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Summary

Myeloid dendritic cells (DCs) have the innate capacity to sense pathogens and orchestrate immune 

responses. However, DCs do not mount efficient immune responses to HIV-1, primarily due to 

restriction of virus reverse transcription, which prevents accumulation of viral cDNA and limits its 

detection through the cGAS-STING pathway. By allowing reverse transcription to proceed, we 

find that DCs detect HIV-1 in distinct phases, before and after virus integration. Blocking 

integration suppresses, but does not abolish, activation of the transcription factor IRF3, 

downstream interferon (IFN) responses, and DC maturation. Consistent with two stages of 

detection, HIV-1 “primes” chromatin accessibility of innate immune genes before and after 

integration. Once primed, robust IFN responses can be unmasked by agonists of the innate adaptor 

protein, MyD88, through a process that requires cGAS, STING, IRF3, and NF-B. Thus, HIV-1 

replication increases material available for sensing and discrete inflammatory inputs tune cGAS 

signaling to drive DC maturation.
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eTOC Blurb

Parameters regulating the innate immune response to HIV-1 remain unclear. Johnson et al. 

elucidate how dendritic cells sense HIV-1 in two stages. They demonstrate that cGAS/STING 

signaling can be tuned through unrelated pathways to unmask interferon responses before and 

after HIV-1 integration.
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Introduction

Generation of type I IFN responses during viral infection hinges on the cellular recognition 

of viral components by host-encoded pattern recognition receptors. Activation of these 

innate immune receptors or “sensors” leads to phosphorylation of adaptor proteins and 

transcription factors that drive IFN and IFN-stimulated gene (ISG) expression to protect the 

host (Cao, 2016; Ivashkiv and Donlin, 2014). In the case of lentiviral infection, under the 

right conditions, viral RNA, reverse-transcribed cDNA, or viral proteins have been reported 

to trigger IFN responses through these sensors (Beignon et al., 2005; Gringhuis et al., 2010; 

Jakobsen et al., 2013; Manel et al., 2010; Monroe et al., 2014; Pertel et al., 2011). While 

IFNs and many ISGs contribute to blocking transmission of HIV-1 and SIV, innate responses 

are insufficient for protection during natural infection (Sandler et al., 2014; Schoggins et al., 

2011). During the chronic phase of HIV-1 pathogenesis, IFN responses are dysregulated and 

heightened ISG expression correlates with disease progression (Fernandez et al., 2011; 

Sandler et al., 2014). Thus, identifying the cellular parameters that govern timely and 

effective innate responses to HIV-1 is of considerable interest.
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DCs are among the first cells to contact lentiviruses during transmission and express a 

constellation of pathogen sensors that enable IFN and inflammatory cytokine production 

(Iijima & Iwasaki 2008). Although myeloid DCs express the cellular receptors for HIV-1, 

CD4 and CCR5, and can internalize virus, the majority of these cells are not productively 

infected and do not efficiently detect HIV-1 during entry (Granelli-Piperno et al., 2004; 

Manel et al., 2010; Smed-Sorensen et al., 2005). This is largely due to DCs expressing high 

levels of the restriction factor, SAMHD1, a nucleotide phosphohydrolase that prevents 

reverse transcription of retroviruses (Hrecka et al., 2011; Laguette et al., 2011). Other 

lentiviruses, such as HIV-2 or SIV, package the accessory protein, Vpx, which targets 

SAMHD1 for degradation through the ubiquitinproteasome system and counteracts its 

restriction. Delivering Vpx to DCs in trans with HIV-1 serves as a model for studying HIV-

driven immune responses, as it enables reverse transcription to proceed and permits efficient 

infection, leading to IFN production and DC maturation (Gao et al., 2013; Lahaye et al., 

2013; Manel et al., 2010; Yoh et al., 2015).

In DCs, the key molecule that initiates immune responses during retroviral infection is the 

cytoplasmic DNA sensor, cyclic GMP-AMP synthase (cGAS) (Gao et al., 2013). Together 

with proximal factors such as IFI16 and PQBP1, cGAS senses reverse transcribed viral 

cDNA and catalyzes the synthesis of the second messenger, cyclic GMP-AMP (cGAMP) 

(Jonsson et al., 2017; Yoh et al., 2015). cGAMP then binds and activates the adaptor protein, 

STING, which undergoes a conformational change, is phosphorylated at Ser366, and traffics 

from the endoplasmic reticulum (ER) to the ER-Golgi intermediate compartment where it 

phosphorylates TANK-binding kinase 1 (TBK1) (Liu et al., 2015). TBK1 subsequently 

phosphorylates the transcription factor, Interferon Regulatory Factor 3 (IRF3), leading to its 

dimerization, nuclear entry, and the induction of type I IFN. While cGAS appears to be 

critical for generating IRF3-dependent immune responses during retroviral infection in DCs, 

it is unclear what circumstances permit cGAS to detect HIV-1 before it integrates into host 

DNA, or after integration during productive replication.

In agreement with the latter concept, several reports indicate that sensing of HIV-1 infection, 

type I IFN production, and cell activation, do not occur until integration has taken place 

(Lahaye et al., 2013; Manel et al., 2010; Vermeire et al., 2016). In permissive cells, reverse 

transcription of HIV-1 proceeds inside the capsid, a protective mechanism that likely evolved 

to shield the cDNA during entry. Mutations that destabilize the capsid can trigger innate 

immune sensing before integration through a process that is regulated by capsid interactions 

with the cellular proteins cyclophilin A (in DCs) and CPSF6 (in macrophages) (Lahaye et 

al., 2013; Rasaiyaah et al., 2013). HIV-1 cDNA that escapes into the cytosol before 

integration can be targeted by a ubiquitously expressed host exonuclease, TREX1, which 

degrades cytoplasmic DNA and limits cGAS sensing (Yan et al., 2010). Interestingly, in 

other experimental systems, HIV-1 can elicit innate responses prior to integration, with IRF3 

phosphorylation and ISG production being triggered to the same degree with replicating 

virus as they are in the presence of integrase inhibitors (Gao et al., 2013; Yoh et al., 2015). 

As all of these reports are well supported, we set out to conciliate their findings and further 

elucidate the conditions that authorize IFN signaling during HIV-1 infection in DCs.
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Here, we have examined whether HIV-1 is sensed in human DCs before or after integration 

using antiretroviral drugs and virus mutants to separate stages of the HIV-1 life cycle. We 

report that HIV-1 cDNA is detected at low levels prior to integration and that HIV-1 

replication increases the efficiency of cGAS-mediated sensing by an order of magnitude. 

Additionally, we have demonstrated that HIV-1 infection in DCs leads to alterations in host 

chromatin that reflect two stages of an IFN response. Increasing the multiplicity of infection 

(MOI), increasing the availability of IRF3, or providing secondary innate stimulation 

through cGAS-independent pathways, can dramatically enhance the IFN signal that is 

triggered by preintegration material. Using shRNA knockdowns in DCs and CRISPR 

perturbations in THP-1 monocytic cells we demonstrate that IFN responses depend on 

cGAS, STING, and IRF3, but not IRFs 1, 5, or 7, or several other molecules involved in 

sensing DNA and RNA. Our studies support the hypothesis that HIV-1 replication increases 

the amount of material available for sensing and indicate that the cGAS-STING axis can be 

tuned by unrelated inflammatory signals to unmask robust IFN responses prior to 

integration.

Results

DCs mount an innate immune response to HIV-1 at steps before and after integration

To assess the extent to which DCs have the capacity to sense HIV-1 before or after 

integration, we infected immature monocyte-derived DCs with a single-cycle HIV-1 reporter 

virus (HIV-GFP) in the presence of Vpx and used antiretroviral drugs or viral mutants to 

interrogate how steps of the virus life cycle intersect with the innate response (Figure 1A). 

We tracked changes in DC activation status, IFN production, ISG expression, and 

phosphorylation of key signaling molecules. As found previously (Manel et al., 2010), 

immature DCs infected with HIV-GFP became mature (Figures 1B and S1A), with the 

majority of cells scoring positive for GFP and expression of the costimulatory molecule, 

CD86, by 48 h. As expected, blocking reverse transcription with Efavirenz (EFV), 

completely suppressed activation of DCs (Figure 1B). However, blocking integration with 

Raltegravir (RAL) did not fully inhibit CD86 induction, suggesting that the innate response 

was partially engaged after reverse transcription but before virus replication.

To rule out the possibility that partial activation could be the result of incomplete drug 

penetrance, we next tested HIV-GFP containing a mutation in integrase (IN-D116A). Similar 

to our results with RAL, we found IN-D116A led to partial induction of CD86 (Figure 1C). 

Residual GFP expression observed after HIV-GFP infection in the presence of RAL or with 

IN-D116A (Figures 1B-1E) is consistent with the fact that non-integrated episomes are 

known to be sources for limited transcription of early viral genes, but are deficient in 

transcription of gag-pol (Sloan and Wainberg, 2011). DCs were also only partially activated 

by HIV-GFP containing mutations in Gag (ΔGag) or by a non-replicating, integration-

competent lentivector (LKO-GFP), supporting the hypothesis that newly synthesized capsid 

protein is important for DC maturation (Manel et al., 2010).

As DC maturation during HIV-1 infection is linked with the IFN response, we next plotted 

infection, CD86 induction, and type I IFN activity for multiple donors. Blocking integration 

with RAL reduced IFN activity, similar to infections with IN-D116A, ΔGag, and LKO-GFP 
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compared to HIV-GFP (Figures 1D-E), with IFN activity positively correlating with CD86 

(Figure 1F). We verified that virus entry was not compromised in the presence of drugs by 

measuring intracellular p24 (Figure 1G), and as expected, RAL inhibited expression of viral 

RNA, but not accumulation of reverse-transcribed DNA (Figure S1B). Together, these 

findings support the concept that the innate response during HIV infection occurs in two 

phases, before and after integration.

Activation of the transcription factor IRF3 is crucial for generating the first wave of type I 

IFN during an innate response (Sato et al., 1998). At 24 h post infection, IRF3 

phosphorylation was completely blocked by EFV, but was still detectable in the presence of 

RAL (Figure S1C). We next asked if differences in IRF3 activation and nuclear trafficking 

persisted over time, noting similar levels of STING and TBK1 phosphorylation under 

conditions of drug pressure. Phosphorylation and nuclear translocation of IRF3 increased as 

infection progressed to 32 h (Figure S1D), and this response, while still evident, was 

suppressed in RAL-treated samples, particularly at later time points. Downstream of IRF3 

activation, early production and secretion of the type I IFN, IFN-beta (encoded by the gene, 

IFNB1), can signal in an autocrine and paracrine fashion through IFN receptors (IFNAR1/2) 

to activate canonical IFN signaling through the JAK/STAT pathway, which further amplifies 

IFN and ISG expression (Ivashkiv and Donlin, 2014). In the presence of RAL, we could 

observe STAT1 phosphorylation and induction of the ISGs, IRF1 and IRF7, although this 

response was lower than with HIV-GFP and reflected reduced phosphorylation of IRF3 

(Figure S1D).

As ISG expression can be a more sensitive readout of IFN signaling than immuno blotting 

for pathway proteins, we next tested expression levels of ISG15, an early ISG induced to 

high levels during an IFN response. EFV completely inhibited its induction, but RAL only 

did so in part (Figure S1E). In accordance with several studies reporting that wild type 

HIV-1 evades innate immune responses (Gringhuis et al., 2017; Rasaiyaah et al., 2013; 

SmedSorensen et al., 2005), we did not observe significant changes in ISG15 expression in 

DCs infected with CD4/CCR5-tropic, replication competent HIV-1, even in productively 

infected cultures (Figure S1F). To circumvent the suppressive effects associated with wild 

type HIV-1 infection, we proceeded using HIV-GFP to better understand the threshold of the 

innate response. Using cell-based bioassays, we found that type I IFN activity and NF-κB 

activity in DC supernatants was dependent on the amount of virus added (Figure S2A, S2B). 

At high MOI we could detect IFN, but not NF-κB activity in the presence of RAL. Together, 

these results support the notion that myeloid cells have the capacity to sense HIV before and 

after integration.

Replication of HIV-1 leads to elaboration of type I IFN responses

To develop an unbiased view of the innate response occurring before and after integration, 

we sought to explore the transcriptional response on a genome-wide scale. Blocking 

integration with RAL inhibited both the induction of up-regulated transcripts and the 

repression of down-regulated transcripts, which were associated with pathways involved in 

IFN signaling and metabolism, respectively (Figures 2A-B; S2C-D). Inspection of individual 

genes revealed dramatic induction of ISGs during infection (eg: ISG15, CXCL10, ISG20, 
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HES4, IRF7, and APOBEC3A) and interferons, themselves (IFNB1, IFNL1), beginning at 

8–16 h after infection (Figures S2E-F), coinciding with activation of IRF3 (Figure S1D).

Fitting our data to a linear model enabled us to determine slopes for transcriptional changes 

over time (Table S1). IFNB1, IFNL1, and CXCL10 displayed strikingly lower slopes when 

integration was blocked (Table S1; Figure 2A; S2E). Transcription factor motifs for IRF 

family members and the canonical NF-κB family member, RELA, were enriched in 

promoter regions of top-ranking genes (Figure 2C). Fittingly, we found “response to virus”, 

“response to type I IFN”, and “type I IFN signaling pathway” to be among the top scoring 

Gene Ontology (GO) Biological Processes associated with these genes (Figure 2D). We 

hypothesized that if the strength of the IFN signal was a function of the amount of viral 

material available for sensing, then simply increasing virus MOI in the presence of RAL 

could meet or exceed the level of innate activation associated with HIV-GFP replication at 

early time points. Indeed, increasing MOI of HIV-GFP in the presence of RAL potentiated 

expression and rate of induction of bioactive type I IFN (Figure 2E). We observed donor-to-

donor variation in the innate response that may be the result of differences in baseline gene 

expression, but blocking integration reduced IFN output longitudinally under many 

conditions. Importantly, we see induction of IFN and ISG transcripts occurring as early as 

8–16 h after infection (Figures S2E-F), time points where the majority of DCs are not yet 

producing new viral components (Figure S1A). These results bring clarity to previous 

evidence of both pre- and post-integration sensing of HIV in complementary experimental 

models (Gao et al., 2013; Manel et al., 2010). Thus, DCs have the capacity to respond to 

HIV-1 prior to integration and virus replication increases the efficiency of sensing and 

elaborates IFN output.

Changes in chromatin accessibility in DCs infected with HIV-1 indicate the presence of 
virus and reflect a primed type I IFN response.

To determine whether infection leads to changes in accessible chromatin that might inform 

the transcriptional response and reflect IRF and NF-κB activation, we infected DCs in the 

presence of Vpx and performed an assay for transposase-accessible chromatin (ATAC-seq) 

at 16, 32, and 48 h on sorted cells from three independent donors (Figure 3A, 3B; S3A). 

ATACseq peaks representing open chromatin were observed across the genome with many 

peaks corresponding to transcription start sites (TSS) (Figure 3C and Table S2). Global 

assessment of gene-associated peaks revealed that Viral Infection (z-score = 12.47, p = 

9.47E-19), Infection by an RNA virus (z-score = 12.32, p = 3.5E-11), and Infection by 

HIV-1 (z-score = 12.12, p = 7.97E-10) were the top scoring Diseases and Biological 

Functions (Figure S3B), and implicated roles for IFN, JAK/STAT, and inflammatory signal 

cascades (Figure S3C). Additionally, the top upstream regulators of gene-associated peaks 

were predicted to be IRF family members, NF-B factors, and type I and type III IFNs 

(Figure 3D).

In order to visualize how genome-wide changes in open chromatin track with changes in 

gene expression, we plotted changes in transcript values vs. changes in ATAC-seq TSS peak 

values (Figure 3E). At 32 h after infection, a time point when we observe strong ISG 

expression, the majority of transcripts and TSS peak values remained unchanged (dense blue 
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regions centered at 0), but many ISGs were positioned in the upper right regions of the plots, 

suggesting that chromatin opening correlates with ISG induction. When viewing individual 

peaks at the gene level, we could observe changes in open chromatin across the ATAC-seq 

time series for several ISGs (ISG15, ISG20, HES4, IRF7, PIM3, APOBEC3A, and IFIT3) 

compared to housekeeping controls (Figures 3F; S3D). RAL suppressed, but did not 

completely abolish the increase in chromatin accessibility at these ISG promoters during 

HIV-GFP infection. Given that we could observe progressive chromatin opening at peaks 

corresponding with known ChIP-seq binding sites for NF-κB/RELA, IRF3, and STAT1 

(Figures S3D; 3F), we hypothesized that low levels of innate sensing might “prime” IFN 

signaling that could be unmasked by unrelated stimuli.

Cytoplasmic DNA primes a type I IFN response that can be boosted by unrelated stimuli

The lack of a robust IFN response to HIV-1 in DCs is thought to be a major obstacle to 

vaccine development (Luban, 2012). Therefore, identifying cellular parameters that increase 

cGAS-STING signaling and unmask IFN responses to HIV-1 before integration could prove 

clinically beneficial. To determine if secondary stimulation could increase IFN production 

and DC activation during HIV-GFP infection, we infected DCs with HIV-GFP at low MOI 

and then challenged with a battery of classic innate agonists. Two agents that are known to 

stimulate IFN production, polyI:C and LPS, potentiated IFN and CD86 expression during 

HIV-GFP infection at concentrations below those needed drive robust IFN on their own 

(Figures S4A and S4B).

Surprisingly, upon testing several TLR agonists that are restricted to MyD88 signaling and 

typically do not lead to IFN production in myeloid cells (PAM2, PAM3, Flagellin, and 

R848), we found that these also “boosted” IFN production and cell activation during HIV-

GFP infection (Figures S4A and S4B). In attempt to identify the stage of infection that 

enabled the IFN boost following MyD88 stimulation, we exposed DCs to HIV-GFP and 

antiretroviral drugs to inhibit reverse transcriptase (EFV or Zidovudine (AZT)), integrase 

(RAL), or protease (Amprenavir (AMP) or Saquinavir (SAQ)), and found that reverse 

transcriptase inhibitors, but not later-acting antiretrovirals or neutralizing antibodies to the 

type I IFN receptor (αIFNAR), blocked the ability of R848 to potentiate IFN (Figures 4A 

and 4B). R848 boosted IFN in a progressive fashion starting at 16 h after infection for both 

HIV-GFP and HIV-GFP + RAL conditions (Figures 4C, 4D). As expected, R848 stimulated 

NF-κB activity, but HIV-GFP at low MOI did not significantly impact NF-κB over the 

course of this assay (see also Figure S2B). The kinetics of the IFN boost appear to track with 

the timing of IRF3 phosphorylation (Figure S1D) and are in agreement with a model where 

HIV-1 reverse transcription products accumulate over the course of infection, trigger cGAS-

STING activation, and prime type I IFN responses.

Moreover, we found that HIV-mediated priming of IFN was dependent on Vpx (Figure 

S4C), supporting that hypothesis that sensing requires reverse transcription. R848 also 

boosted IFN after first priming DCs with the IN-D116A and ΔGag mutants (Figure S4D), 

which is consistent with partial sensing of HIV-1 at a point between reverse transcription and 

integration (Figures 1C and 1E). Notably, we found that HIV-mediated priming could be 

recapitulated by introducing low levels of the STING agonist, 2’,3’-linked cGAMP, which 
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bypassed the requirement for reverse transcription and functioned independently of Vpx 

(Figures 4E; S4C). After first priming with cGAMP, stimulation of MyD88 with either R848 

or PAM3 increased expression of IFNB1, IFNL1, and CXCL10 (Figures 4F; S4E), yet 

expression of IL1B was not impacted by cGAMP priming, suggesting that MyD88 

stimulation enhances IFN signaling, but not vice versa. Priming with cGAMP and boosting 

with R848 increased bioactive type I IFN in DC supernatants by 1–2 log orders, and this 

effect was insensitive to reverse transcriptase inhibitors (Figure 4G). Similar to mammalian 

2’3’-linked cGAMP, we found that bacterial 3’,3’linked cGAMP was also able to prime IFN 

responses (Figure 4H). Additionally, we found that R848 could not operate as both a 

“prime” and “boost” agent and DCs treated with recombinant type I IFNs were not 

susceptible to an R848 mediated boost in IFN production (Figure 4H).

Perhaps most noteworthy, is that R848 could trigger IFN production in DC cultures infected 

with CD4/CCR5-tropic, replication competent HIV-1, despite the virus failing to drive an 

IFN response on its own under these conditions (Figures 4I; S1F). As a control for the 

specificity of the IFN bioassay, reporter virus and other innate agonists did not stimulate IFN 

activity when directly added to indicator cells, illustrating that exposure to DCs is required 

(Figure S4F). Considering that HIV replication might increase the amount of cytoplasmic 

DNA accessible for sensing and consequently increase levels of cGAMP, we also questioned 

whether cGAMP could work as effectively as TLR agonists to boost IFN output. To test this, 

we primed DCs with low amounts of HIV-GFP before administering increasing amounts of 

cGAMP, which revealed that cGAMP is not as effective as PAM3 or R848 at potentiating 

type I IFN responses (Figure S4G). These results highlight how activation of unrelated 

pathways can potently unmask cell intrinsic IFN responses.

The cGAS-STING pathway is required before and after integration to prime IFN responses 
during HIV-1 infection in DCs

cGAS is reported to be the critical sensor for detecting retroviral cDNA (Gao et al., 2013), 

but several other sensors reportedly detect HIV-1 components in pDCs, CD4 T cells, and 

macrophages (Beignon et al., 2005; Gringhuis et al., 2017; Jakobsen et al., 2013; Monroe et 

al., 2014). These include the DNA sensor IFI16 (which, like cGAS, signals through STING), 

the RNA sensor DDX3 (which signals through MAVS), and TLR7/8 (which signal through 

MyD88). Additionally, the IFN-inducible Protein Kinase R (PKR), has been reported to 

facilitate IFN production downstream of adapter proteins (McAllister & Samuel, J Biol 

Chem 2009) and has a role in regulating the stability of IFNB1 mRNA (Schulz et al., 2010). 

To assess whether proteins in these pathways contribute to cGAS-STING-dependent 

immune responses in DCs, we perturbed their expression using shRNA and CRISPR/Cas9 

technology. Knockdown of cGAS, but not knockdown of IFI16, MAVS, or PKR, inhibited 

the induction of CD86 and IFN in DCs during HIV-GFP infection (Figures 5A; 5B; 5C). 

Additionally, we observed that gene expression of ISG15 and CXCL10, were reduced in 

cGAS-knockdown cells during HIV-GFP infection + or – RAL (Figures 5D), suggesting that 

cGAS is required for sensing HIV-GFP before and after integration. Knockdown cells 

produced IFN when stimulated with cGAMP and responded as expected to stimulation with 

polyI:C or LPS (Figures 5E; S5A). Cells deficient in cGAS produced less IFN in response to 

Johnson et al. Page 8

Cell Host Microbe. Author manuscript; available in PMC 2019 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyI:C, as further evidence for cGAS having widespread roles in innate immunity 

(Schoggins et al., 2014).

We sought an alternative model to support our findings since we were unable to achieve high 

efficiency knockdown for several pathway components in DCs, such as MyD88. THP-1 

monocytic cells are competent for sensing cytoplasmic DNA, have been previously used to 

study sensing of HIV (Gao et al., Science 2013), and are amenable to CRISPR/Cas9 

modification. While we concede that some elements of innate immune signaling are likely to 

differ between THP-1 cells and DCs, we were able to show that blocking integration leads to 

partial inhibition of the IFN response in THP-1 cells as it does in DCs (Figure S5B). 

Following lentiCRISPR disruption of cGAS, MAVS, MyD88, and STING in THP-1 cells 

(Figure S5C-D), only loss of cGAS or STING significantly impacted CXCL10 and ISG15 
expression during HIVGFP infection (Figures 5F; 5G). When THP-1 cells were first primed 

with HIV+RAL and boosted for 1 h with the TLR agonist, PAM3, we could observe distinct 

contributions of cGAS-STING and MYD88 pathways to the induction of IFNB1, IFNL1, 
ISG15, and IL1B (Figure S5E). Importantly, these experiments support a role for MyD88 in 

TLR-mediated unmasking of type I IFN.

IRF3, but not IRF1, IRF5, or IRF7, sets the threshold for innate sensing of HIV-GFP and 
primes IFN responses

In agreement with our transcriptome and ATAC-seq analysis (Figure 2B; 2C; 3D), several 

publications suggest that IRF family transcription factors, such as IRF1, IRF3, IRF5, and 

IRF7 are important upstream regulators of the innate response to HIV (Doyle et al., 2015; 

Manel et al., 2010; Nasr et al., 2017). To pinpoint whether one or more of these IRFs 

controls the IFN response in myeloid cells, we generated CRISPR/Cas9-modified THP-1 

cells (Figure 6A) and tested IFN and ISG output during infection with HIV-GFP. We found 

the majority of the IFN response, before and after integration, could be attributed to IRF3, 

whereas the loss of IRF1, 5, or 7, had no significant impact on the expression of IFNB1, 
IFNL1, or CXCL10 (Figures 6B; 6C). Cells deficient in IRF3 were also less sensitive to a 

PAM3-mediated IFN boost, but expression of TNF and IL1B were unaffected. Curiously, 

HIV-GFP infection led to partial induction of IL-1B, indicating that an IRF3-independent 

component of the innate response is engaged during replication. Similarly, IFN and ISG 

expression were not ablated in cells deficient in IRF3, most notably during PAM3 

stimulation (Figures 6B; 6C), suggesting either residual IRF3 expression remained in these 

cells or unknown factors compensated for its loss.

Knockdown of IRF3 in DCs reduced maturation during HIV-GFP infection (Figures S6A; 

S6B), supporting results from a previous study (Manel et al., 2010). In contrast, increasing 

levels of IRF3 by an overexpression vector potentiated CD86 induction, increased IFN 

output by an order of magnitude, and unmasked DC responses prior to HIV-GFP integration 

(Figures S6A; S6C). Knockdown of IRF3 ablated the ability of R848 to increase bioactive 

IFN in cell supernatants, but did not affect NF-κB reporter activity (Figures S6D; S6E). 

Overexpression of a phospho-deficient IRF3 that contained a serine to alanine mutation at 

residue 396 (S396A) did not potentiate type I IFN production (Figure S6F). Interestingly, 

R848 did not further increase IFN in conditions where wild-type IRF3 was overexpressed 
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(Figures S6D and S6F), suggesting that the signal has either plateaued or there is a limited 

window of opportunity for TLR agonists to increase IFN output during the innate response 

to cytoplasmic DNA. Overexpression of IRF3 did not lead to detectable levels of bioactive 

IFN but was sufficient to increase baseline transcription of ISG15, CXLC10, and IFNB1 
(Figure S6G). We could not detect phosphorylated IRF3 in mock-treated DCs that 

overexpressed IRF3; however, the intensity of phosphorylated IRF3 correlated with 

increased IFN signaling in cells treated with HIV-GFP, with and without RAL (Figure S6H), 

suggesting that the availability of IRF3 establishes the threshold for HIVdriven innate 

immune responses.

Following cGAS-STING-IRF3 priming, distinct signals emanate from MyD88-NF-κB to 
enhance IFN responses.

To further assess the molecular mechanisms that lead to MyD88-mediated unmasking of 

IFN responses, we explored whether TLR stimulation led to changes in the cGAS-STING 

signaling axis. As with HIV-GFP, priming with low concentrations of cGAMP resulted in 

phosphorylation of STING, TBK1, and IRF3 (Figure 7A). The TLR agonists R848 and 

PAM3 did not appreciably impact phosphorylation of STING or IRF3, but could 

phosphorylate TBK1 and NF-κB, which are known to be downstream of MyD88 (Figure 

7A) (Liu et al., 2015). Moreover, phosphorylation of IRF3 was not impacted during the first 

hour of a TLR boost after cGAMP priming (Figure 7B), a time when IFNB1 expression is 

dramatically enhanced (Figure 4F). We next asked whether perturbation of NF-κB signaling 

impacted HIV-driven immune responses in DCs, since NF-κB is known to cooperate with 

IRF3 during an IFN response and is a major effector of MyD88 activation. Inhibition of NF-

κB with Celastrol (Cel) reduced CD86 induction and IFN production when added as late as 

8 h after HIV-GFP and did not adversely affect infection efficiency (Figures 7C; 7D).

To understand if conventional proinflammatory molecules could unmask IFN responses, we 

then tested, interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNFα), and 

Thapsigargin (TG), for their ability to potentiate IFN and DC maturation. We found that 

IL-1β, which triggers NF-κB through a MyD88-dependent pathway, was able to enhance 

CD86, NF-κB, and IFN responses in a manner similar to TLR agonists after priming with 

low levels of cGAMP or HIVGFP (Figures 7E-7H). In contrast, TNFα and the calcium-

mobilizing agent, TG, which have previously been shown to increase IFN responses 

(Venkatesh et al., Immunity 2013; Liu & Smith et al., J Immunol 2012), were able to 

potentiate CD80 and CD86 (Figures 7E; 7H), but they did not significantly increase type I 

IFN activity above background (Figure 7G). Thus, these data support that activation of NF-

κB is necessary for IFN signaling, yet indicate that nonspecific inflammation is insufficient 

to boost IFN responses in this system. In summary, our data indicate that during lower levels 

of STING activation, distinct, specific signals emanating from MyD88 can augment IFN 

production and innate activation in myeloid cells.

Discussion

In this study we set out to comprehensively study the innate response to HIV-1 in DCs in 

attempt to elucidate the parameters that lead to robust IFN responses. We have found that 
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myeloid cells respond to HIV-1 before and after the virus integrates into the host genome, 

extending the findings of several publications (Gao et al., 2013; Lahaye et al., 2013; Manel 

et al., 2010; Nasr et al., 2017). Curiously, it is known that HIV-2, which is considered less 

pathogenic than HIV-1, is efficiently sensed by DCs prior to integration (Lahaye et al., 

2013). This property has been attributed to the HIV-2 capsid and it was not thought that 

HIV-1 shared this feature. While sensing of HIV-1 before integration occurs at lower 

efficiency, we find that IFN responses are amplified once the virus replicates or when DCs 

are stimulated with a secondary innate immune signal (Figures S7A; S7B).

How does virus replication lead to enhanced IFN responses? One hypothesis is that newly 

synthesized capsid protein (Gag) interacts with cyclophilin A and existing, non-integrated 

cDNA to unmask cGAS-dependent IFN signaling (Manel & Littman 2011; Lahaye et al., 

2013). Yet, an alternative hypothesis is that the potentiation of IFN signaling that 

accompanies virus replication is driven by cGAS-dependent sensing of collateral damage 

occurring in the host cell. We note in this study that several cellular processes were impacted 

during HIV replication, such as mitochondrial function, lipid metabolism, retinoic acid 

signaling, and death receptor signaling (Figure 2B and Figure S2B). Perturbations in 

mitochondrial function and escape of mitochondrial DNA into the cytosol are known to 

drive cGAS-mediated IFN signaling (West et al., 2015). Replication of dengue and 

herpesviruses have recently been shown to trigger mitochondrial damage and in turn, 

activation of cGAS (Aguirre et al., 2017; West et al., 2015). It has also been reported that in 

some cell types, membrane fusion events lead to IFN responses during virus infection 

(Decalf et al., 2017; Holm et al., 2012). Similarly, alterations in lipid metabolism are known 

to engage IFN responses through cGAS and STING independently of virus infection (York 

et al., 2015). It is unclear how these processes might be affected during HIV infection, but 

we speculate that production of HIV-1 Gag or Gag-Pol is linked with altered mitochondrial 

function, lipid metabolism, or other stress responses and influences cGAS signaling

Here, we report that sensing of HIV-1 is linked with modification of host chromatin and 

“priming” of IFN responses. It has long been known that transcription factors in the IRF 

family, in combination with NF-κB, are critical for IFN induction (Sato et al., 1998; Thanos 

and Maniatis, 1995; Yoneyama et al., 1998). Since IRF and NF-κB binding sites exist in the 

HIV LTR, it is worth considering the possibility that the virus evolved to exploit activation 

of IFN and inflammatory pathways to increase efficiency of replication (Doyle et al., 2015). 

Consistent with this idea is the observation that in the chronic phase of HIV pathogenesis in 

humans and in nonhuman primate models there is a positive correlation between IFN levels, 

immune activation, and viral load (Fraietta et al., 2013). If sensing of HIV-1 leads to open 

chromatin at IRF and NFκB binding sites (Figure 3), does this benefit the host or the virus? 

Chromatin modifications might inform the nature of an antiviral innate response, but perhaps 

these changes facilitate integration and replication. Intriguingly, retroviral integration is 

known to be non-random (Sultana et al., 2017) and there is evidence that IFN response genes 

have been rewired through evolution by endogenous retroviruses (Chuong et al., 2016).

We propose that low levels of cGAS-STING stimulation are sufficient to trigger activation of 

select IRF3-dependent genes, but higher levels of cGAS-STING activity, alone or in 

combination with another inflammatory pathway, is required for robust IFN signaling, DC 
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maturation, and induction of a fuller arsenal of IRF- and NF-κB-dependent genes. As a case 

in point, pre-integration material from a modest MOI is sufficient to trigger expression of 

IRF-dependent genes such as ISG15, IFIT1, and IFIT2 (Figure 2A, S2C). HIV replication 

correlates with stronger induction of genes that are codependent on IRF3 and NF-κB (Figure 

2A; Table S1; eg: IFNB1, CCL5, GBP5, CXCL10) (Tong et al., 2016). As a corollary, 

MyD88 stimulation does not induce early expression of ISG15 (Figure S5E; 6C), yet it 

potentiates expression of IRF3- and NF-κB-dependent genes (Figures 4F; S5E; 6C). Future 

studies are needed to define the transcription factor requirements that set thresholds in the 

innate response, particularly with respect to specific IFN and ISG classes.

It is also essential to consider that cross-regulation or cross-interference of IFN signaling 

have been documented in a number of cases (Cao, 2016). In plasmacytoid DCs, IRF3-

mediated induction of SOCS1 can inhibit a TLR7 -> MyD88 -> IRF7 -> IFN-alpha/beta 

pathway (Yu et al., 2016). In our experimental system, we find that monocyte-derived 

myeloid DCs, which do not express high levels of TLR7 or typically produce an IFN 

response downstream of MyD88, will express high amounts of IFN if MyD88 activation 

follows IRF3 activation. It is reasonable to assume that differences in protein expression 

levels, the timing of stimulation, and cell type differences in autocrine/paracrine feedback 

loops may affect cross-regulation of IFN signaling to influence the magnitude and direction 

of immune responses. Furthermore, it will be important to determine whether specific DC 

subtypes, such as those recently redefined (Villani et al., 2017), behave similarly to 

monocyte-derived DCs with respect to priming and elaboration of IFN signaling. This is 

particularly relevant given that DC subtypes differ in their ability to restrict virus infection 

and formulate immune responses (Silvin et al., 2017).

In summary, we have clarified how the HIV-1 life cycle intersects with the innate response in 

myeloid cells, demonstrating that the incoming reverse transcribed cDNA is detected at low 

levels, leading to “priming” of IFN responses that can then be amplified during virus 

replication or following secondary inflammatory stimulation. Further exploration of the 

cellular parameters that regulate innate sensing of HIV will likely improve our ability to 

drive effective antiviral immune responses in DCs as we uncover additional auxiliary modes 

of IFN regulation.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Jarrod Johnson (jarrod.johnson@cidresearch.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and blood-derived dendritic cells—For generation of monocyte-derived 

immature DCs, we acquired leukocytes from de-identified normal human donors 

(Bloodworks Northwest). Leukocytes were collected under the Bloodworks Donor Products 

for Research and Test Development/Standardization – External Investigators Protocol 

(Western Institutional Review Board - WIRB protocol 20150119) and informed consent was 
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obtained from all subjects. In accordance with the IRB, samples were deidentified and 

donors remain anonymous, so the authors did not receive personal identifying information 

and cannot report on their sex, gender, or age. Peripheral blood mononuclear cells (PBMCs) 

were layered over Ficoll-Paque Plus (GE Healthcare). CD14+ monocytes from PBMC buffy 

coats were isolated with anti-human CD14 magnetic beads (Miltenyi) and cultured in RPMI 

(Thermo Fisher) containing 10% heat-inactivated fetal bovine serum (FBS, Peak Serum, 

Inc), 50 U/ml penicillin, 50 μg/ml streptomycin (P/S, Thermo Fisher), 10 mM HEPES 

(Sigma), 2-Mercaptoethanol (Thermo Fisher), and 2 mM L-glutamine (Thermo Fisher), in 

the presence of recombinant human GM-CSF at 10 ng/ml and IL-4 at 50 ng/ml (Peprotech). 

We tested multiple batches of FBS and selected lots that led to minimal baseline induction of 

CD86 over the course of DC differentiation. Fresh media and cytokines were added to cells 

(40% by volume) on day 1 or day 2 after isolation. On day 4, cells were collected, 

resuspended in fresh media with cytokines used for infection or stimulation. Immature DCs 

on day 6 were routinely assessed by flow cytometry surface marker staining to be CD11c+ 

(Thermo Fisher Cat# 17–0116-42, RRID:AB_1659668), HLA-DR+ (BioLegend Cat# 

307607, RRID:AB_314685), DC-SIGN+ (R and D Systems Cat# FAB161P, 

RRID:AB_357064), and CD86- (eBioscience Cat# 15–0869-42 RRID:AB_11042003).

293FT female cells (Life Technologies Cat# R70007, RRID:CVCL_6911) and HeLa female 

cells (ATCC Cat# CRL-7923, RRID:CVCL_0030), were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Thermo Fisher) that was supplemented with 10% FBS, P/S, 

10mM HEPES, and supplemented with 0.1 mM MEM non-essential amino acids (Thermo 

Fisher), 6 mM glutamine, and 1 mM sodium pyruvate (Thermo Fisher).

HL116 male cells were cultured in DMEM supplemented with 10% FBS, P/S, 10mM 

HEPES, 0.1 mM MEM non-essential amino acids, 6 mM glutamine, 1 mM sodium pyruvate, 

and HAT supplement (Thermo Fisher; hypoxanthine (5 mM), aminopterin (20 μM) and 

thymidine (0.8 mM)) diluted 1:50 as recommended.

THP-1 male monocytic cells (ATCC Cat# TIB-202, RRID:CVCL_0006) were cultured in 

RPMI with 10% heat-inactivated fetal bovine serum, 50 U/ml penicillin, 50 μg/ml 

streptomycin, 10 mM HEPES, 2-Mercaptoethanol, and 2 mM glutamine and kept at a 

density between 250,000 and 1e6 cells per ml.

All cells were maintained at 37°C and 5% CO2. All c ell lines were thawed from early 

passages, kept in culture no longer than 4 weeks (239FTs) or 8 weeks (HeLa, HL116, and 

THP-1), and were regularly tested for mycoplasma contamination (every 6 months).

Cell line experiments were performed on biological replicates from independent cultures and 

DC experiments were performed using biological replicates from blood-derived cells from 2 

to 28 individual donors, depending on the figure panel. Information for specific experiments 

can be found in the figure legends.

METHOD DETAILS

Plasmids and mutagenesis—HIV-GFP is env- vpu- vpr- vif- nef-, with the GFP open 

reading frame in place of nef, and has been used previously to interrogate immune responses 
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in human DCs (Manel et al., 2010). Virus like particles packaging Vpx were generated from 

the plasmid pSIV3+, which is based on SIVmac251, GenBank acc. no. M19499, has been 

described elsewhere (Mangeot et al., 2000). The plasmid used for production of CD4/CCR5-

tropic HIV-1 contained the YU-2 envelope in a replication competent TN6/NL4–3 backbone 

(Diskin et al., 2013). Overexpression vectors for IRF3 and IRF3-S396A and shRNA vectors 

not purchased from Sigma were generated in-house using overlap extension mutagenesis 

techniques to modify LKO.1 or LKO-GFP. Primers for cloning and mutagenesis are listed in 

Table S3.

lentiCRISPR sgRNAs (single guide RNAs) were designed using the E-CRISP algorithm 

(http://www.e-crisp.org/E-CRISP/) selecting for high efficiency and single target specificity 

with positioning near the first translated exon. Oligos spanning the sgRNA sequence were 

annealed and ligated into the lentiCRISPRv2 backbone (Addgene plasmid #52961, Gift 

from Feng Zhang). To generate the parental control vector (LCV2), lentiCRISPRv2 was 

digested with BsmBI and re-ligated to remove the 2 kb stuffer. All lentiviral constructs were 

transformed into Stbl3 bacteria (ThermoFisher) for propagation of plasmid DNA. All 

plasmids were prepped and purified using a Nucleobond Xtra Maxi Kit (Takara). Coding 

sequences of overexpression constructs, shRNA hairpins, and sgRNAs were confirmed by 

automated sequencing (Genewiz). The target sequences for the shRNA and sgRNA 

constructs used in this study are listed in Table S3.

Virus and virus-like particle production—Recombinant lentiviral vectors, HIV-GFP 

reporter virus, and replication competent CD4/CCR5-tropic HIV-1 were produced by 

transfection into 293FT cells. Cells were seeded onto poly-L-lysine (MP Biomedicals) -

coated 15 cm plates the day before transfection to be 70–80% at the time of transfection. 

Cells were transfected with a total of 22.5 μg DNA using PEImax (Polysciences, Inc.) at a 

ratio of 1:2 (DNA:PEI). For lentiviral vectors, plasmid amounts were 3.4 μg CMV-VSV-G 

(Addgene plasmid #8454), 9 μg psPax2 (Addgene plasmid #12260), and 10.1 μg transgene 

(LKO.1 controls, shRNA construct, overexpression vector, or lentiCRISPR construct). For 

HIV-GFP and IN-D116A (Manel et al., 2010) plasmid amounts were 3.4 μg CMVVSV-G 

and 19.1 μg HIV cassette. ΔGag-GFP was produced in the presence of a helper construct to 

provide Gag (Manel et al., 2010). Virus-like particles containing Vpx were produced using 

3.4 μg CMV-VSV-G and 19.1 μg pSIV3+ (Mangeot et al., 2000). The following morning 

after transfection, cells were washed once and replaced with fresh media. Supernatants were 

harvested after another 32 h, passed through 0.45 μm syringe filters (Corning), and treated 

with Benzonase (25 U/ml, 1 h at 37 °C, EMD Millipore) to remove residual plasmid DNA. 

Supernatants of HIV-GFP reporters and lentiviral vectors were transferred to thinwall 

Conical tubes (Beckman) and concentrated by ultracentrifugation at 24 K rpm for 2 h at 4 °C 

in a SW28 swing-bucket rotor (Beckman). Pellets were resuspended in DC media without 

cytokines and insoluble material was clarified by centrifuging at 500 rcf for 4 min. 50X 

concentrated viral stocks were frozen at −80 °C, titered on 293FT and THP-1 cells, and p24 

concentrations determined by ELISA (ZeptoMetrix).

Perturbation of DCs and cell lines—DCs were modified by lentiviral shRNA and 

overexpression constructs similar to previously described protocols (Manel et al., 2010). 
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CD14+ monocytes were isolated from whole blood by magnetic bead selection and were 

resuspended in complete DC media containing GM-CSF (10 ng/ml), IL-4 (50 ng/ml), and 

polybrene (Sigma, 1 μg/ml) and aliquotted to 10 cm dishes using 6 × 10^6 cells in 9 ml 

media. Supernatant containing virus-like particles packaging Vpx was added to overcome 

the block to reverse transcription (1 ml supernatant for 1 × 10^7 cells) prior to adding 

control, shRNA, or overexpression lentiviral vectors. 150 μl of concentrated viral stocks 

were sufficient to transduce 6 × 10^6 CD14+ cells at >98%. shRNA clones for targeting 

IRF3, cGAS, MAVS, and PKR, were used independently. For targeting IFI16, 75 μl of 

vector preps from two shRNA clones were pooled to improve knockdown.

THP-1 monocytic cells were transduced with shRNA or lentiCRISPR constructs in 6 well 

cluster plates using 1 × 10^6 cells per well in 2 ml media with polybrene (2 μg/ml). 

Concentrated viral stocks were added for shRNA transduction (25 μl per well) or 

lentiCRISPR transduction (250 μl per well). Two days after transduction, cells were put 

under selection with puromycin (1 μg/ml, Invivogen) for 1 week and then puromycin-

resistant populations were allowed to expand. shRNA-transduced cells were used beginning 

1 week after selection and lentiCRISPRtransduced cells were used beginning 2–3 weeks 

after selection. Independent transductions were performed for biological replicates. 

Knockdown, overexpression, or disruption of target gene expression was confirmed by 

immunoblot or Tracking of Indels by Decomposition (TIDE) sequencing analysis (https://

tide-calculator.nki.nl/).

Infections and stimulations—For experiments with HIV-GFP, supernatant containing 

virus-like particles packaging Vpx was added to CD14+ cells at day 0 (1 ml supernatant for 

1 × 10^7 cells). For experiments with cGAMP, Vpx was only added in DCs where indicated 

in the figure legends. DCs were infected with HIV-GFP or virus mutants normalized by p24 

levels between day 4 and day 6 after differentiation. DCs were counted on day 4 and 

resuspended at 800,000 cell per ml in fresh medium with GM-CSF, IL-4, and polybrene (1 

μg/ml) and then reseeded into appropriate culture vessels. For most assays, DCs were plated 

in round bottom 96 well plates at 60,000 cell per well in 75 μl. Infections and stimulations 

were performed by diluting virus in DC media (without cytokines or polybrene) to a final 

volume normalized to control (150 – 175 μl per well), as indicated in the figure legends. For 

experiments with replication competent HIV-1, cells were inoculated with virus at 2.5 ng/ml 

on day 4 and then media was exchanged on day 5 and again on day 6. Antiretroviral drugs 

(NIH AIDS Reagent Program or Selleck Chemicals) were added prior to virus infection at 

the following concentrations: EFV (20 nM); AZT (100 μM); RAL (25 μM); SAQ (5 μM); 

AMP (5 μM). Celastrol (Invivogen) was used at 0.5 μM. Innate and inflammatory stimuli -- 

polyI:C (InvivoGen); 2’3’-cGAMP (InvivoGen); 3’,3’ cGAMP (InvivoGen); TNFα 
(Peprotech); recombinant IL-1β (Peprotech); recombinant IFN-β (Peprotech); recombinant 

IFNa2a (Thermo Fisher); PAM3 (EMC microcollections); PAM2 (EMC microcollections); 

Flagellin (InvivoGen); R848 (InvivoGen); LPS (List Biological Laboratories, INC.), and 

Thapsigargin (Sigma) -- were used as indicated in the figure legends. We note that cGAMP 

was directly added to media at the indicated concentrations. Phagocytic cells such as 

monocytederived DCs and THP-1 monocytic cells will readily internalize cGAMP we found 

that direct administration reduced technical variability compared to transfection. Similar to 
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experiments with DCs, THP-1 monocytic cells were infected in the absence of Vpx at a 

density of 500,000 cell per ml in complete RPMI medium with polybrene (5 μg/ml).

Flow cytometry—Infected or stimulated DCs were washed with phosphate buffered saline 

(PBS, Corning) and then exposed to LIVE/DEAD violet (ThermoFisher) in PBS for 15 min 

at 4 °C in the dark. Cells were either simultaneously stained for surface markers or first 

washed with PBS and then stained in FACS buffer containing 1% Bovine Serum Albumin 

(BSA, Roche) and 1 mM EDTA in PBS for 15–30 min in the dark at 4 °C. Cells were t hen 

washed with PBS and fixed with 0.5% paraformaldehyde (Electron Microscopy Sciences) 

diluted in PBS. Cells were either sorted on a FACSAria II or analyzed on an LSR II flow 

cytometer (BD Biosciences). For intracellular staining using anti-human ISG15 (R&D 

Systems) in THP-1 monocytic cells, cells were first exposed to LIVE/DEAD violet as 

described above, washed in PBS, then fixed and permeabilized using a cytofix/cytoperm kit 

(BD Biosciences), and stained according to the manufacturers instructions. Cells were 

washed and resuspended in PBS with 1% BSA and data were acquired on an LSR II flow 

cytometer (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC).

Nucleic acid isolation and quantitative PCR—For quantitation of viral cDNA, 

500,000 DCs were seeded in 24 well plates and infected with HIV-GFP in the presence of 

Vpx and in the absence or presence of RAL and EFV. Infected DCs were collected in 1.5 ml 

tubes, washed 1X with PBS and DNA was extracted using a QIAmp DNA mini kit (Qiagen). 

Reverse transcription products were quantified using primers that are specific for the LTR 

and normalized to human mitochondrial gene ND5. For quantitation of host gene expression, 

50,000 to 200,000 DCs were lysed in TRIzol reagent (Thermo Fisher) and RNA was isolated 

according to the manufacturer’s instructions. Two sequential chloroform extractions were 

performed, Glycoblue (Thermo Fisher) was added as a carrier, and RNA was precipitated 

with isopropanol and then washed with 75% ethanol. cDNA was converted using Superscript 

IV (ThermoFisher). Qauntitative PCR reactions were carried out using TaqMan primer 

probes (ABI) and TaqMan Fast Universal PCR Master Mix (ThermoFisher) in a CFX96 

thermocycler (BioRad) in a volume of 10 μl according to the following cycling conditions: 

50 °C for 2 min, 95 °C for 2 min, then 50 cycles each of 95 °C for 3 sec, to 60 °C for 30 sec, 

followed by 95 °C for 5 sec. A melting curve analysis was then per formed going from 

65 °C to 95 °C in 0.5 °C intervals every 5 sec. Data were plotted as expr ession relative to 

GAPDH x 1000.

Microarrays—Monocyte-derived dendritic cells from two unique donors that had been 

treated with virus-like particles packaging Vpx were infected with HIV-GFP in the presence 

or absence of RAL in a time course for 0, 8, 16, 20, 24, 28, 32, and 40 h. The time course 

was performed in reverse order such that all samples were harvested at the same time on day 

6 after DC differentiation. Mock-infected samples or samples with RAL only, were treated 

with Vpx and DC media in parallel with samples that received HIV-GFP for 8 or 40 hours, 

respectively. Purified RNA was labeled and hybridized to SurePrint G3 8×60K Microarrays 

(Agilent) and data was acquired at the Institutes for Systems Biology. Probe sequences were 

mapped against the Ensembl transcript database (ensembl.org, GRCh37.74) and sequences 

that mapped to more than one gene or had more than 5 mismatches from the database 
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sequence were removed for a total of 37,623 unique probes. Probe-specific logarithmically 

transformed expression was quantilenormalized. Duplicate probe sequences were averaged. 

Gene-specific expression was computed by using the probe that showed the highest average 

expression across all samples in cases in which multiple probes mapped to a single gene for 

a total of 26,319 gene-specific probes. Expression was modeled as the linear function, Y = 
b0 + b1*timeHIV + b2*timeHIV*RAL, where timeHIV represents the time since HIV 

infection and timeHIV*RAL represents the interaction between HIV infection and drug 

treatment. Only samples with time since infection up to 32 hours were included in the 

model. Statistical significance of the coefficients were computed with the LIMMA R 

package (https://bioconductor.org/packages/release/bioc/html/limma.html). p-values were 

adjusted for multiple hypothesis testing with the Benjamini-Hochberg method for 

controlling the false discovery rate. Genes for which the time coefficient had an FDR < 

0.001 and fold change range of mean log2 signal > 1.0 were selected for a total of 1,560 

genes that were plotted by heat map.

ATAC-seq—DCs from three unique donors were infected in the presence of Vpx for 16, 32, 

or 48 h with or without RAL. The time course was performed in reverse order such that all 

samples were harvested at the same time on day 6 after DC differentiation. Cells were 

stained for LIVE/DEAD violet and CD86 to assess activation status and then all live cells 

were sorted on a FACSAria II (BD Biosciences). 50,000 sorted DCs from each condition 

were immediately prepped for ATACseq (Buenrostro et al., 2013). Cells were pelleted by 

spinning at 500 g for 5 min at 4 °C. Cells were washed in cold PBS and centrifuged again at 

500 g for 5 min at 4 °C. Cell pellets were lysed in cold lysis buffer (10 mM Tris-HCl, pH 

7.4, 10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-630) and immediately spun at 500 g 

for 10 min at 4 °C. The nuclear pellet was used directly for the transposition reaction by 

resuspending in a reaction mix (20 μL 2× TD buffer, 2 μL Tn5 transposase (Nextera DNA 

Library Prep Kit, Illumina) and 18 μL nuclease-free water). Transposition was performed for 

30 min at 37 °C and sample DNA was purified using a MinElute kit (Qiagen).

Library fragments were amplified by PCR using NEBNext PCR master mix (New England 

Biolabs) and custom Nextera primers (Table S3) using the following conditions: 72 °C for 5 

min; 98 °C for 30 s; and then cycling at 98 °C for 10 s, 63 °C for 30 s and 72 °C for 1 min. 

To stop amplification before saturation in order to reduce bias, we monitored the PCR 

reaction using SYBR Green (Thermo Fisher) -based qPCR. Samples were cycled an average 

of 15 times. Libraries were sequenced on a NextSeq 500 (Illumina) using a 150 cycle high 

output kit. Unique sequence read pairs were aligned to a combined genome including human 

chromosomes (hg19), HIV (laboratory construct highly similar to NY5/BRU recombinant 

clone pNL4–3, GenBank ID = M19921.2) and SIV (isolate Mm251, GenBank ID = 

M19499.1) sequences using GSNAP (http://research-pub.gene.com/gmap/) and stripping off 

adapter sequences in a pairwise manner. Only pairs that aligned uniquely and concordantly 

to non-mitochondrial human chromosomes were retained. Start and end positions of the 

sequences were adjusted to extend 4 and 5 base pairs respectively to account for transposase 

adapter insertion (see Buenrostro et al., 2013).

Peak calling was performed with MACS2 (2.1.0) using the start and end locations of the 

pairs to define fragment lengths. “Blacklisted” regions of known artificially high signal as 
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defined by the Human ENCODE project (www.encodeproject.org/annotations/

ENCSR636HFF) were filtered out of peak regions. Bigwig files for each biological group 

were generated by running MACS2 (https://github.com/taoliu/MACS) peak calling on 

combined alignments from all samples in the group and outputting a normalized bedgraph 

file followed by file conversion using the bedGraphToBigWig program (genome.ucsc.edu). 

The R package DiffBind (http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/

inst/doc/DiffBind.pdf) was used to define consensus peak regions across samples and assign 

counts. Differential peak counts and significance were computed using the R package edgeR 

(https://bioconductor.org/packages/release/bioc/html/edgeR.html). Promoter regions were 

defined as 2000 bps upstream from transcription start sites as defined in Ensembl 

(ensembl.org, GRCh37 v. 75) to 1000 bps downstream.

Promoter scanning and pathway enrichment—Quantile normalized array data was 

uploaded to Ingenuity Pathway Analysis software (Qiagen) and for each HIV-GFP time 

point from the array the top 10% of differentially expressed genes compared to mock 

infected samples at t = 0 were selected for a core analysis. A comparison analysis was 

performed between all HIV-GFP and HIV-GFP +RAL samples and the top canonical 

pathways with positive z-scores (indicated in Figure 2) were shown as spider plots. 

Similarly, gene-associated peaks from ATAC-seq that were differentially accessible 

compared to mock (p < 0.05) were fed into Ingenuity Pathway Analysis software to perform 

a comparison analysis. Predicted Upstream Regulators, associated Diseases and Biological 

Functions, and Canonical Pathways were displayed as heat maps and sorted based on z 

scores for HIV-GFP compared to mock at 48 h. Additionally, the top induced or repressed 

transcripts identified from the linear regression analysis of our microarray data across all 

time points (FDR <0.001) were uploaded as unweighted genes into Enrichr (http://

amp.pharm.mssm.edu/Enrichr/). The top scoring Gene Ontology (GO) Biological Processes, 

Reactome pathways, KEGG pathways, and promoter-associated transcription factor motifs 

from ENCODE and chromatin enrichment analysis (ChEA) consensus transcription factor 

motifs were plotted as –log(adjusted p-value)*z-score.

Immunoblotting—Samples were lysed in SDS sample buffer (2% SDS, 50mM Tris, 

12.5mM EDTA) containing HALT protease inhibitors (Thermo Fisher), heated for 5 min at 

75 °C, briefly sonicated in a water bath bioruptor, and protein concentrations were 

determined using a reducing agent-compatible BCA assay (Thermo Fisher) according to the 

manufacturer’s instructions. Equal amounts of protein (typically 10–15 μg) were loaded with 

LDS loading buffer (Life Technologies) and separated on 4–12% gradient poly-acrylamide 

Bolt gels (Thermo Fisher). Proteins were transferred to nitrocellulose membranes, blocked 

using 2.5% bovine serum albumin (Roche) in Tris buffered saline (TBS) with 0.5% tween. 

Blots were incubated with primary antibodies from Cell Signaling: IRF3 (Cat# 4302S, 

RRID:AB_1904036); p-IRF3 (Cat# 4947S, RRID:AB_823547); STAT1 (Cat# 9172P, 

RRID:AB_10831362); p-STAT1 (Cat# 9167S, RRID:AB_561284); IRF7 (Cat# 13014); 

TBK1 (Cat# 3504, RRID: AB_2255663); p-TBK1 (Cat# 5483, RRID:AB_10693472); IRF1 

(Cat# 8478, RRID:AB_10949108); STING (Cat# 13647); p-STING (Cat# 85735); IRF5 

(Cat# 13496); MAVS (Cat# 3993, RRID:AB_823565); MYD88 (Cat# 4283S, 

RRID:AB_10547882); IFI16 (Cat# 14970); cGAS (Cat# 15102); p-NF-kB S536 (Cat #3033, 
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RRID: AB_331284); p-NF-kB S468 (Cat# 3039, RRID:AB_330579); NF-kB (Cat #8242, 

RRID: AB_10859369); Histone H3 (Cat# 4499, RRID:AB_10544537); and GAPDH (Cat# 

5174, RRID:AB_10622025). After incubating blots overnight at 4 °C, or for at least 1 h at 

room temp, they were washed with TBS/tween, then incubated with the corresponding HRP-

conjugated anti-mouse or anti-rabbit secondary antibodies (Santa Cruz: Cat# sc-2004, 

RRID:AB_631746; Cat# sc-2005, RRID:AB_631736) for 1 h at room temperature. Blots 

were then washed in TBS/tween, reacted with Wesfemto ECL kit (Thermo Scientific), and 

developed using a FluorChem E Imager (Protein Simple).

Nuclear and cytoplasmic fractionation—500,000 immature DCs were plated into 24 

well plates and mock treated or infected with HIVGFP in the presence or absence of 

antiretroviral drugs as indicated in the figure legends. To minimize batch effects for the time 

course, cells were treated in reverse order and harvested at the same time. Cells were 

transferred to 1.5 ml tubes, centrifuged at 600 rcf at 4 °C, and subcellular fractions were 

isolated using a Nuclear/Cytosol Fractionation Kit (MBL International) following the 

manufacturers instructions except that nuclear and cytosol extracts were prepared in 60 and 

120 μl volumes respectively, in buffers containing HALT protease and phosphatase 

inhibitors (Thermo Fisher). Protein concentrations in fractions were determined by BCA and 

prepared for immunoblot as described above.

Assays for type I IFN and NF-κB—IFN activity in supernatants from infected or 

stimulated cells were assayed with HL116 cells that contain a luciferase reporter under 

control of the IFN-inducible 6–16 promoter. Supernatants were exposed to 20,000 HL116 

cells in 96 well plates for 7 h, lysed in passive lysis buffer, and scored for luciferase activity 

(Promega). A standard curve for IFN activity was generated from serial dilution of 

recombinant human IFNa2a, with HL116 cells responding in a linear range between 2 and 

200 U/ml of IFN. IFN-beta in DC supernatants was also detected by ELISA (Invitrogen) 

according to the manufacturers instructions.

An NF-κB reporter cell line was generated by transducing HeLa cells with a lentivirus that 

carries firefly luciferase driven by NF-κB response element, pGreenFire1-NF-κB (System 

Biosciences) and selecting stable cell populations with puromycin (1 μg/ml) (Invivogen). 

Supernatants from infected DCs were exposed to 20,000 NF-κB reporter cells in 96 well 

plates for 7 h, lysed in passive lysis buffer, and scored for luciferase activity (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed as indicated in the figure legends or otherwise using Prism 

6.0 (GraphPad) to calculate a two-tailed t test using paired samples and setting an alpha 

value of 0.05. In this study, n is defined in the figure legends and represents the number of 

biological replicates performed, ie., the number of unique donors for DC experiments or the 

number of independent, non-technical replicates for THP-1 experiments. Donors were 

excluded from the study if after differentiation in FBS, unstimulated DCs displayed high 

CD86 (>40%+) at baseline. For Figure 1, a power law calculation was performed to 

determine that a sample size of 20 unique donors was required to establish statistical 
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significance for differences in CD86 between RAL and control samples, assuming a 

population standard deviation of +/−15% CD86 (Figure 1D).

DATA AND SOFTWARE AVAILABILITY

The array data have been deposited in the Gene Expression Omnibus (GEO) database under 

ID code GSE100374. The ATAC-seq data have been deposited in the GEO database under 

ID code GSE100376. Both can be accessed from the GEO series code GSE100377.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Human CD86 (B7-2) PE-Cyanine5 eBioscience Cat# 15-0869-42 RRID:AB_11042003

Anti-Human CD11c-APC Thermo Fisher Cat# 17-0116-42, RRID:AB_1659668

Anti-Human HLA-DR PE-Cyanine5 BioLegend Cat# 307607, RRID:AB_314685

Anti-Human DC-SIGN PE R&D Systems Cat# FAB161P, RRID:AB_357064

Anti-CD80 Monoclonal Antibody, FITC 
Conjugated, Clone L307.4

BD Biosciences BD Biosciences Cat# 557226, 
RRID:AB_396605

Anti-Human ISG15/UCRP PE-conjugated 
Antibody

R&D Systems Cat# IC8044P

Rabbit monoclonal anti-IRF3 (D83B9) Cell Signaling Technology Cat# 4302S, RRID:AB_1904036

Rabbit monoclonal anti-phospho-IRF3 
(Ser396) Clone 4D4G

Cell Signaling Technology Cat# 4947S, RRID:AB_823547

Rabbit monoclonal anti-phospho-STAT1 
(Tyr701) (58D6)

Cell Signaling Technology Cat# 9167S, RRID:AB_561284

Rabbit monoclonal anti-STAT1 Antibody Cell Signaling Technology Cat# 9172P, RRID:AB_10831362

Rabbit monoclonal anti-IRF7 (D2A1J) Cell Signaling Technology Cat# 13014

Rabbit monoclonal anti-TBK1 Cell Signaling Technology Cat# 3504, RRID: AB_2255663

Rabbit monoclonal anti-phospho-TBK1 
(Ser172) (D52C2)

Cell Signaling Technology Cat# 5483, RRID:AB_10693472

Rabbit monoclonal anti-IRF1 (D5E4) XP Cell Signaling Technology Cat# 8478, RRID:AB_10949108

Rabbit monoclonal anti-STING (D2P2F) Cell Signaling Technology Cat# 13647

Rabbit monoclonal anti-phospho-STING 
(Ser366)

Cell Signaling Technology Cat# 85735

Rabbit monoclonal anti-IRF5 (E1N9G) Cell Signaling Technology Cat# 13496

Rabbit monoclonal anti-MAVS Cell Signaling Technology Cat# 3993, RRID:AB_823565

Rabbit monoclonal anti-MyD88 (D80F5) Cell Signaling Technology Cat# 4283S, RRID:AB_10547882

Rabbit monoclonal anti-IFI16 (D8BST) Cell Signaling Technology Cat# 14970

Rabbit monoclonal anti-cGAS (D1D3G) 
MB21D1

Cell Signaling Technology Cat# 15102

Rabbit monoclonal anti-phospho- NF-κB 
p65 (S536)

Cell Signaling Technology Cat #3033,RRID: AB_331284

Rabbit monoclonal anti-phospho- NF-κB 
p65 (S468)

Cell Signaling Technology Cat# 3039, RRID:AB_330579

Rabbit monoclonal anti- NF-κB p65 Cell Signaling Technology Cat #8242, RRID: AB_10859369

Mouse monoclonal anti-Actin antibody BD Biosciences Cat# 612656, RRID:AB_2289199)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit monoclonal anti-Histone H3 (D1H2) Cell Signaling Technology Cat# 4499, RRID:AB_10544537

Rabbit monoclonal anti-GAPDH (D16H11) Cell Signaling Technology Cat# 5174, RRID:AB_10622025

Mouse monoclonal anti-Human Interferon 
Alpha/Beta Receptor Chain 2, Clone 
MMHAR-2

PBL Assay Science Cat# PBL-21385-1

Goat anti-rabbit IgG-HRP Santa Cruz Cat# sc-2004, RRID:AB_631746

Goat anti-mouse IgG-HRP Santa Cruz Cat# sc-2005, RRID:AB_631736

Bacterial and Virus Strains

Stbl3 competent E. coli Thermo Fisher Cat# C737303

Biological Samples

Human leukocytes from normal donors Bloodworks Northwest Product code: 2490-30 http://
www.bloodworksnw.org/

Chemicals, Peptides, and Recombinant 
Proteins

Ficoll-Paque Plus GE Healthcare Cat# 17-1440-02

Benzonase EMD Millipore Cat# EM70664-3

Fetal Bovine Serum Peak Serum Inc (Lot#125N16)

Bovine Serum Albumin Roche Cat# 03116956001

Recombinant Human IL-4 Preprotech Cat# 200-04

Recombinant Human GM-CSF Preprotech Cat# 300-03

HEPES Sigma Cat# H3537

Phosphate Buffer Saline (PBS) Corning Cat# 45000-446

EDTA 0.5M Sigma Cat# E7889

Penicillin-Streptomycin Thermo Fisher Cat# 15140-122

2-Mercaptoethanol Thermo Fisher Cat# 21985023

L-glutamine Thermo Fisher Cat# 25030081

MEM non-essential amino acids Thermo Fisher Cat# 11140050

Sodium Pyruvate Thermo Fisher Cat# 11360070

RPMI 1640 medium Thermo Fisher Cat# 11875-119

DMEM Thermo Fisher Cat# 11965-118

HAT supplement Thermo Fisher Cat# 21060-017

poly-L-lysine hydrobromide MP Biomedicals Cat# 0219454405

polyI:C high molecular weight InvivoGen Cat# tlrl-pic

2’3’-cGAMP (cyclic [G(2’,5’)pA(3’,5’)p] InvivoGen Cat# tlrl-cga23-s

3’3’-cGAMP (cyclic [G(3’,5’)pA(3’,5’)p] InvivoGen Cat# tlrl-nacga

Celastrol InvivoGen Cat# ant-cls

Thapsigargin Sigma Cat# T9033-1MG

Recombinant Human TNF-α Peprotech Cat# 300-01A

Raltegravir (RAL) (ISENTRESS/MK-0518) Selleck Chemicals Cat# S2005

Raltegravir (RAL) (ISENTRESS/MK-0518) NIH AIDS Reagent Program Cat #11680, CAS 871038-72-1.

Zidovudine (AZT) NIH AIDS Reagent Program Cat #3485, CAS 30516-18-1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Efavirenz (EFV) NIH AIDS Reagent Program Cat #4624, CAS 154598-52-4

Saquinavir (SAQ) NIH AIDS Reagent Program Cat #4658, CAS 127779-20-8

Amprenavir (AMP) NIH AIDS Reagent Program Cat #8148, CAS #161814-49-9

Recombinant Human IFN-β Preprotech Cat# 300-02BC

Recombinant Human IFNa2a Thermo Fisher Cat # 111001

Pam3Cys-SKKKK EMC microcollections Cat# L2000

Pam2Cys-SKKKK EMC microcollections Cat# L2020

Flagellin from S. typhimurium Invivogen Cat# tlrl-stfla

Recombinant Human IL1Ԙ Preprotech Cat# 200-01B

R848 (Resiquimod) InvivoGen Cat# tlrl-r848

LPS – ultra pure from Salmonella 
minnesota R595

List Biological Laboratories, 
INC.

Cat# 434

TRIzol reagent Thermo Fisher Cat# 15596026

GlycoBlue Coprecipitate Thermo Fisher Cat# AM9516

Polyethylenimine “Max”, (Mw 40,000) - 
High Potency Linear PEI

Polysciences, Inc. Cat# 9002-98-6

Paraformaldehyde Electron Microscopy Sciences Cat# 15713-S

Polybrene Sigma Cat# TR-1003-G

Puromycin Invivogen Cat# ant-pr-1

TaqMan Fast Universal PCR Master Mix Thermo Fisher Cat# 4352402

NEBNext® High-Fidelity 2X PCR Master 
Mix

New England Biolabs Cat# M0541S

SYBR Green I Nucleic Acid Stain Thermo Fisher Cat# S-7563

LDS NuPage loading buffer Thermo Fisher Cat# NP0007

Bolt Gels 4-12% Bis-Tris polyacrylamide 
gels

Thermo Fisher Cat# NW04122BOX

HALT combined protease and phosphatase 
inhibitor

Thermo Fisher Cat# 78441

Critical Commercial Assays

LIVE/DEAD® Fixable Violet Dead Cell 
Stain Kit

Molecular Probes Cat# L34955

Complete kit (Universal) KAPA Library 
Quantification Kits for Next-Generation 
Sequencing

Kappa Biosystems Cat# KK4824

Nextera DNA Library Prep Kit Illumina Inc. Cat# FC-121-1030

Nuclear/Cytosol Fractionation Kit MBL International Cat# JM-K266

Plasmid DNA Purification Nucleobond Xtra 
Maxi Kit

Takara Cat# 740414.100

DNeasy Blood & Tissue Kit Qiagen Cat# 69504

Minelute Kit Qiagen Cat# 28004

Wes Femto Maximum Sensitivity Substrate Thermo Fisher Cat# 34095

BCA protein assay, reducing agent 
compatible

Thermo Fisher Cat# PI23252

p24 ELISA ZeptoMetrix Cat# 0801111
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human IFN beta ELISA Invitrogen Cat# PI414101

Luciferase assay system Promega Cat# E4530

Deposited Data

Agilent microarrays on human DCs 
infected with HIV-GFP +/− RAL

This paper GSE100374

ATAC-seq on human DCs infected with 
HIV-GFP +/− RAL

This paper GSE100376

ChIP-seq for IRF3 ENCODE http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878Irf3IggmusSig.bigWig

ChIP-seq for NF-κB ENCODE http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878NfkbTnfalggrabSig.bigWig

ChIP-seq for STAT1 ENCODE http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878Stat1StdSig.bigWig

DNase-HS-seq on CD14+ monocytes ENCODE http://hgdownload.cse.ucsc/edu/goldenPath/hg19/encodeDCC/wgEncodeOpenChromDnase/wgEncodeOpenChromDnaseMonocd14Sig.bigWig

Experimental Models: Cell Lines

HEK 293FT cells Thermo Fisher Cat# R70007, RRID:CVCL_6911

HL116 reporter cells N/A Gift from Sandra Pellegrini

HeLa cells ATCC Cat# CRL-7923, RRID:CVCL_0030

THP-1 cells ATCC Cat# TIB-202, RRID:CVCL_0006

Experimental Models: Organisms/Strains

N/A N/A N/A

Oligonucleotides

ATAC-seq sequencing primers (Buenrostro et al., 2013) (see Table S3)

Primers for cloning LKO-IRF3 This paper (see Table S3)

TaqMan GAPDH assay ThermoFisher Cat# Hs02758991_g1

TaqMan IFNB1 assay ThermoFisher Cat# Hs01077958_s1

TaqMan HIV-LTR assay ThermoFisher Cat# Pa03453409_s1

TaqMan ISG15 assay ThermoFisher Cat# Hs01921425_s1

TaqMan CXCL10 assay ThermoFisher Cat# Hs01124251_g1

TaqMan IFNL1 assay ThermoFisher Cat# Hs00601677_g1

TaqMan eGFP assay ThermoFisher Cat# Mr04329676_mr

TaqMan IL1B assay ThermoFisher Cat# Hs01555410_m1

Recombinant DNA

HIV-GFP (Manel et al., 2010) N/A

HIV-GFP-IN-D116A (Manel et al., 2010) N/A

HIV-GFP- Gag (Manel et al., 2010) N/A

LKO-GFP (Manel et al., 2010) N/A

HIV-1 (replication competent TN6 
backbone)

(Diskin et al., 2013) N/A

pSIV3+ (for production of virus-like 
particles containing Vpx)

(Mangeot et al., 2000) SIVmac251 GenBank acc. no. 
M19499

pLKO.1 – TRC cloning vector Gift from David Root Addgene plasmid #10878

psPAX2 Gift from Didier Trono Addgene plasmid #12260

pCMV-VSV-G Gift from Bob Weinberg Addgene plasmid #8454

Johnson et al. Page 23

Cell Host Microbe. Author manuscript; available in PMC 2019 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878Irf3IggmusSig.bigWig
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878NfkbTnfalggrabSig.bigWig
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs/wgEncodeSydhTfbsGm12878Stat1StdSig.bigWig
http://hgdownload.cse.ucsc/edu/goldenPath/hg19/encodeDCC/wgEncodeOpenChromDnase/wgEncodeOpenChromDnaseMonocd14Sig.bigWig


REAGENT or RESOURCE SOURCE IDENTIFIER

pLKO.1 - TRC control Gift from David Root Addgene plasmid #10879

pcDNA3-IRF3-FL Gift from Peter Howley Addgene plasmid #22860

LKO-IRF3 This paper N/A

LKO-IRF3 S396A This paper N/A

pGreenFire1- NF-κB + EF1-Puro System Biosciences TR012PA-P

control shRNA Sigma SHC002

IRF3 shRNA This paper N/A

MAVS shRNA This paper N/A

cGas shRNA Sigma TRCN0000149984

IFI16 shRNA 1 Sigma TRCN0000364735

IFI16 shRNA 2 Sigma TRCN0000364688

PKR shRNA Sigma TRCN0000196400

lentiCRISPR v2 Gift from Feng Zhang Addgene plasmid #52961

lentiCRISPR control (LCV2) This paper N/A

lentiCRISPR cGAS KO5 This paper N/A

lentiCRISPR cGAS KO6 This paper N/A

lentiCRISPR MAVS KO1 This paper N/A

lentiCRISPR MAVS KO2 This paper N/A

lentiCRISPR MYD88 KO5 This paper N/A

lentiCRISPR MYD88 KO7 This paper N/A

lentiCRISPR STING KO5 This paper N/A

lentiCRISPR STING KO7 This paper N/A

lentiCRISPR IRF1 KO3 This paper N/A

lentiCRISPR IRF3 KO2 This paper N/A

lentiCRISPR IRF5 KO3 This paper N/A

lentiCRISPR IRF7 KO3 This paper N/A

Software and Algorithms

R N/A https://www.rproject.org/

Integrative Genomics Viewer (IGV) N/A http://software.broadinstitute.org/software/igv/

LIMMA N/A https://bioconductor.org/packages/release/bioc/html/limma.html

GraphPad Prism 6.0 GraphPad https://www.graphpad.com/scientificsoftware/prism/

FlowJo 8.7 FlowJo LLC https://www.flowjo.com/

GSNAP N/A http://research-pub.gene.com/gmap/

Ingenuity Pathway Analysis Qiagen https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis

MACS2 N/A https://github.com/taoliu/MACS

bedGraphToBigWig N/A genome.ucsc.edu

edgeR N/A https://bioconductor.org/packages/release/bioc/html/edgeR.html

DiffBind N/A http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf

eCRISP N/A http://www.ecrisp.org/E-CRISP/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Enrichr N/A http://amp.pharm.mssm.edu/Enrichr/

Tracking of Indels by Decomposition 
(TIDE) sequencing

N/A https://tidecalculator.nki.nl/

Other

LS Columns Miltenyi Biotec, Inc 130-042-401

SW 28 Ti Rotor, Swinging Bucket Beckman Cat# 342204

Thinwall Polyallomer, Conical Tubes; Size:
25 × 89

Beckman Cat# 358126

0.45 μm syringe filters Corning Cat# 28200-026

CD14 MicroBeads, human Miltenyi Biotec, Inc 130-050-201

QuadroMACS Separator Miltenyi Biotec, Inc 130-090-976

LSR II Flow Cytometer BD Biosciences N/A

FACSAria II Cell Sorter BD Biosciences N/A

CFX96 thermal cycler Biorad Model T100

SurePrint G3 Human Gene Expression v3 
8×60K Microarray Kit

Agilent G4851B

FluorChem E Imager Protein Simple N/A

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Myeloid DCs sense HIV-1 in distinct phases, before and after integration

HIV-1 sensing leads to changes in chromatin accessibility and primes IFN responses

Perturbation of IRF3 expression levels impacts IFN responses downstream of cGAS/

STING

MyD88-specific stimuli cooperate with IRF3 to augment IFN production in DCs
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Figure 1. HIV-1 is sensed in DCs before and after integration.
(A) Illustration depicting steps of the HIV-1 life cycle impacted by antiretrovirals (EFV, 

RAL), mutations (IN-D116A, ΔGag), or a non-replicating lentivector (LKO-GFP).

(B) and (C) Flow cytometry plots of CD86 vs GFP expression in DCs 48 h after infection +/

− antiretrovirals (B) or compared to IN-D116A, ΔGag, and LKO-GFP (C).

(D) and (E) Pooled data from DCs derived from unique donors plotted as GFP mean 

fluorescence intensity (MFI), %CD86+, and bioactive type I IFN from DC supernatants. n = 

28 (mock, HIV-GFP, RAL); or n = 17 (EFV). * = p<0.01; ** = p<0.001; *** = p<0.0001.
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(F) Correlation between CD86 and IFN in DCs.

(G) Flow cytometry histograms depicting intracellular p24 levels at 16, 32, and 48 h after 

infection. Plot represents pooled data from 4 donors.

MOI = 1.5; mutants normalized to HIV-GFP. Panels with pooled data show mean +/− SEM. 

See also Figure S1.
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Figure 2. HIV-1 replication amplifies IFN and ISG expression.
(A) Heat maps of microarrays from DCs infected with HIV-GFP +/− RAL at 0, 8, 16, 20, 24, 

28, 32, and 40 h (MOI = 1.5). Expression data was fit to a regression model (see STAR 

Methods), plotted as mean-centered and scaled by the standard deviation for each gene. 

Genes are ordered by whether expression increases or decreases with time and by the p-

value of the slope difference +/− RAL from 0–32 h. n = 2 donors.

(B) Spider plots of selected top pathways identified from Ingenuity Pathway Analysis of 

microarray data. Lines are color-code by time after infection and greater distances from the 

plot center indicate stronger enrichment, graphed as -log(p).

(C) Promoter-associated transcription factor motifs in genes induced during HIV-GFP 

infection as in (A) identified by Enrichr.

(D) Gene Ontology (GO) Biological Processes associated with genes induced during HIV-

GFP infection.

(E) Bioactive type I IFN from DC supernatants after infection with HIV-GFP +/− RAL at the 

indicated time and MOI. n = 4 donors.

See also Figure S2 and Table S1.
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Figure 3. Chromatin accessibility at ISG promoters reflects two stages of the interferon response 
during HIV infection.
(A) Schematic depicting process for DC derivation, kinetic analysis of HIV-1 infection in the 

presence of Vpx, DC maturation, and ATAC-seq analysis of open chromatin.

(B) Flow cytometry plots of DCs sorted for ATAC-seq after infection with HIV-GFP for 16, 

32, or 48 h (MOI = 1.5), +/− RAL, displaying CD86 vs GFP expression.

(C) ATAC-seq tracks highlighting a portion of chromosome 1.

(D) Heat map displaying upstream regulators of differential ATAC-seq peaks predicted by 

Ingenuity Pathway Analysis.
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(E) Smooth scatter density plots showing the genome-wide relationship between transcript 

levels and ATAC-seq TSS peak in DCs infected with HIV-GFP +/− RAL at 32 h. The 

positions of example ISGs in low-density regions are highlighted in red.

(F) ATAC-seq tracks at 48 h showing transcription start site peaks for indicated genes 

juxtaposed with tracks from ENCODE ChIP-seq for NF-κB, STAT1, IRF3, and DNAse 

hypersensitivity. Tracks were visualized using IGV and represent merged files across 3 

biological replicates.

See also Figure S3 and Table S2.
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Figure 4. Cytoplasmic DNA primes robust type I IFN responses.
(A) Bioactive type I IFN from DCs that were infected with HIV-GFP at 0.5 MOI for 28 h in 

the presence of the antiretrovirals shown and stimulated overnight with R848 (3 μg/ml). n = 

4 donors.

(B) IFNB quantified by ELISA in supernatants of DCs primed with HIV-GFP and boosted 

with R848 under the conditions shown. n = 3 donors

(C) Experimental design model for HIV-GFP “prime” and TLR “boost” time course.
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(D) Bioactive type I IFN and NF-κB activity in supernatants from DCs treated as shown in 

(C) +/− RAL, boosting with vehicle control or R848 at the indicated times. n = 4 donors.

(E) Experimental design using cGAMP to recapitulate HIV-GFP priming.

(F) Heat maps of IFNB1, IFNL1, CXCL10, and IL1B expression as a dose response matrix 

using cGAMP and R848 as indicated in (E). Heatmaps represent qPCR data from 1 of 2 

donors. (G) Bioactive type I IFN activity from DCs primed with 0.5 μg/ml 2,3-linked 

cGAMP for 7 h +/− EFV or RAL and boosted +/− R848, overnight. n = 4 donors.

(H) Bioactive type I IFN from DC supernatants primed with 3,3 linked cGAMP (0.5, 1, 2 

μg/ml), R848 (0.3, 1, 3 μg/ml), IFNB (0.1, 0.3, 1 ng/ml), or IFNa2a (10, 30, 100 U/ml) and 

challenged overnight with R848 (3 μg/ml). n = 4 donors.

(I) Bioactive type I IFN activity from DCs treated with Vpx that were mock infected or 

infected with wild type CCR5-tropic HIV-1 for 72 h and challenged overnight +/− R848 (3 

μg/ml). n = 8 donors. * = p<0.05

Panels with pooled data show mean +/− SEM. See also Figure S4.
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Figure 5. The cGAS-STING axis is required for HIV-mediated priming of type I and type III 
IFN and induction of ISGs.
(A) Immunoblots of DC whole cell lysates after shRNA-mediated knockdown of the 

indicated targets.

(B) DCs modified by shRNA as in (A) were mock infected or challenged with HIV-GFP at 

day 4 for 48 h. GFP and CD86 levels were assessed by flow cytometry. Plots represent 1 of 3 

donors. (MOI = 2)
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(C) Bioactive type I IFN from DC supernatants infected with HIV-GFP (MOI = 2). n = 3 

donors. (D) qPCR of ISG15 and CXCL10 expression in DCs that were transduced with 

control or cGAS shRNA and infected with HIV-GFP (MOI = 2) +/− RAL for 28 h.

(E) Bioactive type I IFN from shRNA-transduced DCs that were stimulated with cGAMP (5 

μg/ml; 16 h). n = 2 donors.

(F) Flow cytometry of ISG15 vs GFP expression in THP-1 CRISPR cells after infection with 

HIV-GFP +/− RAL (MOI = 0.5)

(G) qPCR of CXCL10 expression in THP-1 CRISPR cells that were infected with HIV-GFP 

+/− RAL for 28 h.

(H) Bioactive type I IFN in supernatants from THP-1 CRISPR populations were either 

unprimed or primed with HIV-GFP+RAL (MOI = 2) for 28 h, then mock treated or boosted 

with PAM3 (100 ng/ml) for 4 h. n = 3.

Data show mean +/− SEM. See also Figure S5.
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Figure 6. IRF3, but not IRF1, IRF5, or IRF7 is required for IFN priming and induction of ISGs.
(A) Immunoblots of lysates from THP-1 populations modified using the lentiCRISPR 

system compared to empty vector control (LCV2).

(B) Flow cytometry of ISG15 vs GFP expression in THP-1 CRISPR cells 48 h after 

infection with HIV-GFP (MOI = 0.25, 0.5, 1).

(C) THP-1 CRISPR cells were primed with HIV-GFP+RAL or left unprimed (mock) for 28 

h and then treated with vehicle or PAM3 (100ng/ml) for 1 h. Gene expression of the 

indicated targets was assessed by qPCR relative to GAPDH. n = 2 biological replicates with 

2 technical replicates each.

Data show mean +/− SEM. See also Figure S6.
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Figure 7. NF-κB activity is necessary but not sufficient to boost IFN responses. Related to Figure 
5.
(A) Immunoblots of DC lysates after administration of cGAMP (6 h; 1, 3, and 10 μg/ml), 

PAM3 (100 ng/ml; 15 and 90 min), or R848 (3 μg/ml; 15 and 90 min).

(B) Immunoblots of DC lysates primed with cGAMP (6 h; 1 μg/ml) or left unprimed, then 

mock treated or stimulated with R848 for 15, 30, or 60 min. Blots represent 1 of 2 donors.

(C) Flow cytometry plots of CD86 vs GFP expression in DCs infected with HIV-GFP for 48 

h +/− Cel (0.5 μM), added at the indicated times after infection.
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(D) Graphs of %CD86+ and bioactive type I IFN activity in DCs infected with HIV-GFP and 

treated with Cel as in (C) relative to infection without drug. n = 3 donors.

(E) DCs were left unprimed or primed with cGAMP (6 h, 1 μg/ml) or HIV-GFP (28 h, MOI 

1) and then challenged overnight with R848 +/− Cel, TNFαβ (5, 50, 500 ng/ml), IL-1ββ 
(0.03, 0.3, 3 ng/ml), or Thap (0.1, 1, 10 nM). Flow cytometry histograms represent 1 of 4 

donors.

(F) NF-κB activity from DC supernatants under conditions shown, treated as in (E).

(G) Bioactive type I IFN from DC supernatants under conditions as in (E).

(H) CD80 MFI (I) in DCs primed with cGAMP and treated as in (E). n = 4 donors.

Data show mean +/− SEM. See also Figure S7.
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