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SUMMARY

Detection of viruses by innate immune sensors in-
duces protective antiviral immunity. The viral DNA
sensor cyclic GMP-AMP synthase (cGAS) is neces-
sary for detection of HIV by human dendritic cells
and macrophages. However, synthesis of HIV DNA
during infection is not sufficient for immune activa-
tion. The capsid protein, which associates with viral
DNA, has a pivotal role in enabling cGAS-mediated
immune activation. We now find that NONO is an
essential sensor of the HIV capsid in the nucleus.
NONO protein directly binds capsid with higher affin-
ity for weakly pathogenic HIV-2 than highly patho-
genic HIV-1. Upon infection, NONO is essential
for cGAS activation by HIV and cGAS association
with HIV DNA in the nucleus. NONO recognizes a
conserved region in HIV capsid with limited toler-
ance for escape mutations. Detection of nuclear viral
capsid by NONO to promote DNA sensing by cGAS
reveals an innate strategy to achieve distinction of
viruses from self in the nucleus.

INTRODUCTION

In vertebrates, recognition of viruses by dendritic cells (DCs) and

macrophages is critical to induce an activated state that stimu-

lates innate and adaptive immune responses. Sensing of viruses

by DCs and macrophages relies on the ability to recognize spe-

cific elements that are associated with the virus and absent from

cells. A limited number of nucleic acid sensors have been iden-

tified (Vance, 2016). The cytosolic DNA sensor cyclic GMP-

AMP synthase (cGAS) is critical for the activation of DCs and
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macrophages via IRF3 in response to several DNA viruses and

the lentivirus HIV (Gao et al., 2013; Lahaye et al., 2013). In addi-

tion, cGAS appears to play a much broader role in response to a

large number of microbes and self DNA (Chen et al., 2016). The

universal nature of this nucleic acid-based recognition raises the

question of how DCs and macrophages achieve their high level

of sensitivity while maintaining sufficient specificity in the recog-

nition of viral infection. This suggests that additional mecha-

nisms may exist to control cGAS-mediated sensing in the case

of viral infection.

HIV-2 infects 1–2million individuals (Visseaux et al., 2016). The

majority of HIV-2 infected individuals do not progress to AIDS,

control viral replication, induce a potent immune response

against the virus, and exhibit partial cross-protection against

HIV-1 (Esbjörnsson et al., 2012; Rowland-Jones and Whittle,

2007). HIV-2 degrades the restriction factor SAMHD1 through

its Vpx protein, leading to efficient viral DNA synthesis and innate

immune activation in DCs through cGAS. In contrast, DCs

neglect sensing of HIV-1 through cGAS because the virus does

not degrade SAMHD1 (Sáez-Cirión and Manel, 2018). Depletion

of SAMHD1 using HIV-2/SIVmac Vpx protein sensitizes DCs

for HIV-1 infection and restores innate immune activation in

response to the virus (Manel et al., 2010). Viral infection and

recognition in DCs is thus likely one of several key processes

that triggers protective immune responses during the course of

HIV-2 infection. However, Vpx is simultaneously required for

HIV-2/SIVmac viral replication in T cells (Shingai et al., 2015;

Yu et al., 2013), rendering the identification of other factors of

innate sensing desirable.

HIV double-stranded DNA (dsDNA) plays an essential role in

cGAS-mediated recognition (Herzner et al., 2015; Yoh et al.,

2015) but it is not sufficient in DCs (Lahaye et al., 2013). The viral

capsid, which associates with viral dsDNA up to the nucleus inte-

rior (Chin et al., 2015; Peng et al., 2014), has a critical role in

enabling cGAS-mediated sensing of HIV dsDNA. The HIV-2
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Figure 1. NONO Directly Binds to HIV-1 and HIV-2 Capsid Proteins

(A) Interactions between the N-terminal domains (NTD) of the capsid (CA) proteins of HIV-1 or HIV-2 or a negative control protein Rab1aDQwith NONO and CypA,

measured by Y2H (n = 6, one representative experiment is shown).

(B) Interaction between CypA, NONO, and recombinant NTD of HIV-1 and HIV-2 capsids, measured by MST (n = 3).

See also Figure S1.
capsid is permissive to cGAS-mediated sensing during the early

steps of infection, before the incoming viral DNA integrates. In

contrast, the HIV-1 capsid evades sensing of the dsDNA before

integration, even if Vpx is provided, and viral integration and

expression of newly synthesized Gag protein is required to

activate innate immunity. Capsid mutations alter HIV-1/2 DNA

sensing by cGAS, implicating interactions with host factors

(Lahaye et al., 2013; Manel et al., 2010; Rasaiyaah et al., 2013).

Cyclophilin A (CypA) binds to the HIV-1/2 capsid and modulates

recognition of HIV-1/2 by DCs and macrophages, but the

outcome of this interaction is virus strain- and cell-type-specific.

These observations suggested the existence of a capsid-binding

factor that would be essential for cGAS-mediated recognition of

HIV-1/2.

RESULTS

NONO Directly Binds to HIV Capsid Protein
Given the physio-pathological differences between HIV-1 and

HIV-2 infections, we reasoned that host factor(s) implicated in

viral capsid recognition would preferentially bind to the HIV-2

capsid. We performed a yeast two-hybrid (Y2H) screen for pro-

tein fragments interacting with the HIV-2 capsid. NONO was

identified with the best confidence score (Figure S1A). The

NONO clones coded for fragments that all contained domain

256–310, representing the HIV-2 capsid-binding domain. Full-

length NONO interacted with full-length and N-terminal domain

(NTD) of HIV-2 capsid and the NTD of HIV-1 capsid (Figures

1A, S1B, and S1C).We compared the strengths of the interaction

with CypA as control. As predicted, the two capsids interacted

with CypA, and the interaction with HIV-1 capsid was stronger

than observed with HIV-2 capsid (Figures 1A and S1C). In

contrast, the HIV-2 capsid interacted more strongly with

NONO than the HIV-1 capsid. To determine direct protein-

protein interactions, we expressed and purified recombinant

CypA, a NONO fragment that produces a soluble protein

(domain 35–312) (Knott et al., 2016b) and capsid NTDs (Fig-

ure S1D). Microscale thermophoresis (MST) confirmed a direct

binding between NONO and the capsids NTD of HIV-1 or

HIV-2. As expected in this assay (Lahaye et al., 2013), the capsid
NTD of HIV-1 binds to CypA while HIV-2 binding is below the

detection limit (Figure 1B). In contrast, capsid NTD affinity of

HIV-2 for NONO was higher than HIV-1 capsid NTD. Using

MST, the full-length HIV-1 capsid bound NONO with the same

affinity as the NTD (Figure S1E), suggesting that the lack of

detectable interaction of full-length capsid in yeast is not due

to a reduced affinity (Figure S1B).

NONO Is Not Essential for HIV Infection
The conserved interaction of NONO with the HIV-1 and HIV-2

capsids suggested that it could be a host factor required for

HIV infection. Depletion of NONO with CRISPR/Cas9 in THP-1

cells (Figures S2A and S2B) and U87 cells (Figures S2C and

S2D) or with RNAi in THP-1 cells (Figures S2E and S2F) and

HeLa cells (Figures S2G and S2H) had no major impact on

HIV-1 and HIV-2 early phases of replication. To address late

phases, we generated NONO-deficient HEK293FT cells, and

this had no impact on viral production (Figure S2I) and titer of

viral progeny (Figures S2J and S2K). While Vpx was encapsi-

dated in HIV-2 particles as expected, NONO was not packaged

in HIV-1 or HIV-2 particles (Figure S2I). Thus, NONO is not a

general host-dependency factor of HIV infection.

NONO Is Essential in Dendritic Cells and Macrophages
for Immune Activation after HIV Infection
These results raised the alternative possibility that NONO could

be implicated in the recognition of HIV by the innate immune sys-

tem. To determine if NONO was implicated in HIV recognition,

we depleted NONO in monocyte-derived DCs (MDDCs), using

Vpx and small hairpin RNA (shRNA) that induced intermediate

(shRNA#1) or near complete (shRNA#5) depletion, and utilized

a previously validated cGAS shRNA as a control (Figure 2A).

Similar to cGAS depletion, NONOdepletion inhibited the expres-

sion of type I interferon (IFN), co-stimulatory molecule CD86, and

inflammatory cytokine IP-10 (CXCL10) after infection by HIV-1

or HIV-2 GFP-reporter viruses (Figures 2B–2D and S3A). In

contrast, NONO depletion did not impair DC activation by

TLR3 agonist poly(I:C) or TLR7/8 agonist R848 (Figures 2D and

S3C). Activation by HIV-1 and HIV-2 capsid mutants that favor

DC activation over infection was also dependent on NONO
Cell 175, 488–501, October 4, 2018 489
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Figure 2. NONO Is Essential for Immune Activation after HIV Infection in Dendritic Cells and Macrophages

(A) Expression of NONO, cGAS, and actin inMDDCs at day 4, transduced at day 0with a control shRNA against LacZ or individual shRNA against NONOor cGAS,

combined with Vpx-containing VLPs (n = 7, one representative experiment is shown).

(B) GFP and CD86 expression in MDDCs as in (A) and infected at day 4 for 48 hr with HIV-1 or HIV-2 GFP-reporter viruses (n = 7, one representative experiment is

shown). The shRNA transduction at day 0 includes Vpx, which abrogates the SAMHD1 restriction for HIV-1 at day 4.

(C) Dose-response expression of GFP and CD86 as in (B) (n = 7, paired repeated measure [RM] ANOVA). Virus inoculum volume is indicated.

(legend continued on next page)
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expression, while activation by the cGAS agonist HT-DNA, or the

cGASproduct and stimulator of interferon genes (STING) agonist

cyclic guanosine monophosphate-adenosine monophosphate

(cGAMP), was not affected by NONO depletion (Figure S3D).

Dose-titrations on multiple donors confirmed that the response

to HIV required NONO expression, but not the response to

cGAMP or HT-DNA (Figure S3D). Accordingly, NONO depletion

did not inhibit cGAS messenger or protein expression (Figures

2A and S3E). Viral infection, monitored by GFP reporter expres-

sion, was not affected by NONO or cGAS depletion in MDDCs

(Figures 2B, 2C, and S3B). The amount of reverse-transcribed

DNA, nuclear HIV DNA, and integrated HIV were also not

affected by NONO depletion, indicating that the lack of DC acti-

vation was not due to a limiting dose of DNA (Figure S3F). To

confirm production of antiviral interferons, wemeasured the pro-

duction of type I and type III IFN. IFN-b was induced by HIV-2

infection in a NONO-dependent manner (Figure S3G), while it

was below the detection limit for HIV-1. We found that MDDCs

secreted high levels of IFN-l1, a type III IFN previously reported

to be co-expressed with type I IFN in response to viral infection

(Odendall et al., 2014) (Figure S3H). IFN-l1 induction by HIV-1

and HIV-2 infection required NONO, but not its induction by

cGAMP (Figure S3H). The induction of the IFN-stimulated gene

(ISG) SIGLEC1was also inhibited by NONOdepletion after infec-

tion of DCs with a replication-competent HIV-1 (Figure S3I).

Type I and III interferons are IRF3 target genes and HIV recog-

nition in DCs through cGAS leads to IRF3 phosphorylation and

requires IRF3. IRF3 phosphorylation in response to HIV-1 or

HIV-2 infection was abrogated in cells depleted for NONO (Fig-

ure 2E). The total level of IRF3 was not altered. Phosphorylation

of IRF3 after transfection of cGAMP, the product of cGAS, was

not altered in NONO-depleted DCs. Thus, NONO is required

for IRF3 activation in DCs in response to HIV, and does not

appear to play a general role in IRF3 activation through the

cGAMP-STING pathway. To validate the role of NONO in primary

cells, we purified primary cDC2 (CD1c+ DCs) from human blood

and depleted NONO and cGAS using lentiviral vectors (Fig-

ure S3J) (Silvin et al., 2017). HIV-1 or HIV-2 infection induced

CD86 expression in cDC2, and this was inhibited in the absence

of cGAS or NONO (Figures 2F, 2G, and S3K). The rate of viral

infection was not significantly altered by the absence of cGAS

or NONO (Figures 2F, 2G, and S3K).

Similar to DCs, HIV-1 can activate cGAS in monocyte-derived

macrophages in the presence of Vpx (Gao et al., 2013). NONO

depletion in macrophages did not significantly alter the rate of
(D) IP-10 production by MDDCs transduced as in (A) and infected with HIV-1 or H

(0.33 mg/mL) for 48 hr (n = 7, paired RM ANOVA on log-transformed data).

(E) Western blot of phospho-Ser396-IRF3 in MDDCs transduced as in (A) and inf

cGAMP (1.33 mg/mL) (n = 3, one representative experiment is shown).

(F) GFP and CD86 expression in cDC2 transduced and infected as in (B) (n = 5,

(G) Expression of GFP and CD86 as in (F) (n = 3, paired RM ANOVA, virus inocu

(H) GFP and SIGLEC1 expression in macrophages transduced and infected at da

paired RM ANOVA).

(I) IP-10 production by macrophages as in (H) (n = 4, paired RM ANOVA on log-t

(J) Relative expression of IFIT1, MX1, OAS1 by real-time qPCR by macrophages

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; lines and bars indicate mean;

See also Figures S2 and S3.
infection with HIV-1 or HIV-2 (Figure 2H). However, the induc-

tion of IP-10 protein was inhibited by NONO depletion in

response to HIV-1 or HIV-2, but not in response to cGAMP or

HT-DNA (Figure 2I). The expression of the ISGs IFIT1, MX1,

and OAS1 was also inhibited by NONO depletion in response

to infection, but not to stimulation with synthetic agonists

(Figure 2J).

HIV Capsid Reaches the Nucleus of Dendritic Cells and
Interacts with NONO
NONO is a pan-nuclear protein in DCs (Figure S4A). We thus

tested if the incoming HIV-2 capsid protein localized to the nu-

cleus of DCs. Using a staining protocol optimized for nuclear

capsid detection (Chin et al., 2015) and integrase inhibitor to

restrict detection to incoming viral capsids, we found that the

incoming HIV-2 capsid reaches the interior of the nucleus upon

infection at MOI of 2 (Figures 3A, 3B, and S4B). Nuclear/cyto-

plasmic fractionation analyses confirmed this finding and further

showed that newly synthesized GAG can also be found in the DC

nuclear fraction (Figures 3C and S4C). Immuno-electron micro-

scopy also identified incoming nuclear capsid as intranuclear

structures stained by anti-capsid antibody (Figures 3D and

S4D). Their dimensions were consistent with the shape of viral

cores (Figures 3D and S4D) but reduced compared to mature

core of extracellular particles (Figure S4E) (Briggs et al., 2003).

Proximity-ligation assay (PLA) also identified nuclear capsid,

with an average of 11 foci per cell (Figures 3E and 3F). To exclude

that nuclear capsid was newly expressed Gag due to leakiness

of the integrase inhibitor, we infected DCs with HIV-2 deleted

for Gag (DGag) complemented with encapsidation-signal defi-

cient HIV-2 (DJ). As expected, Gag was not expressed in DCs

infected with HIV-2 DGag (Figure 3G, DJ+DGag). Similar to

HIV-2, HIV-2 DGag induced CD86, IP-10, and IFN in dendritic

cells in the absence of integration and in a cGAS- and NONO-

dependent manner (Figure 3H). The incoming capsid for HIV-2

DGag viruses was also found in the nucleus (Figure 3I). To test

if the incoming viral capsid could interact with NONO in the nu-

cleus, we performed double-labeled immuno-electron micro-

scopy. Nuclear structures positive for capsid were also positive

for NONO (Figure 3J). We analyzed 157 CA-positive nuclear

structure and 60% contained at least one NONO gold particle

(Figure 3K). The double-labeled structures were also observed

on two sequential sections (Figure S4F). In contrast, NONO

was not detected on the capsid from enveloped viral particles

released by infected macrophages (Figure S4G). Altogether,
IV-2 GFP-reporter viruses (33 mL) or treated with poly(I:C) (1.33 mg/mL) or R848

ected 16 hr with HIV-1 or HIV-2 GFP-reporter viruses or transfected 12 hr with

one representative experiment is shown).

lum: 33 mL).

y 9 as in (B) or treated with cGAMP (1.33 mg/mL) or HT-DNA (1.66 mg/mL) (n = 4,

ransformed data).

as in (H) (n = 4, paired RM ANOVA on log-transformed data).

ns, not statistically significant; MFI, mean fluorescence intensity.

Cell 175, 488–501, October 4, 2018 491
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Figure 3. The HIV-2 Capsid Reaches the Nucleus of Dendritic Cells

(A) Detection of capsid from incoming virus in the nucleus of DCs by immunofluorescence. Control MDDCs or MDDCs infected with HIV-2 GFP-reporter virus and

Raltegravir (HIV-2 + Raltegravir [RAL]; 20 mM) for 16 hr and processed with proteinase K treatment to detect nuclear capsid (CA) (green). Dash lines, nucleus

contour; plain lines, cell contour; blue, DAPI. Scale bar, 10 mm (n = 3, one representative experiment is shown).

(B) Quantification of capsid-containing nuclei as in (A) (MOI = 2; n = 3; 15 cells analyzed on average per condition and per donor).

(C) Detection of GAG, CA, tubulin, and lamin A/C after cytoplasmic and nuclear fractionation. MDDCs were infected 24 hr in presence or not of RAL or azido-

thymidine (AZT, 25 mM), with HIV-2 (n = 4, one representative experiment is shown).

(D) Detection of capsid (CA10) from incoming virus in the nucleus of DCs infected as in (A) by immuno-electron microscopy (N, nucleus; C, cytosol; n = 2 in-

dependent experiments, one representative experiment is shown).

(E) Orthogonal projection of intranuclear capsid (CA, red) from DCs infected as in (A), after PLA for capsid. Blue, DAPI. Scale bar, 5 mm (n = 2, one representative

experiment is shown).

(F) Quantification of capsid-containing nuclei as in (E) (n = 2, one representative experiment is shown, numbers of cells analyzed is indicated).

(legend continued on next page)
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we conclude that the incoming HIV-2 capsid reaches the nucleus

and directly associates with NONO.

NONO Is Required for the Presence of cGAS in the
Nucleus
These results raised the possibility that NONO could regulate

cGAS localization in cells. While cGAS was initially reported to

localize mainly in the cytosol (Sun et al., 2013), cGAS expressed

in interphase can access the nuclear compartment as a result of

nuclear envelope rupture ormitosis (Denais et al., 2016;Macken-

zie et al., 2017; Raab et al., 2016; Yang et al., 2017), and cGAS

was detected in the nucleus of human primary fibroblasts (Orzalli

et al., 2015). Using nuclear/cytoplasmic fractionation, we found

that endogenous cGAS was present in both the nucleus and

the cytosol in monocyte-derived DCs (MDDCs), macrophages

(MDMs), THP-1, and HeLa cells (Figure 4A). NONO was found

in the nucleus, and STING was detected only in the cytoplasm.

Calnexin was detected only in the cytoplasmic fraction of DCs

and macrophages, thus excluding a contamination of nuclear

fractions with endoplasmic reticulum. The presence of cGAS in

the nucleus raised the question of how cGAS is prevented

from massive activation by nuclear DNA. Using an in vitro enzy-

matic assay for cGAS activity, we found that cGAS is not acti-

vated by nucleosomes (Figures 4B and 4C). Extracting DNA

from nucleosomes rescued cGAS enzymatic activity similarly

to naked DNA. Spiking naked DNA into nucleosomes also

rescued cGAS enzymatic activity, excluding a dominant-nega-

tive effect (Figure S4H). Thus, the nucleosomal state of nuclear

DNA limits cGAS activation. We next tested the role of NONO

on cGAS localization in DCs. Upon NONO depletion, the base-

line level of nuclear cGAS was reduced, while the cytoplasmic

cGAS level was not affected (Figures 4D, 4E, S4I, and S4J).

The expression of cGAS was increased in control cells treated

with HIV-1 or cGAMP, in agreement with the production of

IFN, because cGAS is an ISG (Schoggins et al., 2011). Of note,

we also detected the presence of unprocessed Gag protein of

HIV-1 and HIV-2 in the nucleus of DCs (Figures 4D and S4I).

These results suggested that NONO could interact with cGAS.

Using co-immunoprecipitation, both NONO and cGAS pulled

down each other (Figures 4F and 4G). The cGAS-NONO interac-

tion was resistant to benzonase, supporting putative protein-

protein interactions (Figures 4H and S4K). To visualize the

localization of cGAS as a function of NONO, we quantified

cGAS intensity by immunofluorescence microscopy in control
(G) Detection of GAG, CA, and actin. MDDCs were infected 24 hr in presence or n

one representative experiment is shown).

(H) GFP, CD86 expression, and IP-10, IFN-l1 production by MDDCs transduced

and subsequently infected 48 hr at day 4 as in (G) or treated with cGAMP (1.33

significant, on log-transformed data for IP-10 and IFN-l1 production).

(I) Detection of capsid (CA15) from incoming virus in the nucleus of DCs by immuno

presence of RAL.

(J) Detection of endogenous NONO (NONO10) and capsid (CA15) from incoming

infected as in (A) (N, nucleus; C, cytosol; n = 2 independent experiments, one re

(K) Quantification of gold particles (NONO10 or CA15) associated with capsid-posit

nuclear structures analyzed are indicated).

Bars indicate mean.

See also Figures S4A–S4G.
or NONO-depleted DCs (Figures 4I and 4J). The level of nuclear

cGAS was linearly correlated with the level of nuclear NONO in

DCs treated with a NONO shRNA. In control cells, the level of nu-

clear cGAS was correlated in the fraction of cells expressing

lower levels of NONO (Figure S4L). In contrast, the level of cyto-

solic cGAS was not correlated with NONO. We conclude that

NONO forms a complex with cGAS in the nucleus and that it is

required for the presence of cGAS in the nucleus, but has no

impact on the cytosolic pool of cGAS.

NONO Is Required for cGAS-Mediated Sensing of
HIV DNA
These results suggested that NONO could have a direct role in

cGAS-mediated sensing of HIV DNA. cGAMP production by

cGAS results in phosphorylation of STING at Serine 366. HIV-2

infection induced phosphorylation of STING in DCs, and this

was inhibited by depletion of cGAS or NONO (Figure 5A). Deple-

tion of NONO or cGAS had no impact on STING phosphorylation

in response to cGAMP. Next, we immunoprecipitated cGASwith

a chromatin immunoprecipitation (ChIP) protocol to determine

the role of NONO in the association of HIV-2 DNA with cGAS in

the nucleus (Figure 5B). HIV-2 DNA was associated with cGAS

in control infected cells, and this was reduced by 21-fold in

NONO-depleted cells (Figure 5C). Altogether, these data show

that NONO is required for cGAS recognition of HIV-2 DNA and

STING activation.

NONO Recognizes a Site of Genetic Fragility in HIV
Capsids
These data suggested that NONO is a HIV capsid recognition

receptor of innate immunity. Considering that virus recognition

by the innate immune system is critical for inducing antiviral

responses, it was intriguing that HIV capsid recognition by

NONO would be based on protein-protein interactions, which

are presumably sensitive to escape mutations. However, the

HIV capsid is considered a genetically fragile structure, which

poorly tolerates mutational changes (Rihn et al., 2013). To test

if NONO recognized a site of genetic fragility in the capsid pro-

tein, we mapped single amino acids essential for NONO binding

to capsid (Figure S5A).We found that D101 and I102were essen-

tial for NONO binding to HIV-2 capsid, while Y49 had a partial

role (Figures 6A and S5B). D101 and I102 are conserved in

HIV-1 capsid, while Y49 is Q50 in HIV-1 (Figure 6B). These

residues are surface-exposed and closely located in space,
ot of RAL or AZT, with HIV-2 (HIV-2 WT), HIV-2 DJ, or HIV-2 DJ+DGag (n = 2,

at day 0 with a control shRNA against LacZ or shRNAs against cGAS or NONO

mg/mL) for 48 hr (n = 4, paired RM ANOVA, ****p < 0.0001, ns, not statistically

-electronmicroscopy infected 16 hrwith HIV-2DJ+DGagGFP-reporter virus in

virus in the nucleus of DCs by immune-electron microscopy. MDDCs were

presentative experiment is shown).

ive nuclear structures as in (J) (n = 2 independent experiments, numbers of CA+
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Figure 4. NONO Interacts with cGAS in the Nucleus
(A) Detection of cGAS, NONO, calnexin, lamin B1, tubulin, lamin A/C, and STING after cytoplasmic and nuclear fractionation of MDDCs, MDMs, THP-1, and

HeLa cells.

(B) In vitro activity of cGAS in the presence of nucleosomes, nucleosomal DNA, or plasmid DNA. Mean values of initial cGAS reaction rates was subtracted to

time 0 and inverted (DF, RFU, relative fluorescence units; n = 3, one representative experiment is shown).

(C) In vitro activity of hcGAS. From (B), background fluorescence was subtracted, initial rates were calculated as a slope of the linear intervals and defined as

DF/Dt (relative fluorescence units per minute) (n = 3; paired RM ANOVA).

(D) Detection of cGAS, NONO, GAG, CA, tubulin, lamin A/C, and histone H3 after cytoplasmic and nuclear fractionation. MDDCs transduced with shRNA against

NONO or control (LacZ) and infected 24 hr at day 4 with HIV-1 or HIV-2 or transfected 16 hr with cGAMP (1.33 mg/mL) (n = 6, one representative experiment

is shown).

(legend continued on next page)
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Figure 5. NONO Is Required for cGAS-Mediated Sensing of the

HIV-2 DNA

(A) Western blot of phospho-Ser366-STING expression in MDDCs transduced

at day 0 with a control shRNA against LacZ or shRNAs against cGAS or NONO

and infected at day 4 with HIV-2 GFP-reporter viruses (16 hr) or transfected

with cGAMP (12 hr, 1.33 mg/mL) (n = 4, one representative experiment

is shown).

(B) GFP and CD86 expression in MDDCs transduced at day 0 with a control

shRNA against LacZ or a shRNA against NONO and infected at day 4 with

HIV-2 GFP-reporter virus for 48 hr (n = 3, paired RM ANOVA).

(C) Immunoprecipitation of HIV-2 DNA in infected cells (16 hr) as in (B) with an

antibody against cGAS or IgG control (n = 3, paired RM ANOVA).

Bars indicate mean; **p < 0.01, ***p < 0.001.
consistent with a protein-binding interface (Figure 6C). We pro-

duced viruses with mutations D101A and I102A in HIV-2, and

the corresponding D103A and I104A in HIV-1. The mutant vi-

ruses showed a 3- and 2-log reductions in viral titers, respec-

tively (Figure 6D). In producer cells, HIV-2 D101A and I102A

showed normal levels of cell-associated Gag but reduced levels

of cell-associated CA, and HIV-1 D103A and I104A showed

reduced levels of cell-associated Gag and CA (Figure S5C).
(E) Quantification of the densitometric values from nuclear NONO and cytosolic o

Cytosol ratio was calculated over tubulin, nuclear ratios were calculated by over

(F) Pull-down of NONO by cGAS. 293FT cells were co-transfected with indicated

blot (n = 3, one representative experiment is shown).

(G) Pull-down of cGAS by NONO. 293FT cells were co-transfected with indicate

(n = 3, one representative experiment is shown).

(H) Pull-down of NONO by cGAS is resistant to nucleic acid digestion. 293FT ce

immunoprecipitation with or not benzonase treatment and western blot (n = 3, o

(I) Detection of endogenous cGAS, NONO, and DNA (DAPI) by confocal microsco

Scale bar, 5 mm (n = 2, one representative experiment is shown).

(J) Quantification of the density of cGAS fluorescence in the cytoplasm and in the

in (I) (n = 2, the line represents the linear regression; r, Pearson r correlation; p, p

statistically significant; bars indicate mean; **p < 0.01, ****p < 0.0001.

See also Figures S4H–S4L.
Extracellular viral proteins were reduced for HIV-1 andHIV-2mu-

tants (Figure S5C). HIV-1 and HIV-2 do not normally package

NONO in viral particles during viral production (Figure S5D), indi-

cating that the reduced viral titer was not due to a loss of NONO

binding during viral production. The reduction in viral titers was

not due either to gaining a dependency on cyclophilin A inhibition

(Figure 6D). Electron microscopy showed that one defect of

HIV-1 I104A was the accumulation beneath the plasma mem-

brane of virus-producing cells and a failure to bud (Figure 6E).

These results indicate that HIV-1 D103A, I104A, and HIV-2

D101A and I102A are severely defective. We next tested if a

moderate polymorphic exchange could be tolerated. We gener-

ated HIV-2 Y49Q and its counterpart HIV-1 Q50Y. While Y49Q

diminished the interaction with NONO for HIV-2 capsid, Q50Y

increased it for HIV-1 capsid (Figure 6F). The interactions with

CypA were not altered by the mutations (Figure S5E). Gag

expression, budding, and capsid maturation in the particles

was normal (Figure S5F). However, HIV-1 Q50Y and HIV-2

Y49Q showed 1- and 2-log decreases in viral titers, respectively

(Figure 6G). To establish a causal link between NONO recogni-

tion and sensing, we examined the activation of DCs in response

to infection by capsid mutants. HIV-1 D103A, I104A and HIV-2

D101A, I102A were too defective to be tested in this assay. We

infected DCs with capsid-normalized amount of HIV-1 Q50Y,

HIV-2 Y49Q, and wild-type (WT) viruses. HIV-1 Q50Y showed a

profound defect in viral integration and GFP expression (Figures

S5G and S5H), which prevented further analysis because im-

mune activation by HIV-1 in DCs with Vpx requires integration

and Gag expression (Manel et al., 2010). HIV-2 Y49Q was also

profoundly defective for integration and GFP expression, inde-

pendently of NONO (Figures 6H and 6I). HIV-2 Y49Q produced

10-fold less viral DNA than its WT counterpart per unit of capsid

(Figure 6I). HIV-2 WT readily induced IFN-l1 in a NONO-depen-

dent manner (Figures 6H and 6J). At comparable levels of input

capsid, induction of IFN-l1 by HIV-2 Y49Q was 26-fold less

than WT (Figures 6H and 6J). At comparable levels of viral

DNA, residual induction by HIV-2 Y49Q was also independent

of NONO, and 2-fold less thanWT (Figures 6H and 6J). These re-

sults raised the question of the conservation of the NONO-

capsid interaction. Using Y2H, we find that NONO binding is

conserved in SIVmac and SIVsmm capsids (Figures S6A–S6C).

D101 and I102 are conserved throughout the primate lentiviruses

(Figure 6K). Residue Y49 is highly conserved throughout the pri-

mate lentiviruses, while the HIV-1 group M and SIVcpz lineages
r nuclear cGAS after cytoplasmic and nuclear fractionation in MDDCs as in (D).

histone H3 (solid lines) or lamin B1 (dash lines) (n = 9; paired RM ANOVA).

plasmids and processed for anti-FLAG immunoprecipitation (IP) and western

d plasmids and processed for anti-HA immunoprecipitation and western blot

lls were co-transfected with indicated plasmids and processed for anti-FLAG

ne representative experiment is shown).

py in MDDCs transduced with shRNA against NONO or control (LacZ) at day 5.

nucleus, relative to the density of NONO fluorescence in the nucleus, in cells as

value; one representative experiment is shown).WCL, whole cell lysate; ns, not

Cell 175, 488–501, October 4, 2018 495



A B

C

D

E F G H

I J K

Figure 6. NONO Recognizes a Site of Genetic Fragility in HIV-1 and HIV-2 Capsids

(A) Interaction of HIV-2 CA NTD WT and mutants Y49A, D101A, and I102A, or control Rab1aDQ with NONO, measured by Y2H and dilutions to estimate the

strength of the interaction (n = 4, one representative experiment is shown).

(B) HIV-1 and HIV-2 capsid residues implicated into the NONO-HIV-2 CA interaction.

(C) Capsid residues (cyan, HIV-1; pink, HIV-2) implicated in the interactionwith NONO in space. HIV-2 CANTD is shown in red (PDB: 2WLV), HIV-1 CANTD in blue

(PDB: 1AK4). Bottom, magnification.

(D) Infectious titer of the indicated mutated GFP-reporter viruses on GHOST cells in the presence or absence of CsA (2 mM) (n = 3, paired RM ANOVA).

(E) Plasma membrane of HIV-1 WT and I104A from transfected 293FT, observed by transmission electron microscopy (scale bar, 1 mm). Stars show budding

events in HIV-1 WT, arrows show a thickened plasma membrane in HIV-1 I104A (n = 2, one representative experiment is shown).

(F) Interaction of HIV-1 WT, HIV-2 WT, HIV-1 Q50Y and HIV-2 Y49Q CA NTD, or control Rab1aDQ with NONO, measured by Y2H and dilutions (n = 3, one

representative experiment is shown).

(G) Infectious titer of the indicated mutated GFP-reporter viruses as in (D) (n = 2, paired RM ANOVA).

(H)GFPexpressionand IFN-l1production inDCs transducedatday0witha control shRNAagainstLacZor shRNAsagainstNONOandsubsequently infectedatday

4 for 48 hrwith normalized input of CAwith HIV-2WTorHIV-2Y49QGFP-reporter viruses (n = 4, pairedRMANOVA, on log-transformeddata for IFN-l1 production).

(legend continued on next page)
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mainly encode Q50 (Figure 6K). NONO is also highly conserved

in vertebrates and primates and has evolved under purifying se-

lection (Figures S6D–S6F). Using Y2H mapping, we found that

I275 and E278 residues in NONO, which are aligned in space

(Passon et al., 2012), are essential for interaction with HIV-2

capsid and conserved in primate NONO proteins, except in

tarsier (Figures S6G–S6I), in agreement with recognition of a

conserved molecular pattern by NONO and the evolution of

several innate immune sensors (Quintana-Murci and Clark,

2013). We conclude that NONO recognizes a conserved inter-

face in HIV capsid, which cannot tolerate the escape mutations

tested as these produce a profound fitness cost, consistent

with genetic fragility.

Genetic Validation Using Dendritic Cells of NONO-
Deficient Patients
Genetic validation is critical for the identification of pattern

recognition receptors (Vance, 2016). Loss-of-functions muta-

tions in NONO have been reported in patients with cognitive

disabilities (Mircsof et al., 2015). We obtained PBMCs from 2 in-

dependent patients and generated monocyte-derived DCs. We

confirmed the lack of expression of NONO in mononuclear cells

(Figure 7A). DCs deficient for NONO showed a profound reduc-

tion in their ability to produce IP-10 and IFN-l1 after infection by

HIV-1 with Vpx or HIV-2, but not after HT-DNA or cGAMP treat-

ments (Figures 7B, S7A, and S7B). A dose-response analysis

confirmed that the unaltered response to cGAMP was not due

to saturation (Figure S7B). The rate of HIV-1 and HIV-2 infection

was also not affected by NONO deficiency. Expression of the

ISGs MX1, IFIT-1, OAS1, and CXCL10 was also reduced by

NONO deficiency in response to infection (Figure 7C). Using

whole-genome gene expression analysis, 123 genes were signif-

icantly upregulated by HIV-2, and 52 were previously recognized

ISGs (Figures 7D and 7E). 93% of the upregulated genes were

dampened in NONO-deficient cells after HIV-2 infection. A

similar pattern was observed in DCs infected by HIV-1 with

Vpx, but gene induction in WT cells was reduced for HIV-1

with Vpx as compared to HIV-2. The genes were not expressed

at a lower baseline in the uninfected NONO-deficient sample.

For one NONO-deficient patient, we also stimulated cells with

cGAMP (Figures 7F and 7G). Unlike HIV-2, there was no differ-

ence between WT and knockout (KO) for cGAMP stimulation,

thus excluding global dysregulations in NONO KO cells.

DISCUSSION

NONO fits the criteria for an HIV capsid sensor essential for

innate immune activation of DCs and macrophages. We pro-
(I) Quantification of late RT, 2LTR circles, and integrated viral cDNA products 24

nevirapine (NVP) (= RTi) when indicated (n = 4; paired RM ANOVA on log-transfo

(J) IFN-l1 production in MDDCs transduced and infected as in (H) and treated as

Y49Q are indicated by a red or blue square, respectively (n = 4; paired RM ANO

(K) Phylogenetic analysis of primate lentiviruses (gag, n = 202 sequences). The cl

respectively. Logos (from 9,290 HIV/SIV sequences) show the amino acids corre

positions 49, 101, and 102 are highlighted: residues identical to HIV-2 are in ora

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not statistically significant;

See also Figures S5 and S6.
pose that NONO is required for the presence of cGAS in the nu-

cleus, and that the chromatin state limits cGAS activation by

self DNA; upon nuclear entry of HIV-2, the viral capsid is recog-

nized by NONO, leading to recruitment of HIV-2 DNA in the vi-

cinity of cGAS (Figure 7H). NONO was previously detected

within protein complexes associated with HIV complexes or

HIV-related host factors, but the nature and significance of

these associations remained unresolved (Milev et al., 2012;

St Gelais et al., 2015). NONO is a multifunctional RNA-

and DNA-binding protein scaffold implicated in transcrip-

tion, splicing, DNA damage response, circadian rhythm, and

neuronal development (Knott et al., 2016a). NONO localizes

to the nucleoplasm and can also participate to the formation

of nuclear paraspeckles. Paraspeckles are intranuclear bodies

that require the lncRNA NEAT1 for assembly (Fox et al.,

2018). At least three findings argue against a role for para-

speckles in NONO recognition of HIV. First, NONO staining is

pan-nuclear in DCs with no obvious nuclear bodies. Second,

the NONO-cGAS complex was resistant to nuclease treatment.

Third, NEAT1 was expressed at very low level in DCs in our

gene expression analysis and this was unaltered by the stimu-

lations. Although we did not observe a general dysregulation in

immune activation in NONO-deficient cells, we do not discard

the possibility that NONO or paraspeckles could play im-

muno-regulatory roles beyond HIV recognition, perhaps in

relation to other functions of nuclear cGAS to be uncovered.

STING and NONO localizations were mutually exclusive in

DCs, macrophages, and THP-1, and STING expression was

comparatively undetected in HeLa cells, in agreement with

studies that did not detect a biologically active IFN response

in response to transfected DNA in these cells (Gentili et al.,

2015; Lau et al., 2015; Rasaiyaah et al., 2013). In contrast,

NONO was found in HeLa cells to co-sediment with a ribonu-

clear complex that contained cGAS and STING and that could

regulate the expression of IFN in response to transfection of a

synthetic dsDNA oligonucleotide (Morchikh et al., 2017). These

discrepancies warrant further studies.

We find cGAS to be present in the nucleus of DCs, macro-

phages and two cell lines at steady state. DCs arise from precur-

sors with high proliferative potential (Lee et al., 2015). cGAS can

enter the nucleus during each of the previous mitoses that took

place in the DC precursors. Transient nuclear envelope ruptures

also occur physiologically duringmigration of non-cycling DCs in

tissues (Raab et al., 2016). Other factors could play an active role

in the nuclear import of cGAS. In DCs, we find that NONO is

essential for the presence of cGAS in the nucleus. This may be

leveraged in future work to identify nuclear functions of cGAS be-

side HIV recognition.
hr after infection of LacZ cells as in (H), in presence RAL or AZT with 10 mM

rmed data).

in (I). Comparable levels of input capsid and viral DNA between HIV-2 WT and

VA on log-transformed data).

ades that include HIV-1 and HIV-2 strains are highlighted in dark blue and red,

sponding to those involved in the NONO-HIV CA interaction (seq, sequences;

nge, while Q50 in HIV-1 group M and SIVcpz is highlighted in light blue).

bars and lines indicate mean ± SEM.
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Figure 7. Compromised Immune Response to HIV-1 and HIV-2 Infection in Dendritic Cells of NONO-Deficient Patients

(A) NONO and actin protein expression in mononuclear PBLs (CD14-CD4-fraction) of NONO-deficient patient compare to healthy donors (n = 2, one repre-

sentative experiment is shown).

(B) GFP expression and IP-10 production in MDDCs from healthy donor or NONO-deficient patients 48 hr after infection with HIV-1 + Vpx or HIV-2 GFP-reporter

viruses or transfected with HT-DNA or cGAMP (n = 4 for healthy donors and n = 2 for NONO-deficient patients, unpaired RM ANOVA).

(C) Expression of MX1, IFIT-1, OAS1, and CXCL10 after 24 hr of infection with HIV-1 + Vpx or HIV-2 GFP-reporter viruses (33 mL) (n = 4 for healthy donors and n = 2

for NONO-deficient patients, unpaired RM ANOVA).

(D) Expression of genes induced in DCs from four healthy donors (WT) and twoNONO-deficient patient (KO) after 24 hr of infection with HIV-1 + Vpx or HIV-2 GFP-

reporter viruses (33 ml). Genes induced by HIV-2 in DCs from healthy donors were selected. ISG previously recognized in another study (Schoggins et al., 2011)

are highlighted in red.

(E) Log2 fold change over WT control of genes induced in DCs as in (D) (n = 4 for healthy donors and n = 2 for NONO-deficient patients, Friedman test with Dunn’s

multiple comparisons).

(legend continued on next page)
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We find that the HIV-2 capsid has increased affinity for NONO

as compared to HIV-1, which is consistent with the reduced

pathogenicity and better immune control of HIV-2 over HIV-1.

HIV-2 contains Vpx and its capsid efficiently binds NONO,

enabling recognition of the incoming virus. HIV-1 recognition

with Vpx requires viral integration and expression, and we find

accumulation of newly synthesized HIV-1 Gag in the nucleus of

DCs. The existence of small nuclear pool of HIV-1 Gag has pre-

viously been described, but its function and conformation is not

known (Grewe et al., 2012). New viral DNA synthesis after HIV-1

Gag expression and cleavage of newly expressed Gag is not

required for sensing in dendritic cells (Gao et al., 2013; Manel

et al., 2010; Sunseri et al., 2011). Thus, while newly expressed

Gag is not expected to interact with viral DNA in cis, it may

interact in trans with incoming capsid-DNA complexes through

NONO in the nucleus. NONO forms multimers in the nucleus

(Knott et al., 2016a), which could connect newly synthesized

Gag to incoming capsid-DNA complexes. Furthermore, we find

that the gene signature induced by HIV-1 with Vpx is dampened

as compared to HIV-2, and that HIV-2 induces higher levels of

IFN-I, IFN-III, and CD86 than HIV-1, even if Vpx is provided.

Consistent with this, in macrophages, the level of ISG induction

was similar for HIV-2 and HIV-1 with Vpx, despite a lower rate of

infection for HIV-2. Levels of IP-10 protein were comparable be-

tween HIV-2 and HIV-1 with Vpx, possibly related to post-tran-

scriptional regulation (Casrouge et al., 2011). There was also

lower level of phospho-IRF3 for HIV-2 than HIV-1 with Vpx at

the time point tested. This experiment was not designed to

compare the magnitude of phospho-IRF3 between stimuli, but

it suggests that the dynamic of IRF3 phosphorylation may be

different between the two viruses. We conclude that the

decreased affinity of HIV-1 capsid for NONO as compared to

HIV-2 contributes to a reducedmagnitude of innate immune acti-

vation, even if Vpx is provided to HIV-1.

We show that NONO directly associates with HIV-2 capsids in

the nucleus. It is currently thought capsid is co-imported with the

viral DNA in the nucleus. We speculate that other active import

mechanisms of capsid and/or Gag in the nucleus could also

take place.

NONO recognizes a surface on HIV capsids that appears to

have a limited ability to tolerate mutations. Supporting this

notion, this region was recently implicated in the regulation of dy-

namic pores in the HIV capsid that are critical for virus viability

and thus likely highly sensitive to mutations (Jacques et al.,

2016). Furthermore, HIV-1 D103, I104, and Q50 are located

within CTL epitopes that have been associated with control of

viral replication, consistent with a fitness cost of mutating them

(Honeyborne et al., 2007; Migueles et al., 2014).

The nucleus is generally considered to be a protection for host

cell DNA, and viruses in turn have evolved a number of capsid-
(F) Expression of genes induced in DCs from two healthy donors (WT) and oneNON

(33 mL) or lipofection with cGAMP (1.33 mg/mL) shown as in (D).

(G) Log2 fold change over WT control of genes induced in DCs as in (F) (n = 2 for he

multiple comparisons).

(H) Working model.

*p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.0001; ns, not statistically significan

See also Figure S7.
based strategies to bring their nucleic acids into the nucleus

(Ravindran and Tsai, 2016). Viral capsids are accordingly typical

molecular patterns foundmainly in viruses, and capsid assembly

and functions are under strong structural constrains, likely under-

lying their genetic fragility. Recognition of viral capsid proteins by

host proteins, particularly at sites of genetic fragility in capsids,

could be an evolutionary favorable mechanism to ensure host

protection against viruses that are able to evolve rapidly. A two-

step mechanism of viral recognition involving both viral nucleic

acids and viral capsid proteins may also represent a general

mechanism to maximize specific and sensitive discrimination of

viruses over related self-elements. Our work enables exploring

viral capsid-based recognition and NONO-cGAS crosstalk in

the design of vaccine and therapeutic strategies.
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