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Abstract

Entry of viral capsids into the nucleus induces the formation of
biomolecular condensates called HIV-1 membraneless organelles
(HIV-1-MLOs). Several questions remain about their persistence, in
vivo formation, composition, and function. Our study reveals that
HIV-1-MLOs persisted for several weeks in infected cells, and their
abundance correlated with viral infectivity. Using an appropriate
animal model, we show that HIV-1-MLOs were formed in vivo
during acute infection. To explore the viral structures present
within these biomolecular condensates, we used a combination of
double immunogold labeling, electron microscopy and tomography,
and unveiled a diverse array of viral core structures. Our functional
analyses showed that HIV-1-MLOs remained stable during treat-
ment with a reverse transcriptase inhibitor, maintaining the virus in
a dormant state. Drug withdrawal restored reverse transcription,
promoting efficient virus replication akin to that observed in
latently infected patients on antiretroviral therapy. However, when
HIV-1 MLOs were deliberately disassembled by pharmacological
treatment, we observed a complete loss of viral infectivity. Our
findings show that HIV-1 MLOs shield the final reverse transcrip-
tion product from host immune detection.
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Introduction

Biomolecular condensates play a pivotal role in facilitating the
replication cycle of RNA viruses (Alberti et al, 2019; Cubuk et al,
2021; Di Nunzio, 2023; Iserman et al, 2020; Nevers et al, 2020;
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Perdikari et al, 2020; Risso-Ballester et al, 2021; Savastano et al,
2020; Scoca et al, 2022; Zhang et al, 2023). Viral RNA molecules
can persist for a long time during chronic viral infection and stress-
induced condensates reactivate dormant viruses (Di Nunzio, 2023;
Fang et al, 2023; Zhang et al, 2023). Retroviruses, such as the
Human Immunodeficiency Virus (HIV-1), need to reverse
transcribe their RNA genome into DNA for integration into the
host chromatin to replicate (Flint et al, 2020). Recent studies have
challenged the traditional view that the only genetic material of
HIV-1 entering the nucleus is the reverse transcribed DNA
(Burdick et al, 2020; Dharan et al, 2020; Rensen et al, 2021; Scoca
et al, 2022; Selyutina et al, 2020). Instead, incoming viral RNA
genomes accumulate in nuclear niches (Rensen et al, 2021)
(referred to as HIV-1-membraneless organelles or HIV-1-MLOs)
triggered by the virus to navigate the nuclear space (Scoca et al,
2022). They eventually reach active sites within the host chromatin,
promoting the generation of an active provirus (Li et al, 2021; Scoca
et al, 2022). The establishment of HIV-1-MLOs is dependent on the
interaction between the viral capsid (CA) and the Cleavage
Polyadenylation Subfactor 6 (CPSF6), a component of the Pre-
Messenger RNA Cleavage Factor I (CFIm) complex (Buffone et al,
2018; Lee et al, 2010; Price et al, 2012; Wei et al, 2022), which likely
favors oligomerization of CPSF6 through multivalent interactions
between its disordered regions, leading to the formation of
condensates (Ay and Di Nunzio, 2023; Di Nunzio et al, 2023).
Furthermore, it is unknown whether these structures form in
in vivo settings and whether they serve as exclusive sites for nuclear
reverse transcription.

Here, we studied the viral conformations hosted inside these
structures and the role of HIV-1-MLOs in helping the final product of
the reverse transcription (RT), the double-stranded viral DNA
(dsDNA), to evade the innate immune response (Cingoz and Goff,
2019), enabling the virus to evolve into a pandemic strain capable of
persistent host infection (Sandler et al, 2014; Zuliani-Alvarez et al,
2022). Understanding these early infection steps is critical, as they can
significantly contribute to the establishment of viral reservoirs that are
seeded shortly after the initial infection (Luzuriaga et al, 2015),
representing the primary obstacle to finding a cure.
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Results

HIV-1 nuclear condensates persist over time during
reverse transcription inhibitor treatment

Virus-induced nuclear condensates are typically formed in the early
stages of infection (Francis et al, 2020; Luchsinger et al, 2023;
Rensen et al, 2021; Scoca et al, 2022), but how long they can persist
in infected cells is unclear.

To preserve the stability of the nuclear HIV-1-MLOs and
prevent their loss during cell division, we chose to infect
macrophage-like cells (THP-1), which are non-dividing cells
supporting low viral replication. However, these cells are also less
susceptible to HIV-1 infection than active lymphocytes due to the
presence of restriction factors such as SAMHDI1 and a lower
amount of dNTPs, as previously reported (Laguette et al, 2011).
Due to their low susceptibility to infection, we infected these cells
with a high multiplicity of infection (MOI), and maintained them
in culture for 25 days. To block reverse transcription and potential
uncoating, which would induce the disassembly of the HIV-1-
MLOs, we treated the THP-1 cells with nevirapine (NEV) for the
entire duration of the experiment. Immunofluorescence micro-
scopy was conducted using antibodies against the endogenous
CPSF6 and the viral integrase (IN) that contains an HA tag
(Blanco-Rodriguez et al, 2020; Petit et al, 2000), which revealed the
presence of nuclear HIV-1-MLOs (Scoca et al, 2022), characterized
by the clustering of CPSF6 and viral components, inside the host
nucleus for up to 25 days post-infection (d.p.i.) (Fig. 1A). Although
they may persist for even longer, we stopped the experiment at
25 days, when we detected initial signs of cell suffering. We revealed
the majority of CPSF6 clusters or nuclear HIV-1-MLOs at 4 d.p.i.
(avg. of CPSF6 clusters/cell 2.74), and there was no significant
difference in the detection of CPSF6 clusters from the 11th d.p.i.
until the last day of the experiment (avg. CPSF6 clusters/cell were
1.36, 1.10, and 0.94 at 11, 18, and 25 d.p.i,, respectively) (Fig. 1B).
However, the number of analyzed cells decreased between day 4 (n
= 107) and day 11 post-infection and remained similar until the
25th d.p.i. (n = 33, n = 40, n = 33) (Fig. 1B). This decrease in the
number of cells may be due to the death of highly infected cells that
carry more CPSF6 clusters. In most of the detected clusters, the IN
was present (Fig. 1C). Importantly, no clustering of CPSF6 was
detected in uninfected cells (Fig. 1A-C). Taken together, our data
demonstrate that these biomolecular condensates endure for an
extended period of time in non-dividing cells during treatment with
NEV, a component of the current antiretroviral therapy.

The HIV-1 nuclear condensates a beacon of
functional infection

HIV-1-MLOs are generated after viral nuclear entry (Scoca et al,
2022), here we evaluate their viral RNA (VRNA) composition and
their role in the progression of viral life cycle. We characterized
HIV-1-MLOs vRNA content by using two different imaging tools,
immune RNA-FISH (Rensen et al, 2021; Scoca et al, 2022) and the
MCP-MS2 system (Tantale et al, 2016) (Fig. 2A), in infected
macrophage-like cells treated or not with NEV. Using RNA-FISH,
in NEV-treated cells, where only incoming vRNA is present, the
viral genome was exclusively detected inside CPSF6 clusters
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(Fig. 2B). In untreated cells, instead, VRNA puncta also appear
outside CPSF6 clusters, presumably representing vRNA transcrip-
tional foci. Thus, RNA-FISH detects the total VRNA (in average ~5
events per cell), but the incoming VRNA can be distinguished from
vRNA in transcriptional foci based on their nuclear spatial location
(Fig. 2B,C; Appendix Fig. S1A). To corroborate these data we
applied another imaging tool, MCP-MS2 system, designed to
specifically detect the RNA (Bertrand et al, 1998). Interestingly,
MCP-MS2 was able to form bright puncta only with the vRNA
located outside of CPSF6 «clusters, corresponding to newly
transcribed VRNA (Scoca et al, 2022), which represents a smaller
population of the total vRNA foci (avg. 2 events/cell) (Fig. 2B,C;
Appendix Fig. S1A). These data suggest that the incoming vRNA is
shielded by viral structures, rendering it inaccessible to MCP-GFP,
despite its random distribution in the nucleus and within CPSF6
clusters (Fig. 2B,C; Movies EV1 and EV2). However, it can be
labeled by RNA-FISH since samples are permeabilized, allowing
probe penetration. In more detail, 50% of the vRNA foci detected
by RNA-FISH associate with CPSF6 clusters, while approximately
45% are detected outside of CPSF6 clusters, and associate with
MCP-GFP forming bright puncta. About 4% of the vRNA foci did
not associate with either CPSF6 or MCP-GFP puncta (Fig. 2C).
This latter population could represent incoming viral genomes just
prior to be enrolled to establish CPSF6 condensates, or newly
generated full-length VRNA genomes that are protected by proteins
that obstruct MCP-GFP from binding to the MS2 loops. Further
analysis revealed that 100% of untreated cells that presented MCP-
GFP puncta were also positive for CPSF6 clusters (Fig. 2D;
Appendix Fig. S1A), suggesting that viral transcribed RNA is a
consequence of prior CPSF6 clustering. Next, we correlated the
presence of CPSF6 clusters with the efficiency of infection in single
cells (Fig. 2E-G; Appendix Fig. S1B).

We observe that only a few cells were productively infected
(24.14%) using an MOI of 10 (Fig. 2G), as they expressed the reporter
gene GFP, which is carried by the HIV-1 genome. Interestingly, we
observe a positive correlation between incoming VRNA genome
located in CPSF6 clusters and viral transcription foci, which localize
outside CPSF6 clusters (Scoca et al, 2022) (P-value < 0.0001, R =
0.5238) and between the percentage of cells presenting CPSF6 clusters
and GFP-positive cells (more than 80% of GFP + cells show CPSF6
clusters) (P-value < 0.0001, R = 0.7514) (Fig. 2F,G), again supporting
the association between the detection of incoming viral RNA (CPSF6
associated) and de novo viral RNA transcription. The error bars
represent the 95% confidence interval of the simple linear regression
curve calculated using Prism. Importantly, macrophages, exhibit a
slower rate of viral infection compared to activated CD4+ T cells
(Koppensteiner et al, 2012). This characteristic may contribute to the
observation that approximately 70% of GFP-negative cells harbor
CPSF6 clusters (Fig. 2G). These clusters likely represent pre-
integration viral reservoirs within HIV condensates that can persist
for extended periods, as shown in Fig. 1. Despite the persistence of
CPSF6 clusters within these cells, our findings reveal that only a small
fraction (~24%), mainly carrying CPSF6 clusters, progresses to a
productive infection, as indicated in Fig. 2G.

Taken together, our data indicate that the presence of incoming
viral RNA genomes clustered in HIV-1-MLOs is established prior
to RT and integration as a pre-requisite for canonical post-nuclear
RT events.

© The Author(s)
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Figure 1. HIV-1-MLOs persist in macrophage-like cells in presence of nevirapine.

The EMBO Journal

Merge

*EEE

'S -
8. ] 15 ek
ﬁ 8 ns
_c ~ LA *
:_. Q EEE ns ns ns
3
(]
=10
o
© 2.74
hrd !
(7
S
:: s 5 1.36 1.10 094
Q S
2 @
- o
(7]
? §
e 3
0
N N\ N\ N
SFCRPCRS
XTONT QT P
-
(=]
Q.
8 C
n 150
©
- 7874 9533 9458 92
- 9
33100 — — —
S on f
EEEh
2% T
0 n
N w3
o © 3 -
g 3e :
< QLuwg - Ml -
» [
° Zo 8
- w O ° °
O~ °
o\°"§ .
G n-v“ n-'zl m'do n-'z! =35

SRS
A e e

(A) THP1 cells differentiated with phorbol 12-myristate 13-acetate (PMA) and treated with Nevirapine (NEV) were infected with HIV-1 AEnv pseudotyped with VSV-G and
carrying the IN with an HA tag (MOI 10). At different times post infection (p.i.), cells were fixed and labeled with antibodies to detect CPSF6 (in red) and IN (in blue).
Nuclei were stained with Hoechst (in gray). Scale bar = 5 um. (B) The histogram shows the quantification of the number of CPSF6 clusters per cell at different times p.i.
Data from two independent experiments are shown as the mean + SD (Ordinary one-way ANOVA test; ****: (4 d.p.i. vs 11 d.p.i. p-value = 0.0000149), (4 d.p.i. vs 18 d.p.i.
p-value = 0.000000013), (4 d.p.i. vs 25 d.p.i. p-value = 0.000000004146790), 4 d.p.i. vs N.I. p-value = 0.000000000000277); **: p-value 0.0031; *: p-value 0.0216; ns
(not significant p-value >0.05): (11 d.p.i. vs 18 d.p.i. p-value = 0.929), 11 d.p.i. vs 25 d.p.i. p-value = 0.73), (18 d.p.i. vs 25 d.p.i. p-value = 0.98), (25 d.p.i. vs N.I. p-value =
0.08). (C) Percentage of IN foci associated with CPSF6 clusters at different times p.i. The data derive from two datasets of biological replicates. Source data are available

online for this figure.

HIV-1 nuclear condensates form during acute
infection in vivo

Several laboratories have observed nuclear HIV-1-MLOs in cells
infected in vitro (Bejarano et al, 2019; Francis et al, 2020; Rensen
et al, 2021; Scoca et al, 2022; Selyutina et al, 2020) using high viral
MOI. However, the importance of these structures under
physiological infection conditions has not been demonstrated. We
infected Balb/c Rag2—/—Il2rg—/—SirpaNOD (BRGS) humanized
(HIS) mice with the HIV-1 NLAD8 molecular clone as previously

© The Author(s)

described (Li et al, 2018). Xenotransplantation of human CD34+
hematopoietic stem cell progenitors into BRGS hosts results in the
development of various human lymphocyte populations (B, T, and
NK cells) as well as myeloid cells (Legrand et al, 2011; Li et al, 2018;
Li et al, 2016) (Appendix Fig. S2). BRGS HIS mice were efficiently
infected with an intraperitoneal injection of 10° tissue culture
infective dose (TCID50) of a CCR5-tropic viral strain (NLADS8) (Li
et al, 2018; Vicenzi et al, 1999) (Figs. 3A and EV1A). Blood samples
were harvested from infected and uninfected BRGS HIS mice at
10 d.pi. to assess viral replication during the acute phase of
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Figure 2. CPSF6 condensates co-exist with active proviruses and shield viral RNA genomes.

(A) Schematic representation of the two systems (MCP-MS2 and RNA-FISH) applied for the detection of the viral RNAs (done with BioRender). The cartoon on the left
illustrates the backbone of the virus carrying MS2 loops at the place of nef used for the experiments. The cartoon on the right represents a schema of RNA-FISH approach.
(B) Comparison between infection (MOI 30) in presence or in absence of NEV and co-labeling of the vRNA with MCP GFP-MS2 (in green) and RNA FISH (in gray). CPSF6
clusters are detected by the antibody against CPSF6 (in red) (scale bar = 5 um). On the right, the zoom of the two spots analyzed and the graph displaying the intensity
profile of vVRNA detected with both approaches, both inside and outside of the CPSF6 clusters. (C) Number of events (CPSF6 clusters and vRNA detected by MCP-GFP or
RNA-FISH) in presence (left) or in absence (right) of NEV. Data from two datasets of biological replicates are shown as the mean + SD (Ordinary one-way ANOVA test;
data +NEV: ns p-value = 0.415, ***+: p-value=0.000000000031536, 0.000000002132483; data —NEV: **+: p-value = 0.0008; *: p-value = 0.0120; ns: p-value =

0.0522). Percentage of RNA-FISH detections colocalizing with CPSF6 clusters or MCP-GFP-MS2 dots or alone, in presence (left) or in absence of NEV (right). (D) In the
absence of NEV, a percentage of cells displaying MCP-MS2 puncta also showed CPSF6 clusters, and no association between MCP-MS2 puncta and CPSF6 clusters was
detected, across a sample size of 14 cells. (E) THP-1 cells differentiated with PMA were infected with HIV-1 AEnv pseudotyped with VSV-G and carrying the GFP reporter
gene (schema made with BioRender). At 4 d.p.i., cells were fixed and labeled with an antibody to detect CPSF6 (in red) and with RNA-FISH probes (specific to the HIV-1
POL RNA sequence) to detect viral RNA (vRNA, in white) incoming or being transcribed by the cell. Productively infected cells expressed the GFP reporter protein (in
green) and nuclei were stained with Hoechst (in blue) (scale bar = 5 pm). (F) Linear regression between the % of cells hosting CPSF6 clusters and the % of GFP-positive
cells (GFP+), in 33 fields of view (R2 = 0.7514, P-value < 0.0001) (up). Linear regression between the number of vVRNA transcription foci (outside CPSF6 clusters) and the
number of incoming VRNA foci (co-localizing with CPSF6 clusters) per cell, in 62 cells (R2 = 0.5238, P-value <0.0001) (bottom). The error bars represent the 95%

confidence interval of the simple linear regression curve calculated using Prism. (G) Proportion of GFP+ cells in the total cell population. The percentage of GFP negative
cells carrying CPSF6 clusters (top) and proportion of cells presenting or not CPSF6é clusters in the GFP+ cells population (bottom) is indicated in pie charts. The data

The EMBO Journal

derive from two datasets of biological replicates. Source data are available online for this figure.

infection by RT-PCR (Figs. 3B and EVI1B). BRGS HIS mice
supported robust HIV-1 replication, with viremia reaching ~107
copies per milliliter at 10 d.p.i. (Figs. 3B and EV1B), as previously
observed (Li et al, 2018). Infected and uninfected BRGS HIS mice
were sacrificed, and monocytes were isolated from the bone
marrow (BM), a lymphoid organ targeted by HIV-1, and
immediately imaged to identify the presence of CPSF6. Notably,
we exclusively observed CPSF6 clusters in infected mice, with no
such clusters found in uninfected mice (Fig. EV1C).

Next, we differentiated monocytes derived from bone marrow
into human monocyte-derived macrophages (MDMs) (Mlcochova
et al, 2017; Rensen et al, 2021; Scoca et al, 2022). MDMs were
subjected to immuno RNA-FISH to detect CPSF6 and vRNA.
Interestingly, we were able to visualize incoming VRNA inside
CPSF6 clusters (Fig. 3B,C; Appendix Fig. S3A), even though the
majority of cells (>80%) did not display clusters and were probably
non-infected, indeed they were VRNA negative (Appendix Fig.
$3B,C). Interestingly, our ex vivo results align with those observed
in cellulo (Fig. 2); indeed, cells isolated from infected HIS mice are
categorized into two types: those containing only incoming vVRNA
and those exhibiting both incoming vVRNA and vRNA from
transcription foci. The latter cells thus carry viruses at different
steps of the viral life cycle, from a step prior to reverse transcription
to the post-integration step (Fig. 3C; Appendix Fig. S3A, Movies
EV3 and EV4). The different locations of vVRNA foci with respect to
the nuclear location of CPSF6 clusters indicate that cells containing
both forms of VRNA foci are actively undergoing productive viral
replication (Figs. 2E and 3C). We further studied the property of
these CPSF6 clusters in cells derived from infected HIS mice. Due
to surface tension, biomolecular condensates are typically spherical,
however, they can deform under physical force. Upon contact, they
often merge before returning to their spherical shape (Hyman et al,
2014). Since in the majority of cases they are spherical, we
evaluated the sphericity of these CPSF6 clusters in 3D by ICY
software (Scoca et al, 2022). All clusters showed >95% sphericity,
and a more stringent analysis showed that 92% of CPSF6 clusters
had >98% sphericity (Fig. 3D). These results show that biomole-
cular condensates efficiently form under physiological conditions
(Figs. 3A-D and EV1).

© The Author(s)

Exploring the viral morphologies present in HIV-1
nuclear condensates

Viral cores from single round HIV-1 pseudotyped with glycopro-
tein G from vesicular stomatitis virus (VSV-G) have been detected
in the host nucleus (Li et al, 2021; Muller et al, 2021; Zila et al,
2021), however, their morphological composition and distribution
in nuclear condensates is unknown. Here, we used immunogold
labeling with transmission electron microscopy (TEM) on thin
sectioned macrophage-like cells that were infected with a single
round HIV-1 VSV-G pseudotyped virus preparation for several
days (3 or 7 days) in the absence or in the presence of NEV. The
presence of NEV fully blocks reverse transcription, so all incoming
VRNAs should remain trapped inside HIV-1-MLOs, according to
our previous results (Rensen et al, 2021; Scoca et al, 2022).
However, it is unclear whether this viral genome remains
associated or not with viral components and why it does not
diffuse outside of these condensates. We co-labeled the viral CA
(gold beads with 6 nm diameter) and CPSF6 (10 nm gold beads) on
the 80 nm ultrathin sections to target the nuclear HIV-1-MLOs
(Fig. 4A). Of note, CPSF6 condensates were only visible in infected
cells and not in uninfected cells (Fig. 4A; Appendix Fig. S4A,B), as
also shown by fluorescence microscopy (Fig. 1A-C). Surprisingly,
we were able to observe several conical shapes ~100 nm in length
located near CPSF6 and CA gold beads in both samples treated and
untreated with the NEV (Fig. 4B,C). Indicating that viral cores
enter the nucleus, where they accumulate and persist inside the
nuclear microenvironment several days post-infection (Fig. 4B,C)
and remain functional for several days as shown when the NEV is
removed (Fig. EV2A,B) but also by the increase of GFP+ cells
during the time post-infection (Fig. EV2C; Appendix Fig. S4C).
Next, ultrathin sections were co-labeled with antibodies to reveal
CPSF6 (10 nm gold particles) and Integrase carrying the HA tag
(INga) (6 nm gold particles) (Blanco-Rodriguez et al, 2020; Petit
et al, 2000) at seven d.p.i. (Fig. 4D; Appendix Fig. S4D). When we
quantified the number of IN proteins revealed by immunogold
labeling, we detected almost twice as many in samples without
drug than in NEV-treated cells (Fig. 4D), indicating that IN
proteins are less shielded by the capsid in the absence of the drug

The EMBO Journal 5

BSIZI66'LST dI WOy $70T ‘6 1oquiada( uo S1o'ssaxdoquia mmm//:sdny woly papeoumo(g



The EMBO Journal

Selen Ay et al

CCRS&-tropic HIV-1 strain

(NLADS)
P
O3

tiad

A
L 12-16 weeks ’\

C&\«H BRGS

-
:\,‘

Human Fetal liver cells

@

10 days,

4
4

Infectivity

L Immuno-
< RNAFISH
z —

-
» 1.5x1010, -
K] » 25 2 15
Q. — = [*]
o 2 en o 2
o 7] n=177 n=119 n=176 n=188 n=157 -
- 3 20 4 n=177 n=119 n=176 n=188 n=157
2 10 o 2
= 1x10 © ® 10
o L ]
g g 15 S
© Q ©0
= — e
o £ 4
2 o £ 10 o
= o 5x10 H O 5
() "] u—
g o = o
ta 8 5 3 ’
— - 2 C ]
50 °° £ [ L3 C <
- X 0 R

@]

¥R 00N

K D | Sphericity <98%
§ ] Sphericity >98%
E _
/ 8% \
Incoming VRNA w“
CPSF6 vRNA Merge

92%
0 \
©
o
5 n=50

Incoming vRNA + vRNA transcription foci

Figure 3. HIV-1-MLOs build during in vivo infection.

(A) Schema of CCR5-tropic HIV-1strain (NLAD8) infection in BRGS mice (done with BioRender). (B) Graphs showing viral infectivity in BRGS mice by quantitative RT PCR,
measuring the late reverse transcripts copies per mL of blood in each mouse (left) (Data are shown as the mean * SD of two replicates), quantification of the percentage of

cells presenting CPSF6 clusters per mouse (middle) and the number of CPSF6 clusters per nuclei in individual mice (right) (the n corresponds to the number of cells
analyzed). (C) Mononucleated cells derived from BM of infected BRGS mice were differentiated ex vivo and labeled for the detection of the vRNA (in red) and CPSF6 (in
green). Nuclei were stained with Hoechst (in blue) (scale bar = 2 um). (D) Sphericity analysis conducted on CPSF6 clusters by ICY software. Source data are available

online for this figure.

and protrude outside the viral core. These results show that reverse
transcription is followed by the formation and the exposure of pre-
integration complexes (PICs) carrying multiple IN proteins
(Ballandras-Colas et al, 2017; Passos et al, 2017). The progression
of viral nuclear steps in HIV-1-MLOs correlated with the
observation of smaller viral condensates, which had diameters
significantly smaller than those seen in the samples treated with
the drug. These drug-treated samples exhibited frozen dynamics of
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the RT and featured larger nuclear condensates, with diameters
ranging from approximately 0.5 to 1.2 um, with a mean of 0.843 in
drug-treated samples compared to a mean of 0.711 pm in
untreated samples (T-test, **p-value = 0.0045) (Fig. 4E). It is
likely that their large size is a result of the fusion typical of
biomolecular condensates, as we previously demonstrated (Scoca
et al, 2022). Furthermore, in NEV-treated samples, we observed a
significantly higher density of gold labeling for CPSF6 compared to
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untreated cells (T-test, *p-value = 0.0435). The mean number of
CPSF6 gold particles per condensate increased from 33.89 in
untreated cells to 46.63 in drug-treated cells (Fig. 4E). Our
observations suggest changes in viral nuclear condensates through-
out the HIV-1 replication cycle (Fig. 4A-E).
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Uncovering the structural diversity of viral morphologies
in HIV-1 nuclear condensates

While recent in vitro studies have shown that intact viral cores can
serve as a protective cage for RT, and that viral cores uncoat when

The EMBO Journal 7

"PSITI66'LST dI WO HZOT ‘6 19quiase(] uo 310°ss21doquua’ ma/:sdNy woy papeoumo



The EMBO Journal

te & 1. A

Figure 4. Viral comp ates.
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(A) At the top is a schematic representation of the viral genome used for electron microscopy (EM) experiments (done with BioRender). THP-1 cells infected or not for
3 days in presence of NEV. Sections were co-labeled with antibodies against CPSF6 and CA. (B) Three areas showing HIV-1-MLOs in the nucleus of infected cells in

absence of NEV at 7 d.p.i. In the left column (overview panels) the cytoplasm is pseudocolored in purple to be easily discriminated from the nucleus (remaining in gray). In
the middle column higher magnification projection images of the corresponding HIV-1-MLO sites are displayed. In the third column, close up views from the middle column
images are shown. Some of the HIV-1 cores are easily recognized even in 2D projection images, one such core per image is pseudocolored in green (right column panels)
for easier visualization. Diameter of CPSF6 immunogold beads = 10 nm, diameter of CA immunogold beads = 6 nm. Scale bar is shown in each panel. (C) Similar to (B) but
cells were infected in presence of NEV for 7 days. (D) Cells were infected for 7 days and labeled with antibodies against CPSF6 and IN, followed by labeling with secondary
antibodies conjugated to gold particles of 10 nm and 6 nm in size, respectively. The histogram shows the quantification of the number of integrase (IN) proteins detected
by gold particles in the presence or absence of NEV. The statistical analysis was performed using the Mann-Whitney test (*p-value = 0.0212). Data are shown as the
mean * SD of two independent datasets. (E) Comparison between HIV-1-MLOs size and number of CPSF6 dots detection is shown in violins graphs. Two independent
datasets from biological replicates have been included in the analysis. Data are shown as the mean % SD (T test *p value = 0.0435; **p value = 0.0045). Source data are

available online for this figure.

the inner pressure due to the completion of RT is increased
(Christensen et al, 2020; Yu et al, 2022), the cellular relevance of
this aspect and the cellular compartment where this phenomenon
of the viral life cycle occurs is still unclear. To explore this issue, we
conducted dual-axis electron tomography and volume annotation
of viral core-like structures located in HIV-1-MLOs identified by
double CPSF6 and CA gold labeling, enabling the visualization and
quantitative morphological analysis of changes in molecular
crowding during viral infection or when the RT process is impeded
by NEV (Fig. 5A). Cells were infected for 7 days in the presence or
in the absence of the NEV, and we obtained two hundred eighty-
five core-like structures found inside nuclear HIV-1-MLOs. Upon
tomogram reconstruction, we observed three different capsid
categories classified according to their inner electron density signal,
which populate HIV-1-MLOs (Fig. 5A; Appendix Fig. S4E,
Fig. EV3A,B, Movies EV5, EV6, EV7 and EV8). Cores were
classified into three categories per site/tomogram: i. Ghosts were
not identifiable in projection images but observable in dual-axis
tomographic volumes, with interiors matching their exterior
peripheral space pattern; ii. Dense cores were easily identified in
projection images and in dual-axis tomograms, exhibiting dark
areas usually throughout the core; iii. Lighter cores were less easily
identified in projection images, showing dark spots in some parts
after reconstruction. Indeed, high magnification observations
revealed dense cores (annotated in magenta), lighter cores (in
blue), and what appeared as empty cores (that we refer to as
‘ghosts’; in yellow) (Fig. 5A, Movies EV5 and EV6). We
differentiated and quantified the shapes, classifying them as either
conical or tubular, based on the shapes observed in the viral
preparation (Fig. EV3A,B). Our observations showed that the
majority are conical: 80% cones versus 20% tubes in the absence of
NEV, and 70% cones versus 30% tubes in presence of NEV
(Fig. EV3A,B). Ghosts maintained a similar shape to lighter and
dense cores but their interior had instead the same low-density
contrast and pattern as the surrounding background (Fig. 5A;
Movies EV5 and EV6), giving the impression of them being empty.
Ghosts retain their conical shape, likely, due to the preservation of
the core itself. Indeed, we observed a faint electron-dense contour
enveloping these ghost capsids, which might be stabilizing them.
CPSF6 surrounds these structures, as it was clearly shown by gold
labeling (Fig. 5A). Thus, we quantified and classified the most
visible core shapes in our tomograms using a combination of pixel
classification with manual tracing (Fig. EV3A,B; Movies EV11 and
EV12). In the absence of NEV, one hundred twenty-one core-like
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shapes were annotated, and we found that most of them were
ghosts (64%), followed by light cores (23%) and a few remaining
dense cores (13%). In the presence of NEV, we found and
annotated one hundred sixty-three core-like shapes and found 49%
ghosts. There were 18.4% of dense cores and 32.5% of light cores
(Fig. 5B). In cells without drug, where the virus undergoes internal
core pressure triggered by the RT, dense and light cores were less
represented inside HIV-1-MLOs than in treated cells (36% vs.
50.9%) (Fig. 5B). Of note, we found ghosts in both conditions,
implying that this capsid category forms during the viral
cytoplasmic and nuclear journey and it is unlikely that they are
already present in the viral preparation (Mattei et al, 2016) as we
show by the comparison of viral cores in the viral preparation and
inside HIV-1-MLOs (Fig. EV4A). We found that the mean
intensity within the cores of the viral preparation more closely
resembled that of dense cores rather than empty cores (Fig. EV4B).
A recent study, using coarse-grained molecular dynamics simula-
tions, suggests that some viral cores might lose their content during
nuclear translocation (Kreysing et al, 2024) supporting our
hypothesis. On the other hand, it is also plausible that the presence
of ghosts in NEV-treated cells could result from either limited drug
penetration in HIV-1-MLOs or by capsid damage caused by the
movement of highly infected cells (Bhargava et al, 2021). Never-
theless, we noted a 15% increase in the number of ghosts in
untreated cells compared to those treated with NEV, suggesting
that they may, at least in part, result from the release of viral DNA.
Intriguingly, in a tomogram of NEV untreated infected cells, we
observed an electron dense signal immediately adjacent the ghost’s
head. This direct observation might suggest that viral content is
indeed released from the HIV cores that appear as ghosts in our
preparation (Fig. EV4C; Movies EV9 and EV10). Although this was
a rare event in our dataset, it closely resembled previous
observations of in vitro cores undergoing endogenous reverse
transcription (Christensen et al, 2020). The detection of ghosts also
suggests that the viral core does not fully disassemble and that
uncoating occurs as a gradual process that takes place within
nuclear HIV-1-MLOs. It’s worth noting that in macrophages, viral
reverse transcription is slower compared to T cells, and the
infection process is hindered by the presence of numerous
restriction factors, limiting the ability of only a few viruses to
establish infection. Our data indicate that core structures exhibit
higher integrity (as indicated by denser and lighter cores) when RT
activity is inhibited, implying that they can remain preserved for an
extended period before reactivation occurs upon NEV removal
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Figure 5. Viral nuclear condensates host different viral core morphologies.

Selen Ay et al

(A) Different morphologies of HIV-1 core-like shapes inside CPSF6 clusters immuno-gold labeled are shown in the host cell nucleus. Ultrathin sections immunolabelled for
CPSF6 (10 nm gold beads, annotated as purple spheres) and the capsid protein (6 nm gold beads, annotated in green) in presence and absence of NEV were screened
using TEM. Large clusters of CPSF6 immunogold were observed in the cell nucleus. In (a), 2D projection image of a cluster observed in absence of NEV. In (b), one of the
central slices of the dual-axis tomographic volume in the same area, revealing the presence of at least three different kinds of cores. In (c), full annotation of the different
cores (very dense cores in magenta, less dense in cyan and ghosts in yellow). In (d) and (e), the zoomed area of the panel in (b) with and without the iso-surface rendering
of the core interiors. In (f), the equivalent zoomed area of (d) and (e) only with the different kind of cores and beads annotated. In (g), 2D projection image of a cluster
observed in presence of nevirapine. In (h), one of the central slices of a dual-axis tomographic volume in the same area. In (i), the full annotation of the different cores. In
(i) and (k), the zoomed area of the panel in (h) with and without the iso-surface rendering of the core interiors. In (l), the equivalent zoomed area of (j) and (k) only with
the different kind of cores and beads annotated. Color coding follows the one of panels (a-f). Scale bar for panels (a-c) and (g-1) is 100 nm. Scale bar for panels (d-f) and
(j-1) is 20 nm. (B) Percentage of dense cores, lighter cores and ghosts in cells treated (right) and untreated (left) with NEV from 284 total cores. Source data are available

online for this figure.

(Fig. EV2; Appendix Fig. $4C). At the same time, the persistence of
ghosts could contribute to generate a favorable microenvironment
for viral DNA synthesis, by maintaining viral nuclear condensates
(Figs. 5A,B and EV3; Appendix Fig. S4E). Alternatively, “ghost”
virus cores could be remnants without further function or serve as a
reservoir for some viral components without a protective function.

The HIV-1 nuclear condensate: the main site for nuclear
reverse transcription

We then investigated whether HIV-1 nuclear condensates create a major
microenvironment for viral nuclear reverse transcription. We exposed
macrophage-like cells to HIV-1, which carried the GFP reporter gene,
for 120h, in presence or in absence of NEV (Fig. 6A). In both
conditions, we observed the formation of CPSF6 condensates. Notably,
the number of condensates was approximately twice as high in the
presence of NEV compared to untreated cells (Fig. 6B). This increase is
attributed to the virus being on hold and sequestered within the nuclear
condensates, which leads to the persistence of CPSF6 condensates for a
longer duration (Fig. 1). Simultaneously, we leveraged the reversibility of
NEV to investigate whether HIV-1 nuclear condensates are the main
sites for the initiation of reverse transcription within the nucleus. We
infected the cells with NEV for 48 h, after which it was removed. This
allowed the incoming vVRNA to accumulate in the nucleus. We treated
some of the samples with the compound PF-3450074 (PF74), known for
its ability to dissolve CPSF6 condensates only at a high dose (Figs. 6A
and EV5; Appendix Fig. S5) (Selyutina et al, 2022). Although high doses
of PF74 lead to the disassembly of CPSF6 clusters, they conversely were
shown to stabilize viral cores in vitro (Bhattacharya et al, 2014;
Dostalkova et al, 2020; Fricke et al, 2017), however, the effect of this
compound in capsid located inside CPSF6 clusters has never been
evaluated. Since we did not observe viral core structures outside HIV-1-
MLOs (Figs. 4, 5 and EV3; Appendix Fig. $4B) we expect that the effect
of PF74 high dose should be mainly related only to CPSF6 clusters and
their content.

Subsequently, we assessed infectivity in correlation with the
presence of CPSF6 condensates at 120 h post-infection. When the
NEV was removed, we observed that 7.48% of cells were GFP
positive, representing a 32% restoration in infectivity compared to
cells infected without the drug, which had an infectivity rate of
23.2%. In contrast, cells treated with high dose of PF74 after the
removal of NEV were unable to restore effective infection (Fig. 6A).
The loss of infectivity can be attributed to a block in the reverse
transcription process, as supported by the qPCR data (Fig. 6B).
Interestingly, NEV did not completely block all catalytic sites of the
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reverse transcriptase enzymes hosted within the CPSF6 conden-
sates, as evidenced by the presence of a residual reverse
transcription activity giving rise to a low amount of ERT (early
reverse transcripts), detectable by qPCR that did not form LRT (late
reverse transcripts) at least within the first 120h of infection
(Fig. 6B). This indicates that CPSF6 clusters create a favorable
environment for reverse transcription, impeding optimal drug
penetration. The detection of ERT in NEV-treated samples aligns
with the observation of ‘ghosts’ in NEV-treated samples in electron
microscopy experiments (Fig. 5A,B). Overall, the addition of PF74
disassembles the CPSF6 condensates, disrupting the microenviron-
ment required for the nuclear reverse transcription and impeding
the formation of ERT and LRT (Fig. 6A,B). We observed that after
2 h of PF74 treatment, there were numerous capsid puncta (in cells
fixed with PFA, the antibody against capsid can only detect it if the
epitope is not occupied by CPSF6 (Muller et al, 2021) (Fig. 6C).
This suggests that the capsids were not fully disassembled by the
high dose of PF74, consistent with previous in vitro data
(Bhattacharya et al, 2014; Dostalkova et al, 2020; Fricke et al,
2017). However, we cannot rule out the possibility of minor
structural changes in the capsids within CPSF6 clusters. Intrigu-
ingly, the number of CPSF6 clusters in untreated infected THP-1
cells closely matched the number of CA puncta revealed in infected
THP-1 cells after 2h of high-dose PF74 treatment (Fig. 6C).

These results underscore the significance of HIV-1 nuclear
condensates, primarily composed of CPSF6 proteins and viral
cores, as main and favorable environment for nuclear reverse
transcription.

The HIV-1 nuclear condensate: a shield against
innate immunity

The final product of reverse transcription is dsDNA, formed in the
host nucleus (Burdick et al, 2020; Dharan et al, 2020; Rensen et al,
2021; Scoca et al, 2022; Selyutina et al, 2020). We investigated
whether it could be recognized by cyclic GMP-AMP synthase
(cGAS) (Gao et al, 2013), leading to the production of the
secondary messenger cyclic GMP-AMP (cGAMP), thereby activat-
ing innate immune responses. Interestingly, even in the presence of
Vpx, which degrades the restriction factor SAMHDI1 (Laguette et al,
2011) the HIV-1 capsid evades sensing of dsDNA before
integration (Lahaye et al, 2018; Zuliani-Alvarez et al, 2022).
Hence, we posed the question of whether the innate immune
response could be impeded by the presence of nuclear condensates that
shield the newly synthesized viral dsDNA. To explore this possibility,
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