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Cyclophilin A protects HIV-1 from restriction by

human TRIM5«a
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The HIV-1 capsid (CA) protein lattice encases viral genomic
RNA and regulates steps essential to target-cell invasion'.
Cyclophilin A (CypA) has interacted with the CA of lentivi-
ruses related to HIV-1 for millions of years®”. Disruption of the
CA—CypA interaction decreases HIV-1 infectivity in human
cells®'> but stimulates infectivity in non-human primate
cells®"5, Genetic and biochemical data suggest that CypA
protects HIV-1 from a CA-specific restriction factor in human
cells'%°, Discovery of the CA-specific restriction factor tripar-
tite-containing motif 5 (TRIM5a)?' and multiple, indepen-
dently derived, TRIM5—CypA fusion genes*>'>?2-26 pointed to
human TRIM5a being the CypA-sensitive restriction factor.
However, HIV-1 restriction by human TRIM5« in tumour cell
lines is minimal?' and inhibition of such activity by CypA has
not been detected?. Here, by exploiting reverse genetic tools
optimized for primary human blood cells, we demonstrate that
disruption of the CA—CypA interaction renders HIV-1 suscep-
tible to potent restriction by human TRIM5«, with the block
occurring before reverse transcription. Endogenous TRIM5x
associated with virion cores as they entered the cytoplasm,
but only when the CA—CypA interaction was disrupted. These
experiments resolve the long-standing mystery of the role of
CypA in HIV-1 replication by demonstrating that this ubiqui-
tous cellular protein shields HIV-1 from previously inapparent
restriction by human TRIM5a.

To assess the role of TRIM5a and CypA in the primary human
blood cell types that serve as targets for HIV-1 infection in vivo, len-
tiviral vectors were optimized for titre and knockdown efficiency
in these cells” . Primary human macrophages, dendritic cells and
CD4" T cells were transduced with lentivectors bearing a puromy-
cin resistance cassette and short hairpin RNAs (shRNAs) targeting
either TRIM5 or luciferase (Luc) as a control. After three days of
selection in puromycin, knockdown was confirmed by quantitative
PCR with reverse transcription (RT—qPCR) for TRIM5 mRNA and
by rescue of N-tropic murine leukemia virus restriction (Extended
Data Fig. 2a-c), as done previously”*. TRIM5 and Luc control
knockdown cells were then challenged with single-cycle, vesicular
stomatitis virus glycoprotein (VSV G)-pseudotyped, HIV-1—green
fluorescent protein (GFP) reporter vectors. Three days later, the
percentage of GFP* cells was assessed by flow cytometry as a mea-
sure of infectivity (see Extended Data Fig. 1 for the gating strategy).

Compared to Luc control knockdown, TRIM5 knockdown had
minimal effect on wild-type (WT) HIV-1 transduction efficiency in
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macrophages, dendritic cells or CD4* T cells (Fig. 1a—d; Extended
Data Fig. 3a). The infectivity of HIV-1 CA-P90A, a mutant that dis-
rupts CypA binding®’, was attenuated compared to the WT in con-
trol knockdown cells generated with all three cell types (Fig. la-d).
The effect was evident in cells from all blood donors tested (at least
three blood donors per condition) and over a 100-fold range in
challenge vector titre (Extended Data Fig. 3a). TRIM5 knockdown
in macrophages, dendritic cells or CD4" T cells increased CA-P90A
infectivity (Fig. l1a-d; Extended Data Fig. 3a). Results were the same
whether the challenge was with a three-plasmid vector system based
on the clade B HIV-1y,,, lab strain®** (Fig. la—c) or a two-plas-
mid vector system based on the clade C HIV-1,,,,0,, transmission-
founder strain from Zambia**** (Fig. 1d).

Given previous reports that endogenous human TRIM5a in
immortalized cell lines has a modest effect on HIV-1 infectivity,
and that CypA and TRIM5a act independently to regulate HIV-1
transduction”, the relatively large magnitude rescue of CA-P90A
infectivity by TRIM5 knockdown in primary human blood cells
was surprising. Complementary pharmacologic and reverse genetic
approaches were therefore used to disrupt the CA—CypA interac-
tion. For pharmacologic disruption, cells were incubated in media
containing small molecules that compete with CA for binding to
CypA**12* Compared to dimethylsulfoxide (DMSO) solvent
alone, cyclosporine A (CsA) reduced HIV-1 transduction effi-
ciency in Luc control knockdown macrophages (Fig. le). In con-
trast, cyclosporine H (CsH), an analogue with 1,000-fold lower
affinity for CypA*, caused only a slight increase in HIV-1 infection
(Extended Data Fig. 3b). Since CsA blocks T cell proliferation, two
non-immunosuppressive CypA inhibitors derived from sanglifeh-
rin A, GS—CypAi3 and GS—CypAi48 (ref. **), were used instead on
this cell type; these drugs decreased HIV-1 transduction efficiency
in primary CD4* T cells (Fig. 1f; Extended Data Fig. 3c—e). TRIM5
knockdown reversed the HIV-1 inhibition in macrophages caused
by CsA (Fig. le), or in CD4* T cells caused by the sanglifehrin
A-derivatives (Fig. 1f; Extended Data Fig. 3c-e).

To disrupt the CA—CypA interaction using a genetic approach,
macrophages were transduced with two vectors for the knockdown
of either TRIMS5 or CypA, or both. The first vector conferred puro-
mycin resistance and expressed shRNAs targeting either TRIM5
or Luc. The second vector conferred blasticidin resistance and
expressed shRNAs targeting either CypA or Luc. After simultane-
ous transduction with pairs of these vectors, macrophages were
selected for three days in both puromycin and blasticidin and then
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Fig. 1| Disruption of the CA—CypA interaction in primary human blood cells renders HIV-1 susceptible to restriction by TRIM5. a—d, Macrophages
(@), dendritic cells (b) or CD4* T cells (¢,d) were selected after transduction with a lentivirus expressing shRNA targeting TRIMS5 or Luc (control) and
challenged with single-cycle, VSV G-pseudotyped, HIV-Ty4.;—GFP (a—c) or HIV-1,,,,0m—GFP (d), bearing WT CA or CA-P90A (mean+s.em., n=3
donors for each). e, TRIM5 knockdown or Luc knockdown macrophages were challenged with HIV-1,,,;—GFP in the presence of 8 uM CsA or DMSO
solvent (mean+s.e.m., n=4 donors). f, TRIM5 knockdown or Luc knockdown CD4* T cells were challenged with HIV-1,,,,4ouy—GFP in the presence

of 2.5uM GS—CypAi3 or DMSO solvent (mean +s.e.m., n=3 donors). g, Macrophages were transduced simultaneously with two vectors expressing
shRNAs, as indicated, and selected with puromycin and blasticidin. Cells were then challenged with HIV-1,,.;—GFP (mean +s.e.m., n=3 donors).
The percentage of GFP+ cells was assessed by flow cytometry and normalized to the WT in Luc control knockdown cells in all cases. Significance was

determined by two-tailed, paired Student's t-test.

challenged with single-cycle, VSV G-pseudotyped, HIV-1-GFP
reporter vector bearing WT CA. Compared to the Luc control
knockdown, CypA knockdown reduced CypA protein levels ~70%
(Extended Data Fig. 2d). As with CA-P90A and the small molecule
inhibitors, CypA knockdown decreased transduction efficiency
(Fig. 1g). This effect was rescued by simultaneous knockdown of
TRIMS5 (Fig. 1g) without restoring CypA protein levels (Extended
Data Fig. 2d). Taken together, these data indicate that endogenous
human TRIMS5 is required for HIV-1 restriction in the absence of
the CA—CypA interaction. Consistent with the previously reported
CA-specific saturation of TRIMS5 restriction activity'>”, the effec-
tive titre of HIV-1—-GFP reporter vector bearing CA-P90A was
increased in a dose-dependent manner by the addition of virus-like
particles (VLPs) bearing CA-P90A, but not by VLPs bearing WT
CA (Extended Data Fig. 4).

Although the shRNA that targets TRIMS5 is distinguished from
the next most similar sequence in the human genome (GRCh38) by
multiple mismatches, off-target effects are theoretically possible. To
test whether TRIM5a is sufficient to explain the HIV-1 restriction
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activity associated with CA—CypA disruption, a vector was designed
based on the ubiquitin fusion technique®® that expresses a tripartite
fusion of puromycin N-acetyl transferase (Puro®), the K48R mutant
of ubiquitin (Ub**#®) and the coding sequence for a protein of inter-
est, in addition to an shRNA (Fig. 2a). Four variants of the plasmid
were engineered in which the shRNA targeted either TRIMS5 or Luc,
with or without a TRIM5a coding sequence bearing mismatches in
the ShRNA target sequence (Fig. 2a).

Macrophages (Fig. 2b) and CD4* T cells (Fig. 2c) were trans-
duced with each of the four variants of the shRNA tripartite fusion
vector and selected for three days with puromycin. Cells were then
challenged with the three-plasmid HIV-1-GFP reporter vector
used in Fig. la—c and assessed by flow cytometry for percentage of
GFP* cells three days later. As in Fig. 1, the infectivity of the vector
bearing WT CA was minimally affected by TRIM5 knockdown or
by TRIM5a overexpression (Fig. 2b,c). Compared to the W, the
infectivity of vector bearing CA-P90A was decreased (Fig. 2b,c)
and the infectivity of this mutant was rescued by TRIM5 shRNA
(Fig. 2b,c). In the presence of shRNA targeting TRIM5, delivery of
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Fig. 2 | Human TRIM5a is sufficient to explain the inhibition of reverse transcription that results from disruption of CA—CypA interaction. a, A schematic
representation of an all-in-one shRNA-rescue lentivector, in which the spleen focus-forming virus (SFFV) promoter expresses a tripartite fusion of Puro®,
UbX*8R and an open reading frame (ORF) for a gene of interest, as well as a microRNA30-based shRNA (miR30). b,¢, All-in-one lentivectors encoding
empty control (no ORF) or non-targetable, shRNA-resistant TRIM5a coding sequence (ntTRIM5a), along with shRNA targeting Luc or TRIM5, as
indicated in a, were used to transduce macrophages (b) or CD4* T cells (¢). The percentage of GFP-expressing cells was measured by flow cytometry

and normalized to the values for no ORF/Luc knockdown cells challenged with WT CA; mean +s.e.m., n=3 donors for each. Significance was determined
by two-tailed, paired Student's t-test. d—g, TRIM5 knockdown or Luc knockdown macrophages (d) or CD4+ T cells (e), macrophages (f) or CD4* T cells
(g) transduced with the all-in-one shRNA-rescue lentivectors described in a were challenged with HIV-1y.,5—GFP containing WT CA or CA-P90A, as
indicated. DNA was extracted 20 h post challenge and late products of reverse transcription were assessed by gPCR (mean +s.e.m., n=3 biologically
independent samples). RT-D185K/D186L mutant virus was used as a control for background signal. Significance was determined by two-tailed, unpaired

Student's t-test.

TRIM5a coding sequence bearing shRNA target-site mismatches
restored restriction activity to the control level (Fig. 2b,c). These
results demonstrate that, in primary human blood cells, human
TRIM5a is sufficient to restrict HIV-1 transduction, but only when
the CA—CypA interaction is disrupted.

To determine at which step in the virus life cycle human TRIM5a
inhibits HIV-1 when the CA—CypA interaction is disrupted, HIV-1
complementary DNA (cDNA) resulting from reverse transcription
was assessed by qPCR. Macrophages and CD4* T cells were stably
transduced and selected with vector expressing shRNAs targeting
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TRIMS5 or Luc (control) (Fig. 2d,e), or with each of the four variants
of the shRNA tripartite fusion vector (Fig. 2f,g). Cells were then chal-
lenged with a HIV-1 reporter vector that had the 34 base pair loxP
sequence in the U3 region of the 3'long terminal repeat to distinguish
reporter vector transcripts from those of the shRNA lentivector”.
DNA was collected 20h post challenge and qPCR was performed
using primers specific for full-length linear HIV-1 cDNA (late RT).
In all experiments, reporter vector bearing the RT-D185K/D186L
loss-of-function mutation*” was included as a control for background
signal not due to nascent reverse transcription (Fig. 2d-g).
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Fig. 3 | Endogenous TRIM5a in primary human macrophages associates with HIV-1 CA after acute challenge but only when the CA—CypA interaction
is disrupted. a—d, Macrophages were transduced and selected with vector bearing shRNA targeting either TRIMS5 or Luc. Cells were then challenged for
2h with VSV G-pseudotyped HIV-1,,,.;—GFP in the presence of 5uM CsA or DMSO solvent (a,b) or challenged with HIV-1,,s—GFP harbouring WT CA
or CA-P90A (c,d), as indicated. Cells were fixed and PLA was performed with antibodies against HIV-1 CA and TRIM5a. The representative images in
a,c show PLA punctae (red), nuclei stained with Hoechst (blue) and actin filaments stained with phalloidin (green). The graphs in b,d show the number
of PLA punctae per cell with mean +s.e.m. For b: Luc knockdown + CsA, no virus, n=45 cells analysed; Luc knockdown + DMSO + HIV-1, n=45; Luc
knockdown + CsA + HIV-1, n=69; TRIM5 knockdown + CsA + HIV-1, n=45. For d: Luc knockdown + WT HIV-1, n=20; Luc knockdown + CA-P90A
HIV-1, n=25; TRIM5 knockdown + CA-P90OA HIV-1, n=20; TRIM5 knockdown + WT HIV-1, n=20. Significance was determined by two-tailed, unpaired
Student's t-test. The data shown are representative of four independent experiments using cells from four blood donors for each condition. Scale bars

inaande¢, 5pm.

In Luc control knockdown macrophages and CD4" T cells, viral
cDNA was reduced by CA-P90A and this reduction was reversed
by TRIM5 knockdown (Fig. 2d,e). Viral cDNA was also reduced by
CA-P90A in either cell type transduced with the control shRNA tri-
partite fusion vector (Fig. 2f,g). TRIM5 shRNA rescued the cDNA
(Fig. 2d-g) and rescue of TRIM5a with the non-targetable coding
sequence again decreased the CA-P90A cDNA (Fig. 2f,g). These
results demonstrate that, when the CA—CypA interaction is dis-
rupted, human TRIM5a blocks HIV-1 at an early step of viral infec-
tion, before the completion of reverse transcription.

To determine whether TRIM5a associates with HIV-1 CA in
cells when the CA—CypA interaction is disrupted, primary human
macrophages were stably transduced with TRIM5 shRNA or Luc
shRNA and then challenged for 2h with WT HIV-1 reporter vector
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in the presence or absence of CsA, or with HIV-1 vectors bearing
WT CA or CA-P90A. Cells were fixed and subjected to the prox-
imity ligation assay (PLA) with antibodies specific for HIV-1 CA
and endogenous human TRIM5a. When cells were challenged with
WT HIV-1 in the absence of CsA, very few punctae were detected
(Fig. 3a-d; Extended Data Fig. 5a-d). Similarly, few punctae were
detected when cells were treated with CsA in the absence of HIV-1
challenge (Fig. 3a,b; Extended Data Fig. 5a,b). By contrast, when
cells were challenged with WT HIV-1 in the presence of CsA or
with HIV-1 CA-P90A, multiple punctae were detected (Fig. 3a-d;
Extended Data Fig. 5a—d), an increase of at least 10- and 20-fold
in the average number of punctae per cell over the background,
respectively (Fig. 3b,d; Extended Data Fig. 5b,d). TRIM5 knock-
down eliminated the punctae (Fig. 3a-d; Extended Data Fig. 5a-d);
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Fig. 4 | Endogenous TRIM5a suppresses the spread of HIV-1 infection in primary human macrophages and CD4+ T cells when the CA—CypA interaction
is disrupted. ab, The spread of HIV-1,,,c infection in TRIM5 or Luc knockdown macrophages with 5uM CsA (a) or with vectors bearing shRNAs targeting
CypA or Luc (b), as indicated. ¢,d, The spread of HIV-1,,4em infection in CD4* T cells expressing shRNA targeting TRIM5 or Luc with 2.5 uM GS—CypAi3
() or when challenged with virus bearing CA-P90A (d), as indicated. e, The spread of HIV-1,,,c infection in macrophages transduced with the all-in-one
shRNA-rescue lentivectors described in Fig. 2, as indicated. HIV-1 replication was monitored by measuring reverse transcriptase activity (RTU pl™) in the
culture supernatant over time. The data shown are representative of two independent experiments using cells from two blood donors for each condition.

this indicated that the PLA signal was dependent on TRIM5 expres-
sion. The PLA signal was also dependent on the proteasome inhibi-
tor MG132 (Extended Data Fig. 6), a result consistent with the
reported involvement of the proteasome in the inhibition of reverse
transcription by TRIM5a*®. These results indicate that, in the infec-
tion of primary human cells, endogenous TRIM5a associates with
HIV-1 CA when the CA—CypA interaction is disrupted.

The above experiments used single-cycle HIV-1 vectors. The
effect of CypA on HIV-1 restriction by human TRIM5a was there-
fore evaluated next using replication-competent HIV-1 in a context
where the virus spreads from cell to cell. Primary human macro-
phages were challenged with clade B HIV-1 bearing a macrophage-
tropic env (HIV-1,,.) and replication was monitored for 14 days
by measuring the accumulation of reverse transcriptase activity
in the supernatant. As in the single-cycle experiments (Fig. 1),
TRIM5 knockdown itself had little effect on WT HIV-1 replication
(Fig. 4a,b). Disruption of the CA—CypA interaction with CsA
(Fig. 4a) or with shRNA targeting CypA (Fig. 4b) effectively sup-
pressed viral spread in the culture and, in both cases, replication
kinetics were completely restored to the control level by shRNA tar-
geting TRIM5 (Fig. 4a,b). Primary CD4* T cells were then challenged
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withaclade Ctransmission-foundervirus (HIV-1,,1,4,). Asobserved
in macrophages, TRIM5 knockdown alone had minimal effect on
WT HIV-1 replication (Fig. 4c,d). No viral replication was detect-
able when the CA—CypA interaction was disrupted by the small
molecule GS—CypAi3 (Fig. 4c) or by the presence of CA-P90A in
HIV-1 (Fig. 4d); in both cases shRNA targeting TRIMS5 rescued rep-
lication kinetics to the level of the controls (Fig. 4c,d). Furthermore,
the shRNA tripartite fusion vectors were exploited to rule out off-
target effects of the shRNA and to demonstrate that TRIM5a is suf-
ficient to restrict HIV-1 replication under conditions in which the
CA—CypA interaction is interrupted (Fig. 4e).

The experiments presented here demonstrate that, in primary
human blood cells, HIV-1 exploits CypA to evade CA recognition
by, and the antiviral activity of, endogenous TRIM5a. The simplest
model is that CypA sterically blocks TRIM5a from binding to CA.
Alternatively, since CypA possesses peptidyl-prolyl isomerase activ-
ity* and HIV-1 CA-P90 is a validated substrate’’, CypA might shift
the CA conformation and thereby protect HIV-1 CA from recog-
nition by TRIM5a. This answers the long-standing question of
how CypA promotes HIV-1 infection and clearly establishes that,
in the absence of CypA, human TRIM5a potently restricts HIV-1.
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Conservation of the lentiviral CA—CypA interaction across millions
of years of evolution is probably a result of selective pressure applied
by TRIM5 orthologues encoded by host species that are otherwise
permissive for lentiviral replication. In contrast to the results here,
the observation that CypA promotes restriction in non-human pri-
mate cells’*~' probably reflects a different mode of CA recognition
by TRIM5a orthologues from these species. Finally, the results here
indicate that, by rendering HIV-1 susceptible to the potent antivi-
ral activity of TRIM5a, non-immunosuppressive CypA inhibitors
have the potential to make an important contribution to anti-HIV-1
drug cocktails.

Methods

Plasmids. All the plasmids used here are described in Supplementary Table 1 and
are available, along with full sequences, at https://www.addgene.org/Jeremy_Luban/.

Human blood. Leukopaks were obtained from anonymous, healthy blood donors
(New York Biologics). These experiments were reviewed by the University of
Massachusetts Medical School Institutional Review Board and declared to be
non-human subjects research, according to National Institutes of Health (NIH)
guidelines (http://grants.nih.gov/grants/policy/hs/faqs_aps_definitions.htm).

Cell culture. All cells were cultured in humidified, 5% CO, incubators at 37 °C.
HEK293 cells (American Type Culture Collection) were cultured in DMEM
supplemented with 10% heat-inactivated FBS, 1 mM sodium pyruvate, 20 mM
GlutaMAX-I, 1X MEM non-essential amino acids and 25 mM HEPES, pH7.2
(DMEM—FBS complete). Peripheral blood mononuclear cells (PBMCs) were
isolated from leukopaks by gradient centrifugation on Lymphoprep (Axis-Shield
Poc AS, catalogue no. AXS-1114546). To generate dendritic cells or macrophages,
CD14* mononuclear cells were enriched by positive selection using anti-CD14
antibody microbeads (Miltenyi, catalogue no. 130-050-201). Enriched CD14*

cells were plated in RPMI-1640, supplemented with 5% heat-inactivated human
AB* serum (Omega Scientific), 1 mM sodium pyruvate, 20 mM GlutaMAX-I, 1X
MEM non-essential amino acids and 25 mM HEPES pH 7.2 (RPMI—-HS complete),
at a density of 10°cellsml~! for macrophages or 2 x 10° cells ml~" for dendritic

cells. To differentiate CD14* cells into macrophages, 1:100 human granulocyte-
macrophage colony stimulating factor (1\GM-CSF)-conditioned media was added.
To differentiate CD14* cells into dendritic cells, 1:100 cytokine-conditioned media
containing hGM-CSF and human interleukin-4 (hIL-4) was added. hGM-CSF

and hIL-4 were produced from HEK293 cells transduced with pAIP-hGMCSE-

co (Addgene no. 74168) or pAIP-hIL4-co (Addgene no. 74169), as previously
described**’. CD4* T cells were isolated from CD14-depleted PBMCs using anti-
CD4 antibody microbeads (Miltenyi, catalogue no. 130-045-101); enrichment

was typically >90%, as assessed by measuring the percentage of CD3*/CD4" cells
via flow cytometry with fluorescein isothiocyanate (FITC)-anti-CD3 (Biolegend,
catalogue no. 317306) and allophycocyanin (APC)-anti-CD4 (Biolegend, catalogue
no. 317416). The cells were cultured in RPMI-1640 supplemented with 10%
heat-inactivated FBS, 1 mM sodium pyruvate, 20 mM GlutaMAX-I, 1x MEM
non-essential amino acids and 25 mM HEPES pH 7.2 (RPMI-FBS complete) with
50 Uml"' hIL-2 (NIH AIDS Reagent Program, catalogue no. 136).

Virus production. 24 h before transfection, 6 x 10° HEK293 cells were plated per
well in six-well plates. All transfections used 2.49 ug plasmid DNA with 6.25ul
TransIT LT1 transfection reagent (Mirus) in 250 ul Opti-MEM (Gibco). 2.49 ug

of replication-competent HIV-1 provirus DNA was transfected. For two-part,
single-cycle vector, or for HIV-1 VLPs lacking a packageable genome, 2.18 ug of
env-defective HIV-1 provirus or p8.9 NASB gag-pol plasmid was cotransfected
with 0.31 ug pMD2.G VSV G plasmid, respectively. Three-part, single-cycle vectors
were produced by cotransfecting 1.25 pug minimal lentivector genome plasmid
(pALPS-GFP, pWPTS-GFP, pLXIN-GFP, pAPM-D4-miR30, pABM-D4-miR30

or pPU-ORF-miR30), 0.93 pg gag-pol plasmid (psPAX2, p8.9 NASB, pCIG3-N

or pCIG3-B") and 0.31 ug pMD2.G VSV G plasmid. Vpx-containing simian
immunodeficiency virus (SIV)—VLPs were produced by the transfection of 2.18 ug
pSIV3+ and 0.31 ug pMD2.G plasmid. 16 h post transfection, the culture media
was changed to the media specific for the cells to be transduced. Viral supernatant
was harvested at 72 h, passed through a 0.45 um filter and stored at —80°C.

Exogenous reverse transcriptase assay. A total of 5 ul transfection supernatant was
mixed with 5pul 0.25% Triton X-100, 50 mM KCI, 100 mM Tris—HCI pH 7.4 and

0.4 U ul~! RiboLock RNase inhibitor and then diluted 1:100 in 5mM (NH,),SO,,
20mM KCl and 20 mM Tris—HCI pH 8.3. 10 pl of this was then added to a single-
step, RT—PCR assay with 35nM bacteriophage MS2 RNA (Integrated DNA
Technologies) as a template, 500 nM of each primer (5'-TCCTGCTCAACTTCCTG
TCGAG-3’ and 5'-CACAGGTCAAACCTCCTAGGAATG-3’) and 0.1 ul hot-start
Taq DNA polymerase (Promega) in 20 mM Tris—HCI pH 8.3, 5mM (NH,),SO,,
20mM KCl, 5mM MgCl,, 0.1 mgml~ BSA, 1/20,000 SYBR Green I (Invitrogen)
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and 200 uM of deoxynucleotides (ANTPs) in a total reaction volume of 20 ul. The
RT—PCR reaction was carried out in a Bio-Rad CFX96 real-time PCR detection
system with the following parameters: 42 °C for 20 min, 95°C for 2min and 40
cycles (95°C for 55, 60°C for 55, 72°C for 155 and acquisition at 80 °C for 55).

Transduction with lentiviral knockdown vectors. For dendritic cells, 2 10°
CD14* monocytes ml~' were transduced with a 1:4 volume of SIV—VLPs and a 1:4
volume of knockdown lentivector. For macrophages, 10° CD14* monocytes ml™
were transduced with a 1:8 volume of STV—VLPs and a 1:8 volume of knockdown
lentivector. The Vpx-containing SIV—VLPs were added to these cultures to overcome
aSAMHDI block to lentiviral transduction’>*. Transduced cells were selected with
3ugml™! puromycin (InvivoGen, catalogue no. ant-pr-1), 10 ugml™ blasticidin
(InvivoGen, catalogue no. ant-bl-1) or both, for 3d, starting 3d post transduction.
Following isolation with magnetic beads, human CD4* T cells were cultured at
2 to 3% 10°cellsml~! in RPMI—-FBS complete, supplemented with 50 Uml~" hIL-2
and stimulated with 5pug ml~ PHA-P (Sigma-Aldrich, catalogue no. L-1668).
Alternatively, CD4* T cells at 10¢cells ml~! were stimulated with 25 ulml~
ImmunoCult Human CD3/CD28 T Cell Activator (STEMCELL Technologies,
catalogue no. 10991). At day 3 post stimulation, T cells were replated at 2 to 3x 10°
cellsml~! in RPMI-FBS complete, with 50 Uml~! hIL-2. Cells were transduced
with 10° reverse transcription units (RTUs) of viral vector per 10° cells for 3d,
followed by selection with 2 ugml~" puromycin. After selection for 3 d, cells were
restimulated with PHA-P or ImmunoCult Human CD3/CD28 T Cell Activator
for 3d. The stimulated cells were then replated at 2 to 3 x 10° cellsml™ (PHA) or
at 10°cellsml~! (CD3/CD28) in RPMI-FBS complete with 50 Uml~" hIL-2 and
challenged with lentiviral vectors for the assessment of single-cycle infectivity or
with replication competent HIV-1 for spreading infection. Fresh media containing
hIL-2 was replenished every 2—3d.

Infectivity assay using single-cycle viruses. For human dendritic cells, 2.5x 10°
cells were seeded per well, in a 48-well plate, on the day of virus challenge. Media
containing VSV G-pseudotyped lentiviral vector expressing GFP (HIV-1-GFP)
was added to challenge cells in a total volume of 250 pl. For human macrophages,
2.5% 10° cells were seeded per well in a 24-well plate and challenged with HIV-1—
GFP in a total volume of 500 pl. The cells were also simultaneously challenged
with HIV-1 VLPs, as indicated. A 1:50 volume of SIV—VLPs was also added to the
medium during the virus challenge of dendritic cells or macrophages. To challenge
human CD4* cells activated with PHA, 5% 10° cells were plated per well in a 96-
well plate 3 d after the second PHA stimulation. For CD4* cells stimulated with
CD3/CD28 activator, 2 X 10° cells were plated in each well of a 96-well plate, 3d
after secondary stimulation. Cells were then challenged with GFP reporter viruses
in a total volume of 200 pl. For all three cell types, four dilutions of viral stocks,
from 10° to 10° RTUml, were used to challenge cells. Where indicated, cells
were pretreated with 8 uM CsA, 8uM CsH or 2.5 uM of non-immunosuppressive
CypA inhibitors from Gilead (GS—CypAi3 or GS—CypAi48)*, for 1 h before virus
challenge. In experiments using CsH treatment, the media was replaced after 16h
of treatment to avoid CsH toxicity™.

At 481 post challenge with two-part HIV-1 vectors, or at 72h post challenge
with three-part lentiviral vectors, cells were harvested for flow cytometric analysis
by pipetting (CD4" T cells) or scraping (dendritic cells and macrophages). Cells
were pelleted at 500g for 5min and fixed in a 1:4 dilution of BD Cytofix Fixation
Buffer with phosphate-buffered saline (PBS) without Ca** and Mg**, supplemented
with 2% FBS and 0.1% NaNj.

Flow cytometry. Data were collected on an Accuri C6 (BD Biosciences) and
plotted with Flow]Jo software v.10. Infectivity at each dilution, in each condition
(CA mutant, CypA inhibitor or CypA knockdown) was compared to the infectivity
of WT CA in the control condition. Dilutions yielding infectivity greater than 30%
GFP* cells were excluded from the analysis on the assumption that these were out
of the linear range, according to the Poisson distribution.

Statistical analysis. Experimental # values and information regarding the
statistical tests can be found in the figure legends. The data for infectivity

assays using single-cycle viruses including at least three independent donors
were statistically analysed using two-tailed paired ¢-tests compared to the
control condition or the indicated condition for each donor. The qPCR data for
experiments measuring viral cDNA levels with three biologically independent
samples for each condition were analysed using two-tailed, unpaired t-tests for
the comparison of two conditions as indicated in Fig. 2. The data from PLA
quantification were assessed for statistical significance using two-tailed unpaired
t-tests to compare two conditions as indicated in Fig. 4. All statistical analyses were
performed using PRISM 8.2 (GraphPad Software).

qPCR for viral late reverse transcriptase product. Total DNA was extracted from
cells using DNeasy Blood & Tissue Kit (Qiagen), following the manufacturer’s
instructions. Late reverse transcription products were detected with the TagMan
system using the primers pWPTS J1B fwd and pWPTS J2 rev with the late reverse
transcription probe (LRT-P)*. Mitochondrial DNA was used for normalization
with the following primer/probe set: MH533, MH534 and Mito probe’. The
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primer and probe sequences are specified in Supplementary Table 3. The gPCR was

performed in 20 pl reaction mix containing 1xX TagMan Gene Expression Master
Mix (Applied Biosystems), 900 nM each primer, 250 nM TagMan probe and 30 to
50 ng template DNA. After an initial incubation at 50 °C for 2 min and a second
incubation at 95°C for 10 min, 45 cycles of amplification were carried out at 95°C

for 15 followed by 1 min and 30s at 60 °C. Real-time PCR reactions were run on a

CFX96 thermal cycler (Bio-Rad).

RT—qPCR. Total RNA was isolated in TRIzol reagent followed by RNA purification

with RNeasy Plus Mini kit (Qiagen). First-strand cDNA was generated using
SuperScript VILO Master Mix (Thermo Fisher) with random hexamers, in
accordance with the manufacturer’s instructions. Duplex qPCR was performed in

20l reaction mix containing 1x TagMan Gene Expression Master Mix, 1xX TagMan
Gene Expression Assay detecting TRIM5 (FAM dye-labelled, TagMan probe ID no.
Hs01552559_m1), 1xX TagMan Gene Expression Assay targeting a housekeeping gene

OAZ1 (VIC dye-labelled, primer-limited, TagMan probe ID no. Hs00427923_m1).

Amplification was on a Bio-Rad CFX96 real-time PCR detection system, using 50°C

for 2 min, 95°C for 10 min, then 45 cycles of 95°C for 15s and 60 °C for 60s.

Western blot. Cells were lysed in Hypotonic Lysis Buffer: 20 mM Tris—HCI,

pH7.5,150mM NaCl, 10mM EDTA, 0.5% NP-40, 0.1% Triton X-100 and complete
mini protease inhibitor (Sigma-Aldrich) for 20 min on ice. The lysates were mixed
1:1 with 2x Laemmli buffer containing 1:20-diluted 2-mercaptoethanol, boiled for

10min and centrifuged at 16,000g for 5min at 4°C. Samples were run on 4-20%
SDS—PAGE and transferred to nitrocellulose membranes. Membrane blocking
and antibody binding were in TBS Odyssey Blocking Buffer (Li-Cor). Primary
antibodies used were rabbit anti-CypA (1:10,000 dilution; Enzo Life Sciences,
catalogue no. BML-SA296) and mouse anti-p-actin (1:1,000 dilution; Abcam,

catalogue no. ab3280). Goat anti-mouse-680 (Li-Cor, catalogue no. 925-68070) and

goat anti-rabbit-800 (Li-Cor, catalogue no. 925-32211) as secondary antibodies
were used at 1:10,000 dilutions. Blots were scanned on the Li-Cor Odyssey CLx.

PLA. 2.5X10° macrophages were plated on 12mm coverslips (Warner Instrument,

catalogue no. CS-12R15) in 24-well plates. Cells were spinoculated at 1,200g
using 6 X 10° RT unitml" of three-part lentiviral vector (pALPS-GFP, p8.9 NASB
and pMD2.G, generated as above) at 13°C for 2h. The media was replaced with
RPMI-HS complete containing 2uM MG132 and either DMSO or 5puM CsA;

cells were incubated at 37 °C for 2h. Coverslips were fixed with 3.7% formaldehyde

(Thermo Fisher) in 0.1 M PIPES, pH 6.8, for 5min at room temperature and then
incubated at room temperature for 1 h in PBS containing 0.1% saponin, 10%
donkey serum, 0.01% sodium azide, mouse anti-TRIM5« antibody (NIH AIDS
Reagent Program, catalogue no. 12271) at a 1:750 dilution and rabbit anti-HIV-1
CA (p24) antibody (Abcam, catalogue no. ab32352) at a 1:400 dilution.

The samples were processed further using a Duolink In Situ Red kit (Sigma-
Aldrich), following the instructions of the manufacturer. Next, samples were
incubated with 10 uM phalloidin (fluorescein isothiocyanate; Enzo Life Science)
and 1 mgml™' Hoechst 33342 (Invitrogen), in PBS containing 10% donkey serum
and 0.01% sodium azide for 30 min at room temperature.

Coverslips were mounted on slides and stored at —20°C. Interaction was
detected as fluorescent Spots (Aeyqationsemission At 598/6340M). Aeyciationsemission at 475/523
nm and 2, at 390/435nm were used to detect phalloidin and Hoechst,

‘excitation/emission

respectively. z-stack images were collected with a DeltaVision wide-field fluorescent
microscope (Applied Precision, GE) and deconvolved with SoftWoRx deconvolution

software v.7.0.0 (Applied Precision, GE). All images were acquired under identical
acquisition conditions and analysed by Imaris 8.3.1 (Bitplane). Three-dimensional
representations were constructed by using the Easy 3D function (Imaris 8.3.1).

Challenge with replication-competent HIV-1. 5x 10° macrophages per well in
12-well plates were challenged with 10° RT units of HIV-1 for 2h, in the presence
of CsA or DMSO solvent, as indicated. Macrophage experiments used NL4-3,,,;
pNL4-3, in which env was replaced from the end of the signal peptide to the env
stop codon, with macrophage-tropic env from GenBank (no. U63632.1). 3d after

secondary stimulation with CD3/CD28, 10° CD4"* T cells per well in 48-well plates

were challenged with 2 X 107 RT units of HIV-1 for 2h, in the presence of GS—

CypAi3 or DMSO solvent, as indicated. CD4* T cell experiments used HIV-1,,400

a clade C transmission-founder strain. After HIV-1 challenge, cells were washed

with fresh media and resuspended in 1 ml of RPMI-HS complete for macrophages

or RPMI-FBS complete containing 50 Uml™" hIL-2 for CD4* T cells. Where

indicated, culture media also contained CsA, GS—CypAi3 or DMSO solvent. Every

2-3d, culture supernatant was harvested to measure RT activity.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The plasmids described in Supplementary Table 1 are available at https://www.
addgene.org/Jeremy_Luban/. All data generated or analysed during this study are
presented in the Letter or Supplementary Information, or are available from the
corresponding author on request.
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3 days post-transduction, cells were selected with puromycin for 3 days. Total RNA was isolated from the macrophages and dendritic cells, followed

by cDNA synthesis, and gPCR with TagMan detection of TRIM5 and the housekeeping gene OAZ1, for normalization (mean + SEM, n=3 independent
samples). Significance was determined by two-tailed, unpaired t-test (a and b). The selected CD4+ T cells were challenged with N- or B-MLV vector
harboring GFP reporter for 3 days. Flow cytometry was used to assess the percentage of GFP* cells. The infectivity of each vector in TRIM5 knockdown
cells was normalized to the Luc control condition. Shown is mean + SD (n=3 donors for each). Significance was determined by two-tailed, paired t-test
(). d. Macrophages were simultaneously transduced with two lentiviral vectors, the first expressing shRNA targeting TRIM5 or Luc with Puro®, and the
second expressing shRNA targeting CypA or Luc with blasticidin S-deaminase. After selection with both antibiotics, CypA and B-actin proteins were
detected by western blot. Data shown is representative of three independent experiments using cells from three blood donors.
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Extended Data Fig. 3 | CA-CypA interaction promotes HIV-1 transduction by inhibiting TRIM5 activity in primary human blood cells. a, Raw infectivity
data for single cycle viruses, before normalization of infectivity to control condition. Shown are representative of three independent experiments using
cells from three blood donors for each condition. b, Macrophages expressing shRNA targeting TRIM5 or Luc were challenged with single-cycle, VSV
G-pseudotyped, HIV-1,,;GFP in the presence of 8uM CsA, 8 uM CsH, or DMSO solvent (mean + SEM, n=2 donors). c and d, TRIM5 or Luc knockdown
CD4+* T cells were challenged with single-cycle HIV-1,5GFP (€) or HIV-1,55,.1:GFP (d) in the presence of 2.5uM GS-CypAi3 or DMSO solvent alone
(mean + SEM, n=3 donors for each). e, HIV-1,,;GFP was used to challenge TRIM5 or Luc knockdown CD4+ T cells with 2.5uM GS-CypAi48 or DMSO
solvent alone (mean + SEM, n=2 donors). Flow cytometry was used to measure the percentage of GFP* cells, followed by normalization to WT in Luc
knockdown cells. Significance was determined by two-tailed, paired t- test for data generated with at least three donors (n=3).
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Extended Data Fig. 4 | Saturation of TRIM5x-mediated restriction in primary human macrophages. Luc or TRIM5 knockdown macrophages were
simultaneously challenged with a constant amount of single-cycle, VSV G-pseudotyped HIV-1y,.;GFP containing CA-P90A and the indicated quantities of
HIV- 1445 VLPs harboring either WT CA or CA-P90OA. The percentage of GFP* cells was assessed by flow cytometry at day 3 post-challenge. Data shown
here are representative of four independent experiments performed on cells from four blood donors.
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Extended Data Fig. 5 | CA-CypA interaction prevents association of endogenous TRIM5x with HIV-1 CA in primary human macrophages. a-d, TRIM5 or Luc
knockdown macrophages from a different blood donor than that used in Fig. 3 were challenged with VSV G-pseudotyped, HIV-1,,,5GFP in the presence of 5uM
CsA or DMSO solvent for 2 hrs (a and b), or challenged with HIV-1,,GFP bearing WT CA or CA-P90A (¢ and d). PLA was then performed using anti-CA (p24)
and anti-TRIM5ax antibodies. Representative images (a and ¢) show PLA puncta (red), nuclei stained with Hoechst (blue), and actin filaments stained with
phalloidin (green). The plots (b and d) are the number of PLA puncta per cell in the PLA with mean + SEM. b, Luc KD + CsA No Virus, n=45 cells analyzed; Luc
KD + DMSO + HIV-1, n=45; Luc KD + CsA + HIV-1,n=80; TRIM5 KD + CsA + HIV-1,n=45.d, Luc KD + WT HIV-1, n=20; Luc KD + CA-P90OA HIV-1, n=30;
TRIM5 KD + CA-P9OA HIV-1, n=20; TRIM5 KD + WT HIV-1, n=20. Significance was determined by two-tailed, unpaired t-test. Scale bars in a and c are 5pm.
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Extended Data Fig. 6 | The effect of proteasome inhibitor treatment on the proximity ligation assay for HIV-1 CA and endogenous TRIM5a. Luc control
knockdown macrophages treated with 5uM CsA were challenged with VSV G-pseudotyped HIV-1,.;GFP in the presence of 2uM MG132 or DMSO
solvent. Cells were fixed and proximity ligation assay (PLA) was performed with anti-CA (p24) and anti-TRIM5x antibodies. Representative images
show PLA puncta (red), nuclei stained with Hoechst (blue), and actin filaments stained with phalloidin (green). Scale bars are 5pum. The graph on the
right shows the number of puncta per cell in the PLA, after analysis of 30 cells per condition (mean + SEM). Significance was determined by two-tailed,
unpaired t- test.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection BD Accuri C6 Software 1.0.264.21 was used to collect flow cytometry data.
Bio-Rad CFX Manager 3.1 software was used to collect quantitative PCR data.
Image Studio software 5.2 along with Li-Cor Odyssey CLx was used to collect western blot data.
SoftWoRx deconvolution software 7.0.0 (Applied Precision) along with DeltaVision wide-field fluorescent microscope was utilized to
collect PLA imaging data.

Data analysis FlowJo10 was utilized to analyze flow cytometry data.
Image Studio software 5.2 was used to analyze western blot data.
Imaris 8.3.1 software was used to analyze PLA imaging data.
GraphPad Prism 8 was used for all of graphical analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All plasmids described in Supplementary Table 1, along with complete nucleotide sequences, are available at https://www.addgene.org/jeremy_luban/.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Pre-experiment, sample-size calculation was not performed, since effect size was unknown. In each case, experiments were performed using
cells from at least three independent blood donors. The effects in our experiments were in fact large and reproducible, thus sample size
calculation was not required.
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Data exclusions  No data was excluded from analysis.

Replication All experiments were performed with three technical replicates on at least three blood donors (biological replicates). Successful replication
was confirmed.

Randomization  Randomization is not customary for standard molecular biology experiments such as these.
Blinding For most experiments, investigators were not blinded to group allocation during data collection and analyses, since the results produce hard

numbers with little need for interpretation. The outcomes in our experiments were clear, reproducible, and large in effect. The exception was
the PLA assays, where the investigator who ran the microscopy software was blinded to the identity of the samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI |:| ChlIP-seq
Eukaryotic cell lines |:| IZI Flow cytometry
Palaeontology IZI |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XXXXOOs
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Clinical data

Antibodies

Antibodies used anti-CD14 antibody microbeads (Miltenyi, 130-050-201)
anti-CD4 antibody microbeads (Miltenyi, 130-045-101)
FITC-anti-CD3 (Biolegend, 317306, 1:100 dilution)
APC-anti-CD4 (Biolegend, 317416, 1:100 dilution)
anti-TRIM5alpha (NIH AIDS Reagent Program, 12271, 1:750 dilution)
anti-p24 (Abcam, ab32352, 1:400 dilution)
anti-Cyclophilin A (Enzo Life Sciences, BML-SA296, 1:10,000 dilution)
anti-Actin (Abcam, ab3280, 1:1,000 dilution)
anti-mouse-680 (Li-Cor, 925-68070, 1:10,000 dilution)
anti-rabbit-800 (Li-Cor, 925-32211, 1:10,000 dilution)

Validation All antibodies used in this study were validated by manufacturers and published papers. Anti-CD14 antibody microbeads and
anti-CD4 antibody microbeads used for cell isolation by positive selection were validated by checking the surface markers of the
isolated cells. FITC-anti-CD3 and APC-anti-CD4 were validated by staining the surface markers of cells having CD3 and CD4, or
none, along with isotype control antibodies. Anti-Cyclophilin A was shown specific in our experiment by checking the protein
expression in comparison to knockdown cells (Extended Data Fig. 2d). Anti-TRIM5alpha and Anti-p24 were also shown specific in
our PLA imaging experiment by observing the fluorescent signals in comparison to knockdown cells or to cells without virus
challenge (Fig. 3; Extended Data Fig. 5 and 6).
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293 cells were acquired from ATCC.
Authentication No authentication was performed for HEK293 cells.
Mycoplasma contamination HEK293 cells tested negative for mycoplasma contamination by us.

Commonly misidentified lines None of the commonly misidentified cell lines were used in this study.
(See ICLAC register)
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Confirm that:
IXI The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IXI The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|z| All plots are contour plots with outliers or pseudocolor plots.

|z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were fixed with BD CytoFix Fixation buffer prior to data acquisition on BD Accuri C6.
Instrument BD Accuri C6
Software BD Accuri C6 software 1.0.264.21 for data collection; FlowJo10 software for data analysis

Cell population abundance  Cell surface markers were used to confirm enrichment of the CD4+ T cells, macrophages, and dendritic cells

Gating strategy Gating strategy for flow cytometry data is presented in the Supplementary Information.

IE Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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