK), anti-human CF150 (cGAS) (Thermofisher Scientific), and
PE-conjugated anti-human STING antibodies (BD Europe). The
unconjugated antibodies were stained with conjugated secondary
anti-rabbit antibodies (DAKO). The stained DC samples were
assessed by flow cytometry (FACS Canto II, BD) and analyzed
by FlowJo (Treestar, Ashland, OR, USA).

Ligands and Inhibitors

The following TLR ligands and inhibitors were used in the
experiments: TLR2 ligand PAM (5 pg/mL), TLR3 ligand Poly I:C
(40 jLg/mL), 2'3'-cGAMP, (10 pug/mL), Poly dA:dT (0.5 pg/mL),
HSV-60 Naked DNA (10 pg/mL), oligonucleotide A151 ODN
TTAGGG (1-3 wM) (Invivogen, France), human pp65 (UL83)
recombinant protein (10-15 pug/mL) (Miltenyi Biotec, Sweden),
recombinant human papillomavirus type 18 protein E7 (10-
20 pg/mL) (SMS-gruppen, Denmark), and acyclovir (20-50 pM)
(SIGMA). Acyclovir was added 1h before addition of virus,
incubated with the virus for 2h, washed away, replenished
and thereafter kept in the culture throughout the incubation.
Intracellular delivery of cGAMP, Poly dA:dT, HSV-60 Naked
DNA, A151 oligonucleotide, UL83 protein, and E7 protein was
achieved using a commercial DOTAP system (SIGMA). Briefly,
the different ligands and inhibitors were mixed with HEPES
buffered saline and DOTAP for 30 min at room temperature,
incubated for 2h at 37°C with DCs, and washed prior to
infection. DOTAP alone served as a control for the effect of the
delivery system.

RNAseq

RNA (5 ng) was subjected to whole transcriptome amplification
using NuGEN’s Ovation RNA-Seq V2 kit (San Carlos, CA,
USA) according to manufacturer’s instructions. Briefly, cDNA
was amplified from total RNA using a single primer isothermal
amplification (SPIA). The amplified ¢cDNA samples were

subsequently purified using a MinElute Reaction Cleanup
Kit (Qiagen; Valencia, CA, USA). The ¢cDNA samples were
fragmented into smaller pieces, blunt-ended, and ligated to
indexed (barcoded) adaptors and amplified using an Ultralow
System V2 kit according to the manufacturers protocol. Final
library size distribution was determined using an Agilent
Bioanalyzer 2100. Five libraries from five different donors were
sequenced on the Illumina NextSeq500 platform (San Diego,
CA, USA). The FASTQ files were uploaded to UPPMAX and
quality checked using fastQC (39). Trimmomatic (40) was used
to remove adaptors and low-quality bases and the reads were
then mapped to human reference genome hgl9 using STAR
(41). Counts for each gene were calculated using featureCounts
(42). The data was normalized and differentially expressed genes
determined using R/DeSeq2 (43). Analysis of pathways was
done by Ingenuity Pathway Analysis (Qiagen), R analysis, Gene
Ontology (GO) Enrichment Analysis (Geneontology.org), and
custom gene lists.

Statistical Analysis

GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA)
was used for the analysis of all data except RNAseq. Repeated
measures ANOVA followed by a Bonferroni post-test or a two-
tailed paired t-test were used to test for statistical significance.
Results were considered statistically significant if p < 0.05. All
experiments were performed a minimum of four times using
cells derived from different blood donors. When experimental
values were normalized, the mean of free virus or mock were set
to 1. qPCR results were normalized for variation between plates
as previously described (38). In brief, each value was subtracted
by the average of all values and then the obtained values were
divided by the average of mock or free virus depending on the
different experiments.

RESULTS

HSV-2 Conditioning of Human DCs
Rendered Them More Susceptible to HIV

Infection

It is now evident that HSV-2 infection of the genital tract
predisposes for HIV infection and increased viral shedding
at the mucosal site (2, 3, 5-7). Nevertheless, the mechanisms
underlying the elevated infection remain ambiguous. Here
we evaluated the role of DCs in the enhanced infection by
assessing the effects pre-exposure to HSV-2 exerted on HIV
infection of human monocyte-derived DCs, and the role of
opsonization of the viruses with complement. The levels of
HIV gag mRNA transcripts were significantly enhanced in
HSV/HIV dual exposed DCs compared to the levels induced
by HIV alone at both 6 and 24h (Figure 1A). The HSV-2
associated enhancement of HIV infection is in accordance with
the findings by Marsden et al. (8). Moreover, the DCs exposed
to complement opsonized HSV-2 gave a higher tyrosine kinese
(TK) in both dual and single exposed DCs compared to free virus
as shown previously, but there was no alteration in the HSV-
2 infection when measured by TK expression in the HIV/HSV
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FIGURE 1 | HSV-2 conditioning of human dendritic cells rendered them more susceptible to HIV productive HIV infection. Dendritic cells were exposed to
free HSV-2 (HSV) or complement opsonized virus (CHSV) for 2 h then washed and infected with free HIV, either HIV-1 BalL or GFP tagged CCRS5 tropic HIV-1(GFP-HIV) or
(Continued)
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FIGURE 1 | complement opsonized HIV (CHIV) for 6 or 22 h. HSV-2 positive DC was measured using a polyclonal anti-HSV-2 Ab followed by fluorochrome
conjugated secondary Ab (A) mMRNA expression levels of HIV gag were determined by gPCR at 6 and 24 h. Data are normalized to free virus, which is set as one.
(B) GFP-HIV positive cells were evaluated by flow cytometry after 3 and 5 days post-HIV infection or by confocal microscopy (40x) 5 days post-infection. GFP-HIV
productively infected cells (green) stained with a nuclear staining with DAPI (Blue). Size bar = 20 wm. (C) HIV-1 p24 release by productively infected DCs were
determined by ELISA from day 1-9 post-HIV infection. (D) Percentage of HIV GFP positive and HSV-2 antigen positive DCs measured by flow cytometry 24 h

post-infection. *p < 0.05; **p < 0.005; ***p < 0.0005. N = 5-8.

dual exposed DCs compared to HSV-2 single exposed DCs
(Supplementary Figure 1). Productive HIV infection was also
significantly elevated in HSV/HIV dual exposed cells as measured
by the percentage of GFP-HIV positive DCs by flow cytometry
and confocal microscopy day 3 and 5 post-exposure (Figure 1B),
and the levels of HIV p24 in the culture supernatants day
4 and day 1-9 (Figure 1C). The opsonization of the virions
did not significantly change the level of HIV infection in the
HSV/HIV infected cells (Figures 1A-C). Of note, the presence
of HSV-2 enhanced HIV infection, both when the DCs where
preconditioned with HSV-2 before HIV infection and when
HSV-2 and HIV were introduced to the DCs simultaneously.
Under normal circumstances, only a small fraction of the DCs
will be productively infected by HIV (Figure 1B), and the same
also applies for HSV-2 (18). Still, all DCs in the cultures are
exposed to the viruses and influenced by them either indirectly
or directly also in the absence of productive infection (18, 36).
The amount of DCs that support the productive infection of
both HIV and HSV-2 is low and has been shown by Marsden
et al. to represent only 1% of the cells. In our system we
determined that the level of DC with productive HIV infection
and positive for HSV-2 antigen to be 5% for DC exposed
free HIV/HSV and ~12% for DC exposed to complement
opsonized CHIV/CHSV (Figure 1D), which could reflect that
not all HSV-2 antigen positive cells are productively infected,
rather that some cells have an abortive HSV infection (44-46).
The data for direct and delayed co-infection gave very similar
data so the experiments presented and carried out onwards are
from delayed coinfection setup. Taken together, our data clearly
demonstrates that exposure to HSV-2 enhances the ability of HIV
to productively infect DCs, which directed us to elucidate the
underlying mechanism responsible for enhanced HIV infection.

Distinct Cellular Programming Was
Induced in DCs by the Different HIV and
HSV-2 Infection Conditions

To further understand the cellular programming during
HSV/HIV infection, we performed RNA seq, which provided
the whole transcriptome profile in the DCs induced by single
exposure to HIV vs. dual exposure to HSV-2 and HIV. The
transcriptome analysis demonstrated activation and involvement
of distinct sets of pathways in the single and dual infected
DCs respectively. The dual virus exposed DCs upregulated
or downregulated significantly more genes than DCs exposed
to HIV and CHIV alone (Figure2A). This demonstrated
that exposure to both HSV and HIV was a more potent
activator of DCs than HIV alone, and that complement
opsonization of the virions suppressed DC activation. Next, our

gene enrichment analysis clearly established that each of the
different viral conditions gave rise to unique gene expression
patterns within the different signaling pathways (Figures 2B,C;
Supplementary Figure 2). The CHIV and the CHIV/CHSV
conditions had less enriched pathways compared to the free
virus groups (Figures 2B,C). Genes in the interleukin and the
JAK/STAT signaling pathways were enriched in both HIV,
CHIV, and HIV/HSV dual exposed DCs, but only HIV/HSV
had significant enrichment (Supplementary Figure2). The
ubiquitin-proteasome pathway has recently been shown to
be important in viral pathogenesis (47). Genes involved in
this pathway were significantly enriched in the free HIV
and HIV/HSV exposed DCs but only a restricted number
of genes were enriched in the complement exposed groups
(Supplementary Figure 2). The enrichment analysis of genes
with decreased expression levels after the HIV infection
revealed that genes in the cholesterol biosynthesis pathway were
significantly enriched in CHIV exposed DCs and genes involved
in the pyrimidine metabolism were enriched in both HIV/HSV
and CHIV/CHSV exposed DCs (Supplementary Figure 2).
A more specific, in-depth, analysis of gene enrichment
focusing on inflammation, antiviral and immune responses
uncovered a pattern of significantly enriched pathways distinctly
different for each type of infection condition, although
there was some overlap across the groups (Figures2B,C;
Supplementary Figure 2). For instance, upregulated genes in
JAK-STAT cascade was significantly enriched for all groups
besides CHIV (Supplementary Figure 2).

Inflammatory Factors Were Highly Elevated

in Dual HSV-2 and HIV Exposed DCs

HIV and HSV-2 are both known to induce inflammatory
pathways in immune cells with HSV-2 being the more
potent activator (18, 20) and our transcriptome analysis
clearly demonstrated the activation and involvement of several
inflammatory pathways. HSV/HIV or CHSV/CHIV induced
distinct gene expression patterns in DCs for inflammatory
genes compared to single HIV or CHIV infection (Figure 3A).
Moreover, the complement opsonized groups had lower
transcription levels of many of inflammatory factors (Figure 3A).
HIV alone, HSV/HIV and CHSV/CHIV activated multiple
inflammatory factors such as IL-6, TNF, CXCLI, and CCL20,
with the highest expression activated in co-infected groups.
Complement opsonization lowered the transcription of several
factors such as CCL1, CCL5, CCL8, and IL-1p seeing that they
were lower in the opsonized groups compared to free virus
conditions. CCL21, CCL28, and IL34 were only upregulated in
the dual exposed groups. Few genes had higher gene expression

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2889


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

HSV-2 Enables HIV-Infection in Dendritic Cells

Crisci et al.
A significantly significantly
upregulated genes downregulated genes
S0 5, = total =000 = total
§4ooo . = 2-fold § = 2-fold
& 3000 o = 4fold G 2000 =3 4-fold
s = gfold T = 8-fold
§aom £
Z 1000 z
0 0
HIV  CHIV HSVHIVCHSVCHIV HIV  CHIV HSVHIVCHSVSHIV
B HIV CHIV
B Response tovirus 2
g @ Cellularresponse to IL-1 =
5 Response to IFNy g
g Positive regulation of inflammatory response & ., M Defense response
= B Regulation of IL-12 production = * @ Chemokine-mediated signaling pathway
% B Regulation of T cell apoptotic process ]
= B Negative regulation of IL-10 production - . *
Ref  Up @ Regulation of ymphocyte chemotaxis Ref  Up
HSV-HIV B Stress-activated MAPK cascade CHSV-CHIV
@ kBkinase/NK-kBsignaling 20
JAK-STAT cascade S it _
Regulation of IL-2 production g g
@ IFNy-mediated signaling pathway S o el Respon.setoLP.S ’
; S Regulation of viral life cycle
B Regulation of IL-10 production o kinase/NK-B signali
W Regulation of L-1B production § R s
B Regulation of IL-12 production ) e
B Response totype | IFN Ref Up
c HIV
10
g Inflammation mediated by chemokine
g and cytokine signaling pathway
s 5 EEE
k]
B
0
Ref Up
HSV-HIV Inflammation mediated by chemokine CHSV-CHIV
= and cytokine signaling pathway €0
g B Apoptosis signaling pathway g
g @ FASsignaling pathway g
§ JAK/STAT signaling pathway § » B Apoptosis signaling pathway
[ 5 *k
B B
0
Ref Up
FIGURE 2 | Cellular programing of dendritic cells by HIV single and HIV/HSV dual infection. Dendritic cells were exposed to HSV-2 (HSV) or complement opsonized
virus (CHSV) for 2 h then infected with HIV or complement opsonized HIV (CHIV) for 24 h. Whole transcriptome sequencing was performed. (A) Analyzes of amount of
significantly upregulated or down regulated genes assessing total, two-, four-, and eight-fold changes compared to mock (B) Gene enrichment analysis of genes
significantly upregulated three-fold or higher with p > 0.05 with focus on inflammatory and antiviral pathways/factors. (C) Gene enrichment analysis of genes
significantly upregulated three-fold or higher with p > 0.05. GO enrichment analysis was done with PANTHER pathways data set. Terms with statistical significance in
any of gene list are shown as stacked bar graph. *p < 0.05, **p < 0.005, **p < 0.0005. Y-axis = number of listed genes involving in indicated PANTHER pathway.
Ref = expected gene number from reference (whole human genes in database). N = 5.

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2889


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crisci et al.

HSV-2 Enables HIV-Infection in Dendritic Cells

levels in the CHIV group and included CXCR3 and IL-
10. Next, we verified the expression pattern of some of the
inflammatory factors by qPCR and the translation by ELISA
or flow-based cytokine bead array. HSV alone was the leading
inducer for TNF and CCL3, whereas HIV-1 was more potent for
the induction of CXCL8 and IL-1p (Supplementary Figure 3).
The HSV/HIV and CHSV/CHIV gave rise to higher mRNA
expression levels of TNE, CXCL8, and CCL3 compared to the
free and complement-opsonized HIV (Figure 3B). The levels
of IL-18 mRNA were similar between in HIV and HIV/HSV
exposed DCs (Figure 3B), whereas the protein levels were
higher in the dual exposed DCs (Figure 3C). The secretion of
TNE and chemokines CCL3 and CCL5 followed the pattern
of mRNA expression and/or transcriptome data (Figures 3A-C;
data not shown). The protein levels of other inflammatory
factors such as CXCL10 were lower in the DCs exposed to both
viruses compared to HIV alone (Figure 3C). These discrepancies
between protein levels and the transcriptome data and can be
explained by post-transcriptional regulation and/or proteolytic
degradation (48-50). The transcription of inflammatory factors
is activated by several signaling pathways including the MAPK
p38 pathway, and dual exposure significantly enhanced the
level of phosphorylated p38 with a trend that opsonization
of the virions decreased phosphorylation of p38 (Figure 3D).
JNK phosphorylation displayed a similar pattern of activation
as MAPK p38 but there were no significant differences (data
not shown), which could be due to the time point selected for
the measurement.

HIV/HSV Exposure Induced Higher
Expression of Several Antiviral Factors
Including IFN- in the DCs Compared to
Exposure With HIV Alone

The transcriptome analysis (Figure 2) clearly demonstrated the
activation and involvement of an array of antiviral pathways
in the DCs exposed to both HIV only as well as both HSV
and HIV. Here we assessed factors involved in the activation
and regulation of the cellular antiviral defense (Figure 4A). The
pattern for many antiviral factors induced in the DCs was similar
between HIV, and the dual virus DCs conditions and in general
lower level of antiviral factors activated in the complement
groups. Several TRIM genes, type I IFN genes, SOCS genes, and
IRF genes were upregulated in free HIV and the dual exposed
DCs, with the highest transcription levels mostly found in the
dual exposed DCs. Many antiviral genes were upregulated in
HIV/HSV and CHIV/CHSYV exposed DCs, whereas few antiviral
genes were only found to be upregulated in HIV exposed DCs
and include IFITM3, SOCS5, and TBK1 for free HIV and
IFITM3 for CHIV (Figure 4A). Next, we confirmed some of these
antiviral factors at the mRNA and protein levels. The single HSV
and dual HSV/HIV exposure enhanced the mRNA expression
levels of IFN-B and MX1 compared to single exposure to HIV
(Figures 4A,B; Supplementary Figure 4), clearly showing that
the HSV is the component responsible for the strong antiviral
responses. Furthermore, IFN-f secretion was higher in the dual
exposed samples, with the highest levels induced by HSV/HIV

(Figure 4C). Interestingly, the levels of IFN-p did not negatively
correlate to the HIV infection levels suggesting that IFN-$ had a
restricted impact on the infection even at the high levels of IFN-
B seen in dual exposed DCs. The IFN-f feedback loop induces
the activation of STAT1 and transcription of IFN-regulated genes
(ISG). Our data clearly indicated that the exposure of DCs to
HIV induced a significantly higher STAT1 phosphorylation at 6 h
compared to CHIV, HSV/HIV, and CHSV/CHIV (Figure 4D).
In addition, HIV and HSV/HIV also significantly upregulated
several ISGs, including IFITM1, RSAD2, and ISG15 (Figure 4A).

HSV-2 Augmentation of HIV Infection in
DCs Required Intact HSV-2 DNA Structure

To assess if the enhanced HIV infection in the DCs was a
consequence of productive HSV-2 infection with full length
DNA replication or if it was sufficient with the delivery of
intact accessible dsSDNA by the virions we used acyclovir and y-
irradiated inactivated HSV-2 (51). In the absence of replication
of HSV-2 DNA, the y-irradiated inactivated HSV-2 failed to
elevate the level of HIV infection and the expression levels of
TNF and IFN- (Figure 5A), clearly indicating that the increased
HIV infection of DCs is dependent on the presence of accessible
and/or intact HSV-2 DNA. The inactivation of HSV-2 by y-
irradiation induces DNA damage that could render the viral DNA
less reactive with the intracellular PRRs, affect the transport of
the DNA to the nucleus, and/or affect the release of the DNA
from the viral capsid. We used the HSV-2 replication inhibitor
acyclovir to examine if the presence of intact HSV-2 DNA in
the DCs was sufficient for enhanced HIV infection or if active
HSV-2 DNA replication was required. The inhibition of active
HSV-2 DNA replication in DCs had little effect on the HIV
infection and the IFN-B, but decreased the IFN-f response, these
results were however not statistically significant (Figure 5B). To
further establish the role of dsDNA, we delivered HSV60, a 60
bp dsDNA sequence from HSV-1 using DOTAP into DCs. The
intracellular dsDNA significantly enhanced the FHIV and CHIV
infection compared to HIV alone (Figure 5C). Taken together,
the enhanced HIV infection and increased production of IFN-
B in dual exposed DCs required the presence of HSV-2 dsDNA
in its natural configuration, which suggests that the activation of
intracellular PRRs such as DNA sensors may underlie the HSV-2
enhancement of HIV infection of DCs.

Intracellular HSV-Derived PAMPs Are the
Major Factors Involved in the Enhanced

HIV Infection of DCs

To assess the role of different PAMPs in the HSV-2-induced
enhancement of HIV infection in DCs, we investigated if
TLR2, TLR3, or cGAS/STING activation could mimic the
effects seen after HSV-2 infection. Both TLR2 and TLR3 are
known to be involved in HSV-2 infection (52, 53). TLR2
stimulation simultaneously with HIV infection did not affect
HIV gag expression compared to HIV alone (Figure 6A).
Targeting TLR3 gave only a slightly increased HIV gag expression
compared to the dramatically elevated HIV gag expression in
DCs exposed to both HSV-2 and HIV (Figure 6A). While
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inflammatory responses to TLR3 agonist alone and TLR3 agonist
in combination with HIV were higher than inflammatory
responses to HIV alone, neither TNF nor IL1-p approached the
levels seen in dual exposed with HSV-2 (Figure 6A; data not
shown). Seeing that TLR2 is indicated as an important factor
in HSV-2 induced cellular activation (52, 54) we examined the
effects inhibition of the TRL2 pathway with an antagonistic
TLR2 ligand had on the HIV infection. Our results exclude the
involvement of TLR2 signaling in the enhanced HIV infection
(Supplementary Figure 5). Taking into account that several
intercellular sensors involved in HSV infection, e.g., IFI16, and
cGAS, which merge their signaling pathways by the activation
of STING (28, 48, 55), we examined the effect of STING
activation on HIV infection. The levels of HIV infection in DCs
after exogenous and endogenous stimulation with cGAMP, an
activator of STING via cGAS, were investigated. The exogenously
delivered cGAMP had a minor effect on the level of HIV
infection, whereas the endogenously delivered cGAMP, ie.,
delivered to the cytosol via DOTAP, significantly enhanced
the HIV infection to levels similar to HIV/HSV exposed DCs
(Figure 6B). This indicated that the intracellular DNA sensing
cGAS/STING pathway is one of the pathways involved in the
HSV-2 mediated enhancement of HIV infection in DCs. HIV
infection combined with endogenous cGAMP, ie., cGAMP
delivered to the cytosol, induced higher expression levels of IFN-
p in DCs, compared to HIV alone and HIV in combination with
exogenously delivered cGAMP (Figure 6B). The higher levels of
IFN-p expressed by HSV/HIV-exposed DCs compared to the
levels induced by HIV in combination with endogenous cGAMP
indicates that other signaling pathways/factors may be involved
in the antiviral response in addition to the cGAMP/STING
pathway. Noteworthy, the high IFN-p levels induced by the
dual exposure did not hinder HIV infection in DCs as both
c¢GAMP and HIV/HSV exposure induced high levels of HIV gag
(Figure 6B).

Dual HSV/HIV Exposure of DCs Activated
and Subsequently Decreased the Protein
Levels of Cytosolic DNA Sensors and
Factors Involved in Their Signaling
Pathways

The effects of HSV-2 on the intercellular sensors in DCs were
assessed. The transcriptome analysis showed that the expression
of cytosolic DNA and RNA sensors AIM2, MB21D1 (cGAS),
IFIH1, DDX58 (RIG1), and ZBP1 (DAI) were all highly elevated,
and IFI16 was slightly increased in DCs exposed to HIV alone
and in dual exposed DCs. The expression of MAVS, DDX41,
and DHX9 were decreased or unaffected by the different HIV
and HSV/HIV conditions (Figure 7A). Several viruses including
herpes viruses have the ability to regulate factors in the cellular
innate and adaptive responses by the interference with signal
transduction or degradation of proteins. For instance, HSV1
ICP27 inhibits the type I IFN expression in human macrophages
by interaction with STING/TBK1 (56). Lytic reactivation of
Kaposi’s sarcoma-associated herpesvirus induces the degradation
of IFI16 (25) and STING is degraded by a dengue virus protease

(57). Moreover, stimulation of innate signaling pathways, e.g.,
STING, TBKI1, and IRF3, can lead to protein downregulation
post-pathogen activation of antiviral responses (58-60). In light
of this, we assessed the protein levels of several DNA sensors
and signaling molecules in DCs exposed to HIV, HSV, or
HIV/HSV, respectively, and found that HSV alone and dual
virus exposure significantly decreased the expression of the DNA
sensors IFI16, and cGAS, both activators of the STING pathway,
clearly indicating that this was foremost a HSV derived effect
(Figure 7B). There were no significant differences in the effects
seen with or without opsonization. So next, we examined the
protein expression of factors in the STING pathway and found
no significant effect on STING protein, even if there was a clear
trend for decreased STING protein for HIV/HSV, but the STING
downstream factor TBK1 was significantly decreased and a there
was a trend of decreased expression for IRF3 in the dual exposed
DCs compared to HIV alone (Figure 7C). Taken together, these
findings indicate that proteolytic degradation of these proteins
is induced foremost by HSV and may occur in DCs exposed to
HSV-2, either as direct effects of viral proteins and/or due to viral
activation of pathways involving these factors that subsequently
leads to their degradation (58).

Activation of the STING Pathway Was
Needed for the Enhanced HIV Infection of

DCs Induced by HSV-2

The STING pathway is activated by upstream DNA sensors
such as ¢cGAS and IFI16, both implemented in the cytosolic
recognition of HSV DNA (27, 61). In addition, recent data point
to a collaboration between IFI16 and cGAS in the activation
of STING (62), with distinct roles for that IFI16 and cGAS
in antiviral responses against herpesviruses (63). Noteworthy,
other studies state that cGAS is the major dsDNA sensor
responsible for activation of the STING/TBK/IRF3 pathway
(29, 64). Here we assessed the role of cGAS/IFI16 in the
enhanced HIV infection in DCs conditioned by HSV-2 by
using the inhibitory oligo deoxynucleotide A151 (65). Initially,
intracellular A151 was assumed to inhibit IFI16 but recent
findings established that it also affects cGAS activity (65, 66).
The inhibitory oligo deoxynucleotide A151 slightly increased
HIV infection assessed as gag transcript at the early time point
(8h) in DCs exposed to HIV and HSV/HIV. At 24h there
were no differences between A151 treated and untreated dual
exposed DCs (Figure 8A). Interestingly, the inhibitory oligo
deoxynucleotide A151 decreased the mRNA expression of IFN-
B in the HSV/HIV conditions at both 8 and 24 h (Figure 8A).
To confirm the cytosolic A151 result, we also tested the effect
of cytosolic delivery of the herpes protein UL83, which has
the ability to interfere with IFI16 (67) and cGAS functions
(68), in DCs exposed to HIV or HSV/HIV. The UL83 showed
the same profile as A151 for HIV gag and IFN-f mRNA
transcript expression (Figure 8; Supplementary Figure 6). The
data indicated that inhibition of ¢cGAS/IFI16 with inhibitory
oligo deoxynucleotide A151 or with UL83 was not enough for
suppression of the enhanced HIV infection but succeeded to
lower, but not fully suppress, the IFN-f response so we could
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not rule out residual activity of these pathways in the DCs. To
further explore the role of the STING pathway in the enhanced
infection and elevated antiviral response in the dual exposed DCs,
we targeted STING protein using a recombinant HPV 18 E7
protein known to inhibit this pathway by binding and blocking
STING (69, 70). The intracellularly delivered E7 succeeded to
decrease the gag transcript expression and the IFN-B in the
dual infected DCs. The decrease was however not significant for
gag but a trend could be seen (Figure 8B). Next, to verify and
strengthen the role of STING, we assessed the role of STING
pathway using a THP1 cell line lacking sting due to STING
knockout with siRNA and found a decreased gag expression
in HIV/HSV exposed cells but no clear evidence for this in
CHSV/CHIV (Figure 8C), which could be due to the THP1’s low
level of CR3. Taken together, our findings indicate that the STING
pathway is involved in the enhanced HIV infection in HSV-2
exposed DCs.

The Enhanced HIV Infection in DCs
Conditioned With HSV-2 Was Probably Due
to the Decreased Levels of HIV Regulatory
Factors as a Consequence of the
Activation of the cGAS-STING Pathway

The transcriptome profiles clearly demonstrated combinatory
effects of the HSV-2 and HIV exposure on many of the
master regulators of HIV infection in DCs including SAMHDI,
TREX, APOBEC3G, PPIA (cyclophilin A), and BST2 (tetherin)
(Figure 9A). The gene expression of the majority of HIV
regulatory factors was increased in DCs infected with HIV alone
or in combination with HSV-2 compared to control, whereas
SAMHDI1 expression was decreased. In addition, BST2 was
slightly decreased in the CHIV/CHSV group. HSV-2 infection
can modulate the expression of several proteins (25, 71) and
the activation of antiviral and innate pathways might influence
the protein expression and levels so we examined the effect
the HSV-2 exposure had on the protein levels of the HIV
regulators in DCs. The protein levels of SAMHD1, APOBEC3G,
and TREX1 were significantly lower in the single HSV and
CHSV and in dual HSV/HIV and CHIV/CHSV exposed DCs
compared to mock treated cells. HIV and CHIV had no or
minimal effect on these factors (Figure 9B). Next, we assessed
if the decrease in HIV regulatory factors was dependent on
intracellular activation of the cGAS-STING pathway by HSV-
2 derived dsDNA, by using cGAMP, which is produced after
dsDNA activation of cGAS (61, 72). The DCs exposed to
both cytosolic ¢cGAMP and HIV had lower protein levels
of both SAMHD1 and TREX1 compared to DCs exposed
to HIV alone (Figure9C). In the case of APOBEC3G, the
expression was not affected by cGAMP indicative of a more
complex activation and/or proteolysis induced by HSV-2 derived
factors compared to cGAMP alone (Figure 9C). These findings
demonstrate that the cGAS-STING pathway, activated by intact
HSV-2 DNA, contributes to HSV-2 mediated enhancement of
HIV infection in DCs, by decreasing the amount of several key
HIV regulatory factors.

DISCUSSION

A deeper understanding of factors influencing HIV infection
is of significant importance, and pre-existing infection and/or
inflammation in the genital mucosa has been shown to increase
the risk for HIV acquisition. In the case for HSV-2 there is a
three-fold higher risk to acquire HIV infection (2, 9, 14). During
the primary HIV infection of mucosa, HSV-2, both infectious
and neutralized viruses, and debris from dying infected cells,
will influence the local innate and adaptive immune responses.
DCs located in the mucosa are among the first cells targeted by
HIV. Here, we aimed to establish the effects exerted by HSV-
2 conditioning of DCs prior to HIV infection. We found a
higher susceptibility and level of productive HIV infection in
DCs exposed to HSV-2, which was dependent on structurally
intact HSV-2 DNA in DCs. Noteworthy, the high levels of IFN-f
production induced in the DCs by the HSV-2 exposure failed to
control the infection as IFN- increased in parallel with increased
HIV infection in the dual exposed DCs. The HSV-2’s effect on
HIV replication in DCs was not dependent on TLR2, TLR3, or
IFI16, all three PRRs known to be activated by herpes virus (55),
but rather on the activation of the cGAS-STING pathway and
subsequent decreased protein levels of several key regulators of
HIV infection, i.e., TREX1, SAMHDI1, and ABOBEC3G, which
could be due to proteolytic degradation.

DCs located in the mucosa are regarded as a target for
HIV-1 as has been shown in macaques infected by SIV and
in cervix and foreskin mucosa in vitro models (73-75). The
initial host-virus interaction in the mucosa also includes the
activation of complement system (19) and both the innate and
adaptive immunity activated is influenced by the complement
system and complement can be involved in the pathogenies
of chronic diseases (76). The virions transferred during sexual
transmission to DCs should be complement and/or complement
antibody opsonized particles seeing the exposure to seminal
fluid and or cervix secretions (19). The result in our study
using monocyte derived DCs, which we believe to be a good
model for in vivo tissue/mucosal DCs, seeing similar results for
free and complement opsonized HIV-1 infection and for HSV-
2 infection in cervical mucosal DCs [(75) and Svanberg et al.
work in progress]. The monocyte derived DCs we used appear
to be similar to the newly defined CD1lc+ epidermal DCs,
which is a target for HIV infection (77). Epidermal CD11c+
DCs and Langerhans cells might play an important role in the
sexual transmission of HIV-1 (8, 77). The fact that merely a few
percentages of DCs exposed to HIV and HSV-2 are productively
infected with both viruses (8), clearly indicates that the enhanced
HIV infection of DCs only required exposure to HSV-2 virions
or virus-derived DNA. This will establish a context where a
preexisting HSV-2 infection attracts and provides more target
cells for the HIV, e.g., CD4T cells and DCs (2, 8, 9), as well as
an environment with micro areas with HSV-2, proinflammatory
cytokines, and HSV-2 DNA released by dying cells. Taken
together all these factors will precondition the mucosal DCs and
render them more susceptibility to productive HIV infection.

The initial transcriptome analysis demonstrated that all
infection conditions had distinct expression profiles with some
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similarities between the conditions with free viruses, i.e., HIV
and HIV/HSV, and between complement opsonized viruses,
i.e., CHIV and CHIV/CHSV. Numerous pathways involved in
antiviral and inflammatory responses were highly affected in
the DCs infected with free HIV or complement opsonized
or non-opsonized HSV/HIV, whereas complement opsonized
viruses in general activated lower amount of pathways. The
efficient suppression of DC activation by complement opsonized
HIV should foremost be due to the suppression of innate and
adaptive pathways mediated by the complement receptor 3 (CR3)
signaling engaged by the inactivated C3b fragment on the viral
surface (20). The preconditioning of DCs with HSV-2 followed by
HIV infection clearly potentiated the activation of DCs compared
to the HIV infection alone. This should be dependent primarily
on the strong and long-lasting activation elicited by HSV-2 seeing
that HIV alone give rise to a weak and more transient activation
of the DCs.

There was a massive transcriptional activation of
inflammatory and antiviral factors in the HIV/HSV exposed
DCs however this was not fully reflected on the protein level
with no changes or even decreased levels for some proteins. This
is in accordance to our previous observation for DCs infected
with HSV-2 (18). There could be multiple reasons behind
this discrepancy such as post-transcriptional modification,
degradation by HSV-2 derived proteins (25, 56) and/or a targeted
proteolytic degradation of proteins involved in the cellular
processes owing to viral activation of cellular stress such as
autophagy and post-pathogen activation downregulation of
factors. Herpes viruses have a wide range of strategies to evade
innate immune sensing and to enhance their own survival.
Common strategies utilized by herpes viruses are to inhibit or
degrade proteins involved in the antiviral immune responses
(25, 48, 78). Several HSV proteins and viral-non-coding RNAs
can modulate protein expression, for instance the HSV encoded
ULA41 protein is proposed to have the ability to trigger a fast and
selective shut-off of the host cell’s protein synthesis for several
proteins including viperin, and tetherin (79-82).

Multiple PRRs have been shown to be involved in the cellular
recognition and defense against herpesviruses (55), when we
tested TLR2 and TLR3 we found none of these TLRs to be
involved in the elevated HIV infection seen in the HSV-2
conditioned DCs. Recent reports have instead indicated the
activation of the STING pathway and its important role in the
antiviral defense against HSV (83, 84). The STING singaling
cascade can intersect both the TBKI1/IRF3 and the NFkB
pathway (85-87). Several DNA sensors has been implicated in
the activation of STING, such as IFI16, DDX41, and cGAS,
but accumulative evidence has made it clear that cGAS-sensing
is required in most cell types. This is true even if there is a
cooperation in the activation of STING between IFI16 and cGAS
in keratinocytes (62) and IFI16 promote the cGAS production of
c¢GAMP in human macrophages (72). All our data point toward
activation of the cGAS STING pathway in the dual infected DCs.
When it comes to the elevated HIV infection, we can rule out the
involvement of IFI16 since blocking this factor failed to decrease
the HIV infection whereas direct targeting of STING succeeded
to do the same. Then again, we cannot rule out an involvement
of TFI16 in sensing the dual infection and the cooperation of

this sensor with cGAS in the activation of the antiviral IFN-B
responses since block of IFI16 decreased the IFN-B response.
The important role of IFI16 in sensing intracellular DNA has
previously been shown in human macrophages, by means of
enhancing production and function of cGAMP (72).

The HIV infection of DCs is tightly regulated and limited
by an array of antiviral factors such as SAMHD1, APOBEC3G,
TRIM5a, SLEN11, and IFITMs that exert their effects at different
steps in the HIV replication cycle (88-90). These factors control
or suppress HIVs ability to induce a productive infection
with SAMHDI1 as the major HIV suppressive factor (90, 91).
SAMHD1 inhibits the early steps of HIV infection by limiting the
viral cDNA synthesis by depleting deoxynucleotide triphosphates
(dNTPs) (90) and SAMHDI degradation by HIV-2 VPX give rise
to enhanced infection of DCs and production of type I IFNs
(91). HIV uses the host 3'-repare exonuclease 1 (TREX1), the
most abundant 3’-5° DNase in the cells, to bind and degrade
excess cytosolic HIV-1 dsDNA and thereby limit the type I
IFN response (88). In addition to restricting HIV infection,
SAMHDI1 and TRIM5a have also been shown to be involved in
regulating the HSV-1 infection by limiting the DNA replication
(92, 93). We found a high degree of proteolytic degradation
of several of the HIV-1 restriction factors including SAMHDI1,
IFI16, TREX1, and APOBEC3G (88-90) in the dual exposed
DCs. The suboptimal levels of several key restriction factors can
explain the loss of the DCs’ control of the HIV infection and the
enhanced productive HIV infection in the DCs. Of interest, the
activation of the cGAS-STING pathway in DCs in parallel with
HIV exposure induced the degradation of SAMHD1 and TREX1,
but not of APOBEC3G. Moreover, the intracellular activation
of cGAS-STING pathway with cGAMP gave similar effects on
HIV replication and cytokine production as the preconditioning
with HSV-2, indicating an essential role for this pathway in the
HSV-2 cellular modulation of DC functions. The activation of
the STING pathway in the DCs exposed to both HIV and HSV-
2 should subsequently lead to accumulation of more nucleotides
in the cytosol due to lower levels of the 3’-5" exonuclease TREX1
and the phosphohydrolase SAMHD1, which should support the
viral replication. The lack of APOBEC3G degradation by the
exogenous cCGAMP activation of STING indicate that other HSV-
2 induced processes/factors were involved in this and exact which
factors remains to be established but could involve HSV derived
factors or factors activated by the virus exposure. For instance,
the finding by Marsden et al. that the TNF produced by HSV-
2 exposed DCs was involved in the enhanced HIV infection of
bystander DCs (8), indicates that TNF might be one of the factors
involved in promoting the HIV infection in DCs.

Numerous of the cytosolic DNA sensors and cofactors,
i.e, IFI16, cGAS, STING, TBK1, and IRF3, important for the
recognition of viral PAMPs were also targeted for degradation
in the dual HIV and HSV-2 exposed DCs but not in HIV
exposed DCs, demonstrating direct and/or indirect involvement
of the HSV-2 in this process. The decrease of several proteins
involved in the STING pathway, e.g., IFI16, cGAS, STING, TBK1,
and IRF3 was probably due to viral activation of the STING
pathway (58, 94) and/or direct degradation by viral derived
proteins (95). To dissect this further, future studies exploring
phosphorylation and localization of these proteins are needed.
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Several DNA virus proteins can cleave or degrade DNA sensors.
For instance, the dsDNA sensor IFI16, which activates IFN-p
responses and forms an inflammasome, is degraded in HSV-1
infected cells by ICP0O proteasomal targeting (48) and in cells
with lytic Kaposi’s Sarcoma-Associated Herpesvirus infection
(25). STING and cGAS are also common targets for DNA
virus proteins that degrade these factors or interfere with their
downstream signaling (57, 70, 96-98). In the dual exposed DCs
the levels of cGAS were lower compared to the non-infected or
single HIV infected cells and this should lower the production of
c¢GAMP and the activation of STING as a result of the cellular
regulation and control of this factor after activation (56). Several
viruses are sensed and regulated by the STING pathway including
HSV-1, HSV-2, and HIV-1 (29, 56). HIV-1 DNA can be sensed by
c¢GAS and the STING pathway (29), however, this is counteracted
and prevented by the HIV-1’s capsid by recruitment of cellular
proteins, e.g., cyclophilin A and TRIM5a (99). HSV-1 counteracts
the STING-cGAS pathway by several proteins including ICP27,
which can inhibit the type I IFN expression by targeting the
STING signaling complex (56). It is clear that both HIV and HSV-
2 are regulated by the STING pathway and have evolved strategies
to establish infection by dampening the STING activation and
subsequent type I IFN responses.

We found and have previously shown (20) that in the
monocyte derived DCs, exposure to HIV-1 alone do succeed to
induce a burst of low level of IFN-f, this response is transient
and weak compared with many other viruses, including HSV-2
(18). We think this finding is in accordance to previous studies
by Harman et al. and Gringhuis et al. that demonstrate that
HIV-1 has the ability, by several mechanisms to interfere with
IFN-B production and avoid antiviral host defenses (100-102).
The dual exposure induced high level of the antiviral factor IFN-
p and subsequent ISG such as MX1 and MX2 in the DCs via
the HSV-2 DNA activation of the STING pathway. The high
level of IFNP production in dual free and complement oponized
HIV/HSV exposed DCs failed to block the HIV infection but it is
clear that it subdued the infection, seeing that the HIV infection
was further elevated in DCs where the IFN-f was suppressed
by inhibition of the DNA sensor IFI16. This demonstrated a
balancing act by the STING pathway playing a part both in the
enhanced HIV infection but also in the control of the level of the
infection by its activation of the type I IFNs. We have previously
established that HIV-1 can induce IFN-f production in DCs in an
IRF1/7 dependent way, whereas the complement opsonized HIV
activated IRF3, but this gave no or very low IFN-B production
(20). This is probably due to the CR3 induced suppression by
the complement opsonized virus and that CR3 suppression of
IEN-B is overridden in the strong activation the HSV-2 induce
in the DCs.

We clearly demonstrate that the HSV-2 dependent
augmentation of HIV infection required intact HSV-2 dsDNA,
but not an active HSV DNA replication. The cellular support
of productive HIV infection should be due to the regulation
and proteolytic degradation of HIV restriction factors, i.e.,
SAMHDI1, APOBEC3G, IFI16, and TREX1. The mechanism
responsible for the proteolytic degradation of SAMHD1, TREX1
and APOBEC3G proteins seems to be facilitated by the activation
of the STING pathway, which has to our knowledge not been

described to date, and the effect of one or several of the HSV-2
proteins. The degradation of several of the HIV regulatory
factors seen when we activated STING via cGAMP-cGAS
pathway by addition of exogenous cGAMP, support the role
of the STING pathway in the degradation of these proteins in
the dual HIV HSV exposed DCs. Furthermore, the antiviral
and inflammatory pathways activated by HIV alone or dual
HIV/HSV exposure were differently shaped in the presence or
absence of complement molecules. These findings demonstrated
that the HSV-2 intracellular reprogramming enhances the
ability of HIV to infect DCs and provides a conditioned
microenvironment favorable for HIV transmission and the
establishment of infection.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the GEO—
accession GSE140612. Other raw data supporting the conclusions
of this manuscript will be made available by the authors, without
undue reservation, to any qualified researcher.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Swedish ethical review board Ethical
Permits M173-07, and M75-08/2008. Written informed
consent for participation was not required for this study
in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

EC, CS, and ML designed research. EC, RE, CS, PB, MK, JH,
and SN performed research. KE contributed new reagents and
analytic tools. KO, EC, RE, CS, KE, ES, and ML analyzed data. EC,
KE, CS, ES, and ML wrote the paper. ML supervised the project.

FUNDING

This work has been supported by: AI52731, The Swedish
Research Council, The Swedish Physicians against AIDS
Research Foundation, The Swedish International Development
Cooperation Agency, SIDA SARC, VINNMER for Vinnova,
Linképing University Hospital Research Fund, CALE, The
Swedish Society of Medicine, and Medical Research Council of
Southeast Sweden for ML.

ACKNOWLEDGMENTS

The computations for the RNAseq were performed on resources
provided by SNIC through Uppsala Multidisciplinary Center
for Advanced Computational Science (UPPMAX) under
project b2015293.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02889/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

19

December 2019 | Volume 10 | Article 2889


https://www.frontiersin.org/articles/10.3389/fimmu.2019.02889/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crisci et al.

HSV-2 Enables HIV-Infection in Dendritic Cells

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. WHO. HIV Statistics. (2019). Available online at: http://www.who.int/hiv/

data/en/

. Freeman EE, Weiss HA, Glynn JR, Cross PL, Whitworth JA, Hayes R].

Herpes simplex virus 2 infection increases HIV acquisition in men and
women: systematic review and meta-analysis of longitudinal studies. AIDS.
(2006) 20:73-83. doi: 10.1097/01.aids.0000198081.09337.a7

. Wald A, Link K. Risk of human immunodeficiency virus infection in herpes

simplex virus type 2-seropositive persons: a meta-analysis. J Infect Dis. (2002)
185:45-52. doi: 10.1086/338231

. Reynolds SJ. Role of HSV-2 suppressive therapy for HIV prevention. Future

Microbiol. (2009) 4:1095-7. doi: 10.2217/fmb.09.81

. Schiffer JT, Corey L. Rapid host immune response and viral dynamics

in herpes simplex virus-2 infection. Nat Med. (2013) 19:280-90.

doi: 10.1038/nm.3103

. Schiffer JT, Swan DA, Corey L, Wald A. Rapid viral expansion and short drug

half-life explain the incomplete effectiveness of current herpes simplex virus
2-directed antiviral agents. Antimicrob Agents Chemother. (2013) 57:5820-9.
doi: 10.1128/AAC.01114-13

. Schiffer JT, Swan DA, Magaret A, Schacker TW, Wald A, Corey L.

Mathematical modeling predicts that increased HSV-2 shedding in HIV-1
infected persons is due to poor immunologic control in ganglia and genital
mucosa. PLoS ONE. (2016) 11:€0155124. doi: 10.1371/journal.pone.0155124

. Marsden V, Donaghy H, Bertram KM, Harman AN, Nasr N, Keoshkerian

E, et al. Herpes simplex virus type 2-infected dendritic cells produce
TNF-alpha, which enhances CCR5 expression and stimulates HIV
production from adjacent infected cells. J Immunol. (2015) 194:4438-45.
doi: 10.4049/jimmunol.1401706

. de Jong MA, de Witte L, Taylor ME, Geijtenbeek TB. Herpes simplex virus

type 2 enhances HIV-1 susceptibility by affecting Langerhans cell function. J
Immunol. (2010) 185:1633-41. doi: 10.4049/jimmunol.0904137

Sartori E, Calistri A, Salata C, Del Vecchio C, Palu G, Parolin C. Herpes
simplex virus type 2 infection increases human immunodeficiency virus
type 1 entry into human primary macrophages. Virol J. (2011) 8:166.
doi: 10.1186/1743-422X-8-166

Rebbapragada A, Wachihi C, Pettengell C, Sunderji S, Huibner §,
Jaoko W, et al. Negative mucosal synergy between Herpes simplex
type 2 and HIV in the female genital tract. AIDS. (2007) 21:589-98.
doi: 10.1097/QAD.0b013e328012b896

Zhu ], Hladik F, Woodward A, Klock A, Peng T, Johnston C, et al. Persistence
of HIV-1 receptor-positive cells after HSV-2 reactivation is a potential
mechanism for increased HIV-1 acquisition. Nat Med. (2009) 15:886-92.
doi: 10.1038/nm.2006

Martinelli E, Tharinger H, Frank I, Arthos ], Piatak M Jr, Lifson JD, et al.
HSV-2 infection of dendritic cells amplifies a highly susceptible HIV-1 cell
target. PLoS Pathog. (2011) 7:¢1002109. doi: 10.1371/journal.ppat.1002109
Goode D, Truong R, Villegas G, Calenda G, Guerra-Perez N, Piatak M,
et al. HSV-2-driven increase in the expression of alpha4beta7 correlates with
increased susceptibility to vaginal SHIV(SF162P3) infection. PLoS Pathog.
(2014) 10:e1004567. doi: 10.1371/journal.ppat.1004567

de Jong MA, de Witte L, Oudhoff M]J, Gringhuis SI, Gallay P, Geijtenbeek TB.
TNF-alpha and TLR agonists increase susceptibility to HIV-1 transmission
by human Langerhans cells ex vivo. J Clin Invest. (2008) 118:3440-52.
doi: 10.1172/JCI34721

Bouhlal H, Chomont N, Haeffner-Cavaillon N, Kazatchkine MD, Belec
L, Hocini H. Opsonization of HIV-1 by semen complement enhances
infection of human epithelial cells. J Immunol. (2002) 169:3301-6.
doi: 10.4049/jimmunol.169.6.3301

Reis Machado J, da Silva MV, Cavellani CL, dos Reis MA, Monteiro
ML, Teixeira Vde P, et al. Mucosal immunity in the female genital tract,
HIV/AIDS. Biomed Res Int. (2014) 2014:350195. doi: 10.1155/2014/350195
Crisci E, Ellegard R, Nystrom S, Rondahl E, Serrander L, Bergstrom T, et al.
Complement opsonization promotes herpes simplex virus 2 infection of
human dendritic cells. J Virol. (2016) 90:4939-50. doi: 10.1128/JV1.00224-16
Stoiber H, Banki Z, Wilflingseder D, Dierich MP. Complement-HIV
interactions during all steps of viral pathogenesis. Vaccine. (2008) 26:3046-
54. doi: 10.1016/j.vaccine.2007.12.003

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ellegard R, Crisci E, Burgener A, Sjowall C, Birse K, Westmacott G, et al.
Complement opsonization of HIV-1 results in decreased antiviral and
inflammatory responses in immature dendritic cells via CR3. J Immunol.
(2014) 193:4590-601. doi: 10.4049/jimmunol.1401781

Bajtay Z, Speth C, Erdei A, Dierich MP. Cutting edge: productive
HIV-1 infection of dendritic complement  receptor
type 3 (CR3, CD11b/CD18). (2004) 173:4775-8.
doi: 10.4049/jimmunol.173.8.4775

Saifuddin M, Parker CJ, Peeples ME, Gorny MK, Zolla-Pazner §,
Ghassemi M, et al. Role of virion-associated glycosylphosphatidylinositol-
linked proteins CD55 and CD59 in complement resistance of cell line-
derived and primary isolates of HIV-1. J Exp Med. (1995) 182:501-9.
doi: 10.1084/jem.182.2.501

Bouhlal H, Chomont N, Requena M, Nasreddine N, Saidi H, Legoff ], et al.
Opsonization of HIV with complement enhances infection of dendritic cells
and viral transfer to CD4 T cells in a CR3 and DC-SIGN-dependent manner.
J Immunol. (2007) 178:1086-95. doi: 10.4049/jimmunol.178.2.1086
Melchjorsen J, Rintahaka J, Soby S, Horan KA, Poltajainen A, Ostergaard
L, et al. Early innate recognition of herpes simplex virus in human
primary macrophages is mediated via the MDA5/MAVS-dependent and
MDA5/MAVS/RNA polymerase III-independent pathways. J Virol. (2010)
84:11350-8. doi: 10.1128/JV1.01106-10

Roy A, Dutta D, Igbal ], Pisano G, Gjyshi O, Ansari MA, et al. Nuclear innate
immune DNA sensor IFI16 is degraded during lytic reactivation of Kaposi’s
sarcoma-associated herpesvirus (KSHV): role of IFI16 in maintenance of
KSHYV latency. J Virol. (2016) 90:8822-41. doi: 10.1128/JVI1.01003-16

Dutta D, Dutta S, Veettil MV, Roy A, Ansari MA, Igbal J, et al. BRCAl
regulates IFI16 mediated nuclear innate sensing of herpes viral DNA
and subsequent induction of the innate inflammasome and interferon-
p responses. PLoS Pathog. (2015) 11:e1005030. doi: 10.1371/journal.ppat.1
005030

Orzalli MH, Broekema NM, Diner BA, Hancks DC, Elde NC, Cristea IM,
et al. cGAS-mediated stabilization of IFI16 promotes innate signaling during
herpes simplex virus infection. Proc Natl Acad Sci USA. (2015) 112:E1773-
81. doi: 10.1073/pnas.1424637112

Hansen K, Prabakaran T, Laustsen A, Jorgensen SE, Rahbaek SH, Jensen
SB, et al. Listeria monocytogenes induces IFNB expression through an
TFI16-, cGAS- and STING-dependent pathway. EMBO J. (2014) 33:1654-66.
doi: 10.15252/embj.201488029

Gao D, WuJ, Wu YT, DuE, Aroh C, Yan N, et al. Cyclic GMP-AMP synthase
is an innate immune sensor of HIV and other retroviruses. Science. (2013)
341:903-6. doi: 10.1126/science.1240933

Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, Tengchuan
J, et al. IFI16 senses DNA forms of the lentiviral replication cycle and
controls HIV-1 replication. Proc Natl Acad Sci USA. (2013) 110:E4571-80.
doi: 10.1073/pnas.1311669110

Towers GJ, Noursadeghi M. Interactions between HIV-1 and the cell-
autonomous innate immune system. Cell Host Microbe. (2014) 16:10-8.
doi: 10.1016/j.chom.2014.06.009

Schon E, Harandi AM, Nordstrom I, Holmgren J, Eriksson K. Dendritic
cell vaccination protects mice against lethality caused by genital herpes
simplex virus type 2 infection. ] Reprod Immunol. (2001) 50:87-104.
doi: 10.1016/S0165-0378(00)00094-2

Rossio JL, Esser MT, Suryanarayana K, Schneider DK, Bess JW Jr, Vasquez
GM, et al. Inactivation of human immunodeficiency virus type 1 infectivity
with preservation of conformational and functional integrity of virion
surface proteins. J Virol. (1998) 72:7992-8001.

Kutsch O, Benveniste EN, Shaw GM, Levy DN. Direct and
quantitative single-cell analysis of human immunodeficiency virus
type 1 reactivation from latency. ] Virol. (2002) 76:8776-86.
doi: 10.1128/JV1.76.17.8776-8786.2002

Levy DN, Aldrovandi GM, Kutsch O, Shaw GM. Dynamics of HIV-1
recombination in its natural target cells. Proc Natl Acad Sci USA. (2004)
101:4204-9. doi: 10.1073/pnas.0306764101

Tjomsland V, Ellegard R, Che K, Hinkula J, Lifson JD, Larsson M.
Complement opsonization of HIV-1 enhances the uptake by dendritic cells
and involves the endocytic lectin and integrin receptor families. PLoS ONE.
(2011) 6:€23542. doi: 10.1371/journal.pone.0023542

cells via

] Immunol.

Frontiers in Immunology | www.frontiersin.org

20

December 2019 | Volume 10 | Article 2889


http://www.who.int/hiv/data/en/
http://www.who.int/hiv/data/en/
https://doi.org/10.1097/01.aids.0000198081.09337.a7
https://doi.org/10.1086/338231
https://doi.org/10.2217/fmb.09.81
https://doi.org/10.1038/nm.3103
https://doi.org/10.1128/AAC.01114-13
https://doi.org/10.1371/journal.pone.0155124
https://doi.org/10.4049/jimmunol.1401706
https://doi.org/10.4049/jimmunol.0904137
https://doi.org/10.1186/1743-422X-8-166
https://doi.org/10.1097/QAD.0b013e328012b896
https://doi.org/10.1038/nm.2006
https://doi.org/10.1371/journal.ppat.1002109
https://doi.org/10.1371/journal.ppat.1004567
https://doi.org/10.1172/JCI34721
https://doi.org/10.4049/jimmunol.169.6.3301
https://doi.org/10.1155/2014/350195
https://doi.org/10.1128/JVI.00224-16
https://doi.org/10.1016/j.vaccine.2007.12.003
https://doi.org/10.4049/jimmunol.1401781
https://doi.org/10.4049/jimmunol.173.8.4775
https://doi.org/10.1084/jem.182.2.501
https://doi.org/10.4049/jimmunol.178.2.1086
https://doi.org/10.1128/JVI.01106-10
https://doi.org/10.1128/JVI.01003-16
https://doi.org/10.1371/journal.ppat.1005030
https://doi.org/10.1073/pnas.1424637112
https://doi.org/10.15252/embj.201488029
https://doi.org/10.1126/science.1240933
https://doi.org/10.1073/pnas.1311669110
https://doi.org/10.1016/j.chom.2014.06.009
https://doi.org/10.1016/S0165-0378(00)00094-2
https://doi.org/10.1128/JVI.76.17.8776-8786.2002
https://doi.org/10.1073/pnas.0306764101
https://doi.org/10.1371/journal.pone.0023542
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crisci et al.

HSV-2 Enables HIV-Infection in Dendritic Cells

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al.
Accurate normalization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome Biol. (2002) 3:0034.
doi: 10.1186/gb-2002-3-7-research0034

Rieu I, Powers SJ. Real-time quantitative RT-PCR: design, calculations, and
statistics. Plant Cell. (2009) 21:1031-3. doi: 10.1105/tpc.109.066001
Babraham-bioinformatics. FastQC: A Quality Control Tool for High
Throughput Sequence Data. Cambridge: Babraham-Bioinformatics (2017).
Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics. (2014) 30:2114-20.
doi: 10.1093/bioinformatics/btul70

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-21.
doi: 10.1093/bioinformatics/bts635

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics.
(2014) 30:923-30. doi: 10.1093/bioinformatics/btt656

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

Goldwich A, Prechtel AT, Muhl-Zurbes P, Pangratz NM, Stossel H, Romani
N, et al. Herpes simplex virus type I (HSV-1) replicates in mature dendritic
cells but can only be transferred in a cell-cell contact-dependent manner. J
Leukoc Biol. (2011) 89:973-9. doi: 10.1189/j1b.0310180

Abaitua F Hollinshead M, Bolstad M, Crump CM, O’Hare P. A nuclear
localization signal in herpesvirus protein VP1-2 is essential for infection
via capsid routing to the nuclear pore. J Virol. (2012) 86:8998-9014.
doi: 10.1128/JVI1.01209-12

Mikloska Z, Bosnjak L, Cunningham AL. Immature monocyte-derived
dendritic cells are productively infected with herpes simplex virus
type 1. J Virol. (2001) 75:5958-64. doi: 10.1128/JV1.75.13.5958-596
4.2001

Gao G, Luo H. The ubiquitin-proteasome pathway in viral infections. Can |
Physiol Pharmacol. (2006) 84:5-14. doi: 10.1139/y05-144

Orzalli MH, DeLuca NA, Knipe DM. Nuclear IFI16 induction of IRF-
3 signaling during herpesviral infection and degradation of IFI16 by
the viral ICPO protein. Proc Natl Acad Sci USA. (2012) 109:E3008-17.
doi: 10.1073/pnas.1211302109

Liu Y, Li M, Zhang D, Zhang M, Hu Q. HSV-2 glycoprotein gD targets the
CC domain of tetherin and promotes tetherin degradation via lysosomal
pathway. Virol J. (2016) 13:154. doi: 10.1186/5s12985-016-0610-7

Ushijima Y, Luo C, Kamakura M, Goshima F, Kimura H, Nishiyama
Y. Herpes simplex virus UL56 interacts with and regulates the Nedd4-
family ubiquitin ligase Itch. Virol J. (2010) 7:179. doi: 10.1186/1743-422
X-7-179

Stefanidou M, Ramos I, Mas Casullo V, Trepanier JB, Rosenbaum §,
Fernandez-Sesma A, et al. Herpes simplex virus 2 (HSV-2) prevents dendritic
cell maturation, induces apoptosis, and triggers release of proinflammatory
cytokines: potential links to HSV-HIV synergy. J Virol. (2013) 87:1443-53.
doi: 10.1128/JVI1.01302-12

Sato A, Linehan MM, Iwasaki A. Dual recognition of herpes simplex viruses
by TLR2 and TLRY in dendritic cells. Proc Natl Acad Sci USA. (2006)
103:17343-8. doi: 10.1073/pnas.0605102103

Svensson A, Tunback P, Nordstrom I, Padyukov L, Eriksson K.
Polymorphisms in Toll-like receptor 3 confer natural resistance to
human herpes simplex virus type 2 infection. ] Gen Virol. (2012) 93:1717-24.
doi: 10.1099/vir.0.042572-0

Triantafilou K, Eryilmazlar D, Triantafilou M. Herpes simplex virus 2-
induced activation in vaginal cells involves Toll-like receptors 2 and 9 and
DNA sensors DAI and IFI16. Am J Obstet Gynecol. (2014) 210:122.e1-10.
doi: 10.1016/j.2j0g.2013.09.034

Paludan SR, Bowie AG, Horan KA, Fitzgerald KA. Recognition of
herpesviruses by the innate immune system. Nat Rev Immunol. (2011)
11:143-54. doi: 10.1038/nri2937

Christensen MH, Jensen SB, Miettinen JJ, Luecke S, Prabakaran T, Reinert
LS, et al. HSV-1 ICP27 targets the TBK1-activated STING signalsome to
inhibit virus-induced type I IEN expression. EMBO J. (2016) 35:1385-99.
doi: 10.15252/embj.201593458

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Aguirre S, Maestre AM, Pagni S, Patel JR, Savage T, Gutman D, et al. DENV
inhibits type I IFN production in infected cells by cleaving human STING.
PLoS Pathog. (2012) 8:e1002934. doi: 10.1371/journal.ppat.1002934

Konno H, Konno K, Barber GN. Cyclic dinucleotides trigger ULK1 (ATG1)
phosphorylation of STING to prevent sustained innate immune signaling.
Cell. (2013) 155:688-98. doi: 10.1016/j.cell.2013.09.049

Higgs R, Ni Gabhann J, Ben Larbi N, Breen EP, Fitzgerald KA, Jefferies
CA. The E3 ubiquitin ligase Ro52 negatively regulates IFN-beta production
post-pathogen recognition by polyubiquitin-mediated degradation of IRF3.
J Immunol. (2008) 181:1780-6. doi: 10.4049/jimmunol.181.3.1780

Cui J, Li Y, Zhu L, Liu D, Songyang Z, Wang HY, et al. NLRP4 negatively
regulates type I interferon signaling by targeting the kinase TBKI for
degradation via the ubiquitin ligase DTX4. Nat Immunol. (2012) 13:387-95.
doi: 10.1038/ni.2239

Tao ], Zhou X, Jiang Z. cGAS-cGAMP-STING: The three musketeers
of cytosolic DNA sensing and signaling. IUBMB Life. (2016) 68:858-70.
doi: 10.1002/iub.1566

Almine JE O’Hare CA, Dunphy G, Haga IR, Naik RJ, Atrih A, et al. IFI16 and
cGAS cooperate in the activation of STING during DNA sensing in human
keratinocytes. Nat Commun. (2017) 8:14392. doi: 10.1038/ncomms14392
Diner BA, Lum KK, Toettcher JE, Cristea IM. Viral DNA sensors IFI16 and
cyclic GMP-AMP synthase possess distinct functions in regulating viral gene
expression, immune defenses, and apoptotic responses during herpesvirus
infection. MBio. (2016) 7:¢01553-16. doi: 10.1128/mBi0.01553-16

Luecke S, Holleufer A, Christensen MH, Jonsson KL, Boni GA, Sorensen LK,
et al. cGAS is activated by DNA in a length-dependent manner. EMBO Rep.
(2017) 18:1707-15. doi: 10.15252/embr.201744017

Kaminski JJ, Schattgen SA, Tzeng TC, Bode C, Klinman DM, Fitzgerald KA.
Synthetic oligodeoxynucleotides containing suppressive TTAGGG motifs
inhibit AIM2 inflammasome activation. J Immunol. (2013) 191:3876-83.
doi: 10.4049/jimmunol.1300530

Steinhagen F, Zillinger T, Peukert K, Fox M, Thudium M, Barchet W,
et al. Suppressive oligodeoxynucleotides containing TTAGGG motifs inhibit
cGAS activation in human monocytes. Eur ] Immunol. (2018) 48:605-11.
doi: 10.1002/€ji.201747338

Li T, Chen J, Cristea IM. Human cytomegalovirus tegument protein pUL83
inhibits IFI16-mediated DNA sensing for immune evasion. Cell Host
Microbe. (2013) 14:591-9. doi: 10.1016/j.chom.2013.10.007

Biolatti M, Dell’'Oste V, Pautasso S, Gugliesi E von Einem J, Krapp C,
et al. Human cytomegalovirus tegument protein pp65 (pUL83) dampens
type I interferon production by inactivating the DNA sensor cGAS without
affecting STING. J Virol. (2018) 92:¢01774-17. doi: 10.1128/JV1.01774-17
Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING
pathway of cytosolic DNA sensing. Nat Immunol. (2016) 17:1142-9.
doi: 10.1038/ni.3558

Lau L, Gray EE, Brunette RL, Stetson DB. DNA tumor virus oncogenes
antagonize the cGAS-STING DNA-sensing pathway. Science. (2015)
350:568-71. doi: 10.1126/science.aab3291

Antonios D, Rousseau P, Larange A, Kerdine-Romer S, Pallardy M.
Mechanisms of IL-12 synthesis by human dendritic cells treated
with the chemical sensitizer NiSO4. ] Immunol. (2010) 185:89-98.
doi: 10.4049/jimmunol.0901992

Jonsson KL, Laustsen A, Krapp C, Skipper KA, Thavachelvam K, Hotter
D, et al. IFI16 is required for DNA sensing in human macrophages by
promoting production and function of cGAMP. Nat Commun. (2017)
8:14391. doi: 10.1038/ncomms14391

Hu Q, Frank I, Williams V, Santos JJ, Watts P, Griffin GE, et al. Blockade of
attachment and fusion receptors inhibits HIV-1 infection of human cervical
tissue. ] Exp Med. (2004) 199:1065-75. doi: 10.1084/jem.20022212

Zhou Z, Barry de Longchamps N, Schmitt A, Zerbib M, Vacher-
Lavenu MC, Bomsel M, et al. HIV-1 efficient entry in inner foreskin
is mediated by elevated CCL5/RANTES that recruits T cells and fuels
conjugate formation with Langerhans cells. PLoS Pathog. (2011) 7:¢1002100.
doi: 10.1371/journal.ppat.1002100

Tjomsland V, Ellegard R, Kjolhede P, Wodlin NB, Hinkula J, Lifson JD, et al.
Blocking of integrins inhibits HIV-1 infection of human cervical mucosa
immune cells with free and complement-opsonized virions. Eur | Immunol.
(2013) 43:2361-72. doi: 10.1002/€ji.201243257

Frontiers in Immunology | www.frontiersin.org

21

December 2019 | Volume 10 | Article 2889


https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1105/tpc.109.066001
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1189/jlb.0310180
https://doi.org/10.1128/JVI.01209-12
https://doi.org/10.1128/JVI.75.13.5958-5964.2001
https://doi.org/10.1139/y05-144
https://doi.org/10.1073/pnas.1211302109
https://doi.org/10.1186/s12985-016-0610-7
https://doi.org/10.1186/1743-422X-7-179
https://doi.org/10.1128/JVI.01302-12
https://doi.org/10.1073/pnas.0605102103
https://doi.org/10.1099/vir.0.042572-0
https://doi.org/10.1016/j.ajog.2013.09.034
https://doi.org/10.1038/nri2937
https://doi.org/10.15252/embj.201593458
https://doi.org/10.1371/journal.ppat.1002934
https://doi.org/10.1016/j.cell.2013.09.049
https://doi.org/10.4049/jimmunol.181.3.1780
https://doi.org/10.1038/ni.2239
https://doi.org/10.1002/iub.1566
https://doi.org/10.1038/ncomms14392
https://doi.org/10.1128/mBio.01553-16
https://doi.org/10.15252/embr.201744017
https://doi.org/10.4049/jimmunol.1300530
https://doi.org/10.1002/eji.201747338
https://doi.org/10.1016/j.chom.2013.10.007
https://doi.org/10.1128/JVI.01774-17
https://doi.org/10.1038/ni.3558
https://doi.org/10.1126/science.aab3291
https://doi.org/10.4049/jimmunol.0901992
https://doi.org/10.1038/ncomms14391
https://doi.org/10.1084/jem.20022212
https://doi.org/10.1371/journal.ppat.1002100
https://doi.org/10.1002/eji.201243257
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crisci et al.

HSV-2 Enables HIV-Infection in Dendritic Cells

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Reis ES, Mastellos DC, Hajishengallis G, Lambris JD. New insights into the
immune functions of complement. Nat Rev Immunol. (2019) 19:503-16.
doi: 10.1038/s41577-019-0168-x

Bertram KM, Botting RA, Baharlou H, Rhodes JW, Rana H, Graham JD, et al.
Identification of HIV transmitting CD11c(+) human epidermal dendritic
cells. Nat Commun. (2019) 10:2759. doi: 10.1038/s41467-019-10697-w
Cuchet-Lourenco D, Anderson G, Sloan E, Orr A, Everett RD. The viral
ubiquitin ligase ICPO is neither sufficient nor necessary for degradation of
the cellular DNA sensor IFI16 during herpes simplex virus 1 infection. J Virol.
(2013) 87:13422-32. doi: 10.1128/JV1.02474-13

Esclatine A, Taddeo B, Roizman B. The UL41 protein of herpes simplex virus
mediates selective stabilization or degradation of cellular mRNAs. Proc Natl
Acad Sci USA. (2004) 101:18165-70. doi: 10.1073/pnas.0408272102

Shen G, Wang K, Wang S, Cai M, Li ML, Zheng C. Herpes simplex virus 1
counteracts viperin via its virion host shutoff protein UL41. J Virol. (2014)
88:12163-6. doi: 10.1128/JVI1.01380-14

Zenner HL, Mauricio R, Banting G, Crump CM. Herpes simplex virus 1
counteracts tetherin restriction via its virion host shutoff activity. J Virol.
(2013) 87:13115-23. doi: 10.1128/JV1.02167-13

McCaskill JL, Ressel S, Alber A, Redford J, Power UF, Schwarze J, et al. Broad-
spectrum inhibition of respiratory virus infection by microRNA mimics
targeting p38 MAPK signaling. Mol Ther Nucleic Acids. (2017) 7:256-66.
doi: 10.1016/j.0mtn.2017.03.008

Deschamps T, Kalamvoki M. Extracellular vesicles released by herpes simplex
virus 1 infected cells block virus replication in recipient cells in a STING-
dependent manner. J Virol. (2018) 92:e01102-18. doi: 10.1128/JV1.01102-18
Skouboe MK, Knudsen A, Reinert LS, Boularan C, Lioux T, Perouzel E, et al.
STING agonists enable antiviral cross-talk between human cells and confer
protection against genital herpes in mice. PLoS Pathog. (2018) 14:¢1006976.
doi: 10.1371/journal.ppat.1006976

Fang R, Wang C, Jiang Q, Lv M, Gao P, Yu X, et al. NEMO-IKKP are essential
for IRF3 and NF-«kB activation in the cGAS-STING pathway. J Immunol.
(2017) 199:3222-33. doi: 10.4049/jimmunol.1700699

Abe T, Barber GN. Cytosolic-DNA-mediated, STING-dependent
proinflammatory  gene  induction  necessitates  canonical =~ NF-
kappaB activation through TBKI1. ] Virol. (2014) 88:5328-41.

doi: 10.1128/JVI1.00037-14

Kato K, Ishii R, Goto E, Ishitani R, Tokunaga E Nureki O. Structural and
functional analyses of DNA-sensing and immune activation by human cGAS.
PL0oS ONE. (2013) 8:76983. doi: 10.1371/journal.pone.0076983

Yan N, Regalado-Magdos AD, Stiggelbout B, Lee-Kirsch MA, Lieberman J.
The cytosolic exonuclease TREX1 inhibits the innate immune response to
human immunodeficiency virus type 1. Nat Immunol. (2010) 11:1005-13.
doi: 10.1038/ni.1941

Altfeld M, Gale M Jr. Innate immunity against HIV-1 infection. Nat
Immunol. (2015) 16:554-62. doi: 10.1038/ni.3157

Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C,
Segeral E, et al. SAMHDI1 is the dendritic- and myeloid-cell-specific
HIV-1 restriction factor counteracted by Vpx. Nature. (2011) 474:654-7.
doi: 10.1038/nature10117

Hertoghs N, van der Aar AM, Setiawan LC, Kootstra NA, Gringhuis
SI, Geijtenbeek TB. SAMHDI1 degradation enhances active suppression
of dendritic cell maturation by HIV-1. ] Immunol. (2015) 194:4431-7.
doi: 10.4049/jimmunol.1403016

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Kim ET, White TE, Brandariz-Nunez A, Diaz-Griffero F, Weitzman
MD. SAMHDI restricts herpes simplex virus 1 in macrophages by
limiting DNA replication. ] Virol. (2013) 87:12949-56. doi: 10.1128/JVI.0
2291-13

Reszka N, Zhou C, Song B, Sodroski JG, Knipe DM. Simian TRIM5a proteins
reduce replication of herpes simplex virus. Virology. (2010) 398:243-50.
doi: 10.1016/j.virol.2009.11.041

Gonugunta VK, Sakai T, Pokatayev V, Yang K, Wu J, Dobbs N, et al.
Trafficking-mediated STING degradation requires sorting to acidified
endolysosomes and can be targeted to enhance anti-tumor response. Cell
Rep. (2017) 21:3234-42. doi: 10.1016/j.celrep.2017.11.061

Christensen MH, Paludan SR. Viral evasion of DNA-stimulated
innate immune responses. Cell Mol Immunol. (2017) 14:4-13.
doi: 10.1038/cmi.2016.06

Aguirre S, Luthra P, Sanchez-Aparicio MT, Maestre AM, Patel ], Lamothe E,
et al. Dengue virus NS2B protein targets cGAS for degradation and prevents
mitochondrial DNA sensing during infection. Nat Microbiol. (2017) 2:17037.
doi: 10.1038/nmicrobiol.2017.37

Sun C, Schattgen SA, Pisitkun P, Jorgensen JP, Hilterbrand AT, Wang L],
et al. Evasion of innate cytosolic DNA sensing by a gammaherpesvirus
facilitates establishment of latent infection. J Immunol. (2015) 194:1819-31.
doi: 10.4049/jimmunol.1402495

Wu JJ, Li W, Shao Y, Avey D, Fu B, Gillen J, et al. Inhibition of cGAS DNA
sensing by a herpesvirus virion protein. Cell Host Microbe. (2015) 18:333-44.
doi: 10.1016/j.chom.2015.07.015

Rasaiyaah J, Tan CP, Fletcher AJ, Price AJ, Blondeau C, Hilditch L, et al. HIV-
1 evades innate immune recognition through specific cofactor recruitment.
Nature. (2013) 503:402-5. doi: 10.1038/nature12769

Harman AN, Lai J, Turville S, Samarajiwa S, Gray L, Marsden V, et al.
HIV infection of dendritic cells subverts the IFN induction pathway via
IRF-1 and inhibits type 1 IFN production. Blood. (2011) 118:298-308.
doi: 10.1182/blood-2010-07-297721

Harman AN, Nasr N, Feetham A, Galoyan A, Alshehri AA, Rambukwelle
D, et al. HIV blocks interferon induction in human dendritic cells
and macrophages by dysregulation of TBK1. J Virol. (2015) 89:6575-84.
doi: 10.1128/JV1.00889-15

Gringhuis SI, Hertoghs N, Kaptein TM, Zijlstra-Willems EM, Sarrami-
Forooshani R, Sprokholt JK, et al. HIV-1 blocks the signaling adaptor MAVS
to evade antiviral host defense after sensing of abortive HIV-1 RNA by
the host helicase DDX3. Nat Immunol. (2017) 18:225-35. doi: 10.1038/
ni.3647

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Crisci, Svanberg, Ellegdrd, Khalid, Hellblom, Okuyama,
Bhattacharya, Nystrom, Shankar, Eriksson and Larsson. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

22

December 2019 | Volume 10 | Article 2889


https://doi.org/10.1038/s41577-019-0168-x
https://doi.org/10.1038/s41467-019-10697-w
https://doi.org/10.1128/JVI.02474-13
https://doi.org/10.1073/pnas.0408272102
https://doi.org/10.1128/JVI.01380-14
https://doi.org/10.1128/JVI.02167-13
https://doi.org/10.1016/j.omtn.2017.03.008
https://doi.org/10.1128/JVI.01102-18
https://doi.org/10.1371/journal.ppat.1006976
https://doi.org/10.4049/jimmunol.1700699
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1371/journal.pone.0076983
https://doi.org/10.1038/ni.1941
https://doi.org/10.1038/ni.3157
https://doi.org/10.1038/nature10117
https://doi.org/10.4049/jimmunol.1403016
https://doi.org/10.1128/JVI.02291-13
https://doi.org/10.1016/j.virol.2009.11.041
https://doi.org/10.1016/j.celrep.2017.11.061
https://doi.org/10.1038/cmi.2016.06
https://doi.org/10.1038/nmicrobiol.2017.37
https://doi.org/10.4049/jimmunol.1402495
https://doi.org/10.1016/j.chom.2015.07.015
https://doi.org/10.1038/nature12769
https://doi.org/10.1182/blood-2010-07-297721
https://doi.org/10.1128/JVI.00889-15
https://doi.org/10.1038/ni.3647
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	HSV-2 Cellular Programming Enables Productive HIV Infection in Dendritic Cells
	Introduction
	Materials and Methods
	Reagents
	Monocyte-Derived DCs and THP1 Cell Culture
	Virus Propagation and Titration
	Generation of GFP Reporter CCR5-Tropic Virus
	Opsonization of HSV-2 and HIV
	HSV-2 and HIV Infection of DCs
	Total RNA Extraction, Reverse Transcription, and qPCR
	ELISA and Cytometric Bead Array
	Flow Cytometry
	Ligands and Inhibitors
	RNAseq
	Statistical Analysis

	Results
	HSV-2 Conditioning of Human DCs Rendered Them More Susceptible to HIV Infection
	Distinct Cellular Programming Was Induced in DCs by the Different HIV and HSV-2 Infection Conditions
	Inflammatory Factors Were Highly Elevated in Dual HSV-2 and HIV Exposed DCs
	HIV/HSV Exposure Induced Higher Expression of Several Antiviral Factors Including IFN-β in the DCs Compared to Exposure With HIV Alone
	HSV-2 Augmentation of HIV Infection in DCs Required Intact HSV-2 DNA Structure
	Intracellular HSV-Derived PAMPs Are the Major Factors Involved in the Enhanced HIV Infection of DCs
	Dual HSV/HIV Exposure of DCs Activated and Subsequently Decreased the Protein Levels of Cytosolic DNA Sensors and Factors Involved in Their Signaling Pathways
	Activation of the STING Pathway Was Needed for the Enhanced HIV Infection of DCs Induced by HSV-2
	The Enhanced HIV Infection in DCs Conditioned With HSV-2 Was Probably Due to the Decreased Levels of HIV Regulatory Factors as a Consequence of the Activation of the cGAS-STING Pathway

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


