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The most prevalent route of HIV-1 infection is after sexual contact across mucosal tissues.
Langerhans cells (LCs) belong to the subset of dendritic cells (DCs) that line the mucosal
epithelia of vagina and foreskin and have the ability to sense and induce immunity to
invading pathogens!. Anatomical and functional characteristics make LCs one of the
primary targets of HIV-1 infection?. Notably, LCs form a protective barrier against HIV-1
infection and transmission35. LCs restrict HIV-1 infection through capture of HIV-1 by the
C-type lectin receptor Langerin and subsequent internalization into Birbeck granules®.
However, the underlying molecular mechanism of HIV-1 restriction in LCs remains
unknown. Here we show that human E3-ubiquitin ligase tri-partite-containing motif 5a
(TRIM5a) potently restricts HIV-1 infection of LCs but not of subepithelial DC-SIGN* DCs.
HIV-1 restriction by TRIM5a was thus far considered to be reserved to non-human primate
TRIMS5a orthologues®?, but our data strongly suggest that human TRIM5a is a cell-specific
restriction factor dependent on C-type lectin receptor function. Our findings highlight the
importance of HIV-1 binding to Langerin for the routeing of HIV-1 into human TRIM5q.-
mediated restriction pathway. TRIM5a mediates assembly of autophagy-activating scaffold
to Langerin, which targets HIV-1 for autophagic degradation and prevents infection of LCs.
In contrast, HIV-1 binding to DC-SIGN* DCs, leads to disassociation of TRIM5a. from DC-SIGN,
which abrogates TRIM5a restriction. Thus, our data strongly suggest that restriction by
human TRIM5a is controlled by C-type-lectin-receptor-dependent uptake of HIV-1,
dictating protection or infection of human DC subsets. Therapeutic interventions that
incorporate C-type lectin receptors and autophagy-targeting strategies could thus provide
cell-mediated resistance to HIV-1 in humans.

HIV-1 restriction by Langerin occurs after HIV-1 fusion but before integration of viral DNA into

the host genome??. Therefore, we investigated the role of TRIMS5a, as this E3-ubiquitin ligase



is a host restriction factor that restricts retroviruses after fusion by binding incoming retroviral
capsid and interfering with the uncoating and reverse-transcription processes®~3, We used
both primary human LCs and human MUTZ3-derived LCs (MUTZ-LCs). Langerin on MUTZ-
LCs'4, as on primary LCs®, controls HIV-1 restriction mechanisms (Extended Data Fig. 1a—e).
Notably, silencing of TRIM5a in human LCs by RNA interference (Extended Data Fig. 2a, b, h)
resulted in increased viral integration and infection with both CXCR4- and CCR5-tropic viruses,
as well asincreased HIV-1 transmission to activated CD4* T cells (Fig. 1a—e, Extended Data 33,
b). These data strongly suggest that human TRIM5a is a potent restriction factor for HIV-1 in
LCs.

We next investigated the molecular mechanism of human TRIM5a restriction and the
interplay with autophagy machinery, as the latter has been implicated in the function of TRIM
molecules®. At steady-state, human TRIM5a associated in LCs with autophagosomal
molecule Atgl16L1 and adaptor protein p62 (Extended Data Fig. 4a). Atg16L1 not only binds
to ubiquitin-decorated cargos but also forms large protein complexes with Atg5 and Atg12 to
elicit autophagosome biogenesis by building protein scaffolds as well as mediating expansion

1617 Notably, HIV-1 infection of LCs increased Atg5 recruitment to

of autophagosomes
TRIM5a —Atg16L1—p24 capsid complexes (Fig. 2a). These data suggest that human TRIM5a. in
LCs is involved in the assembly of core autophagic factors into autophagosome formation
upon recruitment of HIV-1 p24 capsid. Notably, HIV-1 infection of LCs increased the number
of autophagosomes (bi- or multilamellar vesicles) compared to uninfected LCs (Fig. 2b, c).
Furthermore, although HIV-1 infection alone did not affect microtubule-associated protein

light chain 3 Il (LC3 Il) levels compared to uninfected cells, these levels were increased after

pre-treatment with lysosomal inhibitor bafilomycin of HIV-1-infected cells (Fig. 2d, e,



Extended Data Fig. 4b). These data indicate that HIV-1 increases autophagic flux in LCs, rather
than blocking autophagic maturation.

Therefore, we investigated whether autophagy restricts HIV-1 infection in LCs. HIV-1 p24
capsid co-immunoprecipitated with autophagic molecules (Fig. 2a) and we observed targeting
of HIV-1 p24 capsid into autophagic vesicles in LCs (Fig. 2f). Notably, silencing of Atg5 or
Atgl6L1 increased both HIV-1 integration and infection of LCs (Fig. 2g, h, Extended Data Figs
23, i, j, 4c). Similarly, an increase of HIV-1 integration was observed after silencing Atg13 or
FIP200 (Extended Data Fig. 4d), suggesting that the ULK1-dependent autophagy pathway
prevents infection of LCs. Enhancing autophagy-mediated lysis by rapamycin further
decreased HIV-1 integration in primary LCs and led to degradation of HIV-1 p24 in primary LCs
(Fig. 3a—c, g). Collectively, these data strongly suggest that, upon viral fusion, HIV-1 capsids
are targeted into autophagosomes for lysosomal degradation. Furthermore, silencing of Atg5
in TRIM5q, -silenced LCs did not further affect either HIV-1 integration or infection, supporting
the notion that the mechanism of TRIM5a restriction is dependent on Atg5 function
(Extended Data Fig. 2d, e, 4e, f). The role for TRIM5¢. in autophagy activation was further
supported by our data showing that HIV-1 infection of CD4*CCR5* U87 cells that
overexpressed either human or rhesus TRIM5a increased Atg5 recruitment to Atgl6L1-
TRIM5a complexes (Extended Data Fig. 5a), and increased LC3 Il levels in the presence of
bafilomycin (Fig. 2i, Extended Data Fig. 5b). In line with previous reports®”1%15 rhesus but not
human TRIM5a. strongly restricted HIV-1 infection (Fig. 2j). Thus, human TRIM5a is unable to
restrict HIV-1 infection in U87 cells despite induction of autophagy upon HIV-1 infection.
Therefore, we hypothesized that LC-specific uptake through Langerin might drive efficient
human TRIM5a restriction. As vesicular stomatitis virus-G glycoprotein (VSV-G)-pseudotyped

viruses do not interact with Langerin'® and infect cells through endocytosis-mediated uptake



independently of CD4 and CCR5, we silenced endogenous TRIM5a. in LCs and infected them
with HIV-1 isolate NL4.3 or VSV-G-pseudotyped NL4.3( AEnv) HIV-1. Silencing of human
TRIM5a in LCs increased integration of HIV-1, but notably not of VSV-G-pseudotyped HIV-1
(Fig. 3d). These findings strongly suggest that human TRIM5a. restriction depends on the virus
uptake route through Langerin. Therefore, we investigated whether Langerin is part of the
TRIM5a -autophagy complex. Atg16L1 and TRIM5a co-immunoprecipitated with Langerin in
LCs at both steady state and after HIV-1 exposure (Fig. 3e). Confocal microscopy confirmed
the partial colocalization of human TRIM5o and Langerin in primary LCs (Fig. 3f). These data
suggest that Langerin couples HIV-1 routeing to human TRIM5c -mediated autophagic
restriction. Notably, although rapamycin, which induces autophagy, alone did not affect
Langerin expression, HIV-1 infection strongly decreased Langerin levels independently of
rapamycin (Fig. 3g). We could also detect the presence of Birbeck granules within
autophagosomes in LCs by electron microscopy (Fig. 3h, i). These findings suggest that
autophagy machinery intersects with Langerin internalization pathway, and vesicles as well
as whole Birbeck granules containing Langerin—HIV-1 capsid complexes are turned over by
autophagy upon viral fusion in LCs.

Notably, ectopic expression of Langerin in CD4*CCR5* U87 cells strongly restricted HIV-1
integration and infection (Fig. 3j—1), and silencing of either TRIM5a or Atgl6L1 in these
Langerin-expressing U87 cells abrogated restriction (Extended Data Fig. 2f, Fig. 3m, n).
Furthermore, increased levels of the TRIM5a —Atg5 complexes co-immunoprecipitated with
Atgl6L1 and correlated with increased levels of LC3 Il upon HIV-1 infection in Langerin-
expressing U87 cells, but not in the U87 parental cells (Extended Data Fig. 6a, Fig. 30).

Silencing of human TRIM5a decreased HIV-induced autophagy in Langerin-expressing U87



cells (Extended Data Fig. 6b), which supports the role for TRIM5a in mediating Langerin-
dependent autophagic restriction of HIV-1.

We next investigated whether other HIV-1-binding C-type lectin receptors, such as DC-SIGN,
can also recruit TRIM5a, machinery. DC-SIGN, in contrast to Langerin on LCs, facilitates HIV-1
infection of and transmission by DCs**?°. Silencing of TRIM5a. in DC-SIGN* DCs (Extended Data
Fig. 2c) affected neither HIV integration nor infection levels of both CXCR4- and CCR5-tropic
viruses (Fig. 4a—c, Extended Data Fig. 3¢, d). Furthermore, HIV-1 downregulated autophagy in
DCs (Fig. 4d), as reported previously?!. Notably, although TRIM5a co-immunoprecipitated
with an antibody against DC-SIGN at steady-state conditions, HIV-1 infection in DCs led to
dissociation of TRIM5o. from the cytoplasmic domain of DC-SIGN (Fig. 4e). These data
underscore that human TRIM5q. is a cell-specific restriction factor and support the hypothesis
that other C-type lectin receptors also recruit TRIM5E, but only Langerin seems to have the
ability to restrict HIV-1 infection through TRIM5a..

To further identify the molecular determinants of TRIM5a restriction, we transduced U87
cells with Langerin(W264R) mutant, which contains a naturally occurring polymorphism
within the binding pocket of the extracellular carbohydrate-recognition domain of Langerin
and is unable to bind sugars??. The Langerin(W264R) mutant did not bind HIV-1 and was
unable to restrict HIV-1 infection in U87 cells (Fig. 4f—h), demonstrating that binding to the
carbohydrate-recognition domain of Langerin is required for efficient TRIM5a. restriction. We
have previously shown that differential binding of specific signalling molecules to the
cytoplasmic domain of DC-SIGN through adaptor protein LSP-1 dictates intracellular
signalling?. Similar to DC-SIGN (Fig. 4e), Langerin also interacted with LSP-1 (Fig. 3e)?*. LSP-1
forms a complex with Langerin, TRIM5a. and the autophagosomal molecule Atg16L1 in LCs

(Fig. 3e). Immunoprecipitation analyses confirmed the interaction between TRIM5E and LSP-



1 in LCs (Extended Data Fig. 6c). Silencing of LSP-1, but not Atg16L1, decreased Langerin
binding to TRIMS5R (Fig. 4i, Extended Data Fig. 6d). Remarkably, HIV-1 binding to the
extracellular carbohydrate-recognition domain of either Langerin or DC-SIGN dictates
TRIM5a assembly to the intracellular domain of the C-type lectin-receptor through LSP-1,
leading to HIV-1 restriction or infection, respectively. The LC-specific restriction mechanism
identified in our study not only highlights the natural barrier function of the mucosa to HIV-
1, but also outlines a novel receptor-controlled TRIM5E restriction mechanism.

We next compared the restriction mechanism of human TRIM5a. in Langerin-expressing U87
cells with that described for rhesus TRIM5a; the two mechanisms seem to differ as silencing
of Atg16L1 only relieved rhesus TRIM5a. -induced restriction twofold (Extended Data Figs 2g,
5c). In accordance with a previous study?, proteasome inhibition with MG-132 rescued
reverse transcription, but not infection, of U87 cells transduced with rhesus TRIM5a
(Extended Data Fig. 7a, b). In contrast, MG-132 did not abrogate HIV-1 restriction in MUTZ-
LCs or in Langerin-expressing U87 cells (Fig. 2h, Extended Data Fig. 7c, d). These data further
support that restriction by the Langerin-mediated TRIM5o. mechanism depends on autophagy
machinery and differs from the proteasome-dependent restriction by rhesus TRIM5a. These
findings challenge the current hypothesis that human TRIM5a cannot restrict HIV-1

infection®7.26.27

, although they suggest a mechanism that is distinct from that of rhesus
TRIM5a. We next investigated whether the viral envelope affects restriction. Rhesus TRIM5q,
restricts both HIV-1- and VSV-G-pseudotyped viruses (Fig. 4j), in accordance with previous
reports®”?8, Notably, our data show that the Langerin-controlled human TRIM5a mechanism
restricts infection of HIV-1 at the same magnitude as rhesus TRIM5a, but does not restrict

infection of VSV-G-pseudotyped virus (which bypasses Langerin uptake). These findings

indicate that TRIM5a in human cells, in contrast to rhesus TRIM5a ¢, depends on the virus



uptake route by Langerin. Furthermore, our data show that TRIM5a restriction in U87 cells
transduced with Langerin is saturated by increasing doses of viral capsids, thus rendering cells
permissive to infection by a HIV-1 reporter virus (Fig. 4k), as previously shown for rhesus
TRIM5a 2°30, As VSV-G-pseudotyped virus induced autophagy at saturating conditions
(Extended Data Fig. 6e), these data strongly suggest that autophagy induction alone does not
mediate human TRIM5o. -dependent restriction of HIV-1 (Figs 2i, j, 4k, Extended Data Fig. 6e),
but that it requires the formation of a complex between HIV-1 p24 capsid, human TRIM5a
and autophagy molecules for restriction (Figs 2a, 4k, Extended Data Fig. 8). Further studies
are required to investigate whether direct interaction between human TRIM5a and HIV-1 p24
capsid is required for the Langerin-mediated TRIM5a. restriction mechanism. Our data
demonstrate that restriction by human TRIM5a is two-tiered; TRIM5a mediates assembly of
the autophagy-activating complexes and at the same time requires HIV-1 uptake by Langerin
for efficient routeing of the HIV-1 capsid into TRIM5a. -dependent autophagic scaffolds. Our
study establishes that human TRIM5o is a cell-specific restriction factor for HIV-1 and
underscores the importance of selective HIV-1 uptake mechanisms and assembly of
molecular determinants in driving human TRIM5o -mediated restriction. Novel TRIM5a -
based therapies in combination with strategies targeting C-type lectin receptors, LSP-1 or
autophagy could thus represent an important alternative to current antiretroviral therapy in

acute retroviral exposure.
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Figure 1 Human TRIM5a is a restriction factor for HIV-1in LCs. a, b, HIV-1n143 integration (a)
and infection (b) of MUTZ-LCs and primary LCs after TRIM5a silencing, determined by Alu-
PCR (a) and intracellular p24 staining (b). siRNA, small interfering RNA. c—e, HIV-1sri62
transmission by MUTZ-LCs and primary LCs after TRIM5a silencing, determined in LC—T-cell
coculture by intracellular p24 staining (c (representative of n = 4), d) and p24-antigen ELISA
(e). FI, fluorescence intensity. *P < 0.05, **P < 0.01 (two-tailed t-test). Data are mean * s.d.
of four (a, MUTZ-LCs), three (a (primary LCs), b) and four (d, e) independent experiments.

Figure 2 Autophagy restricts HIV-1 infection of LCs. a, Atg5, Atg16L1, HIV-1 p24 and TRIM5q,
in whole-cell lysates of MUTZ-LCs infected with HIV-1nu43 before (input) or after
immunoprecipitation (IP) with TRIM5a, determined by immunoblotting (IB); representative
of n=3. ND, not determined. For gel source data, see Supplementary Fig. 1. b, ¢, Electron
microscopy analyses for bi- (empty arrowheads) and multi-lamellar autophagosomes (filled
arrowheads) in HIV-1n43-infected MUTZ-LCs. A, autophagosomes; AL, autolysosomes. Scale
bar, 500 nm. Representative of n =3 (b); mean + s.d., n = 50 images per condition (c). d, e,
Autophagy induction in primary LCs pre-treated with bafilomycin followed by incubation with
HIV-1ni4.3, determined by intracellular LC3 1l levels (representative of n =3 (d)). f, Confocal
microscopy analyses of primary LCs infected with HIV-1ni4 3. Scale bars, 2.5 um. Histogram of
Cyto-ID and p24 fluorescence intensities (ROI, region of interest; representative of n =2). g,
h, HIV-1n14.3 integration into MUTZ-LCs after Atg5 or Atg16L1 silencing or after pre-treatment
with MG-132, determined by Alu-PCR. i, Autophagy induction in U87 cells or transduced with
human or rhesus TRIM5a. pre-treated with bafilomycin followed by incubation with HIV-1s162,
determined by intracellular LC3 Il levels (n = 2). j, HIV-1sr162 infection of U87 transfectants,
determined by intracellular p24 staining. *P < 0.05, **P < 0.01 (two-tailed t-test). Data are

mean * s.d. of three (e, h, j) and four (g) independent experiments.



Figure 3 HIV-1 uptake by Langerin drives human TRIM5a restriction. a—c, Primary LCs pre-
treated with rapamycin, HIV-1nwa.3-siam-vpr fusion, determined by B-lactamase-Vpr (BlaM-Vpr)
assay (a), HIV-1nwa3 integration, determined by Alu-PCR (b), HIV-1nw43 infection, determined
by intracellular p24 staining (c). d, HIV-1nwa 3 or VSV-G-pseudotyped HIV-1ni4 3 integration into
MUTZ-LCs after TRIM5a silencing, determined by Alu-PCR (n = 2). e, TRIM5a., Atg16L1, LSP-1
and Langerin in whole-cell lysates of MUTZ-LCs infected with HIV-1nw43 before (input) or after
immunoprecipitation with Langerin, determined by immunoblotting (representative of n = 3).
For gel source data, see Supplementary Fig. 1. f, Confocal microscopy analyses of primary LCs.
Scale bars, 2.5 um. Histogram of Langerin and TRIM5aq, fluorescence intensities (ROI, region
of interest). g, Langerin and HIV-p24 in primary LCs pre-treated with rapamycin followed by
incubation with HIV-1y.14.3, determined by immunoblotting. h, i, Electron microscopy analyses
for tubular-shaped (empty arrowheads) and racket- shaped (filled arrowheads) Birbeck
granules in MUTZ-LCs after incubation with HIV-1ni43. Scale bars, 500 nm (i; original
magnification, 2.5x (inset)). EE, early endosomes; M, mitochondria; N, nucleus.
Representative of n=2 (f-i). j-I, HIV-1nws3-a integration (j) or infection (k, 1) of U87 or
U87.Langerin cells, determined by Alu-PCR (j) and intracellular p24 staining (k (representative
of n=4), l). m, n, HIV-1n14 382 integration (m) and infection (n) of U87 transfectants after
Atgl16L1 or TRIM5a silencing, determined by Alu-PCR (m) and intracellular p24 staining (n). o,
Autophagy induction in U87 transfectants pre-treated with bafilomycin followed by
incubation with HIV-1sr162, determined by immunoblotting for LC3. Relative abundance of
LC3Il determined by normalizing to B-actin, representative of n=2. *P<0.05, **P < 0.01
(two-tailed t-test). Data are mean * s.d. of four (a, I, n) and three (b, c, j, m) independent

experiments.



Figure 4 Human TRIM5a is a cell-specific restriction factor for HIV-1. a—c, HIV-1nia3-8aL
integration (a) and infection (b, c) of DCs after TRIM5a. silencing, determined by Alu-PCR (a)
and intracellular p24 staining (b (representative of n = 6), c). d, Autophagy induction in DCs
pre-treated with bafilomycin followed by incubation with HIV-1nia3-8a, determined by
intracellular LC3 Il levels (representative of n =2). e, TRIM5a, LSP-1 and DC-SIGN in whole-
cell lysates of DCs infected with HIV-1nwa3-8ac before (input) or after immunoprecipitation
together with DC-SIGN, determined by immunoblotting (representative of n=3). For gel
source data, see Supplementary Fig. 1. f, Langerin expression in U87 parental cells or
transduced with either Langerin or Langerin(W264R) mutant, determined by flow cytometry,
representative of n = 3. g, HIV-1 binding to U87 transfectants, determined by gp120 beads-
binding assay. h, HIV-1nwusea infection of U87 transfectants after TRIMS5a silencing,
determined by intracellular p24 staining. i, TRIM5c. and Langerin in whole-cell lysates of
U87.Langerin transfectant after LSP-1 silencing before (input) or after immunoprecipitation
together with Langerin, determined by immunoblotting, representative of n = 2. j, HIV-1nia3-
BaL Or VSV-G-pseudotyped HIV-1 infection of U87 transfectants, determined by intracellular
p24 staining. k, Abrogation of restriction in U87.Langerin transfectant after pre-incubation
with increasing doses of VSV-G-pseudotyped particles followed by infection with HIV-
INnLa3ecrr-aL reporter virus (j, k; n=2). *P<0.05, **P<0.01 (two-tailed t-test). Data are

mean * s.d. of three (a, g, h) and six (c) independent experiments.



METHODS

Donors, cells and inhibitors

Human skin tissue was obtained from healthy donors undergoing corrective breast or
abdominal surgery after informed consent in accordance with our institutional guidelines.
This study was approved by the Medical Ethics Review Committee of the Academic Medical
Center. Split-skin grafts of 0.3 mm in thickness were obtained using a dermatome (Zimmer).
After incubation with Dispase Il (1 U ml-!, Roche Diagnostics), epidermal sheets were
separated from the dermis and cultured in in Iscoves Modified Dulbeccos’s Medium (IMDM,
Thermo Fischer Scientific) supplemented with 10% FCS, gentamycine (20 Eg mlY,
Centrafarm), pencilline/streptomycin (10 U mI™* and 10 Bg ml™, respectively; Invitrogen).
Further LC purification was performed using a Ficoll gradient (Axis-shield) gradient and CD1a
microbeads (Miltenyl Biotec) as described before*°. Isolated LCs were routinely 90% pure
and expressed high levels of Langerin and CD1a. MUTZ-LCs were differentiated from CD34*
human AML cell line MUTZ3 progenitors in the presence of GM-CSF (100 ng ml™, Invitrogen),
TGF-B (10 ng ml™%, R&D) and TNF-B (2.5 ng mI™, R&D) and cultured as described before!*.
Immature DCs were differentiated from monocytes, isolated from buffy coats of healthy
volunteer blood donors (Sanquin, The Netherlands), in the presence of IL-4 (500 U ml™,
Invitrogen) and GM-CSF (800 U ml™%, Invitrogen) and used at day 6 or 7 as previously
described?®. CD4* T cells were obtained from peripheral blood mononuclear cells (PBMCs)
activated with phytohaemagglutinin (1 mg ml™; L2769, Sigma Aldrich) for 3 days, enriched for
CD4* T cells by negative selection using MACS beads (130-096-533, Miltenyi) and cultured
overnight with IL-2 (20 U mlI™%; 130-097-745, Miltenyi) as described before®. The following

inhibitors were used: rapamycin (mTOR inhibitor, tlrl-rap, Invivogen), bafilomycin A1 (V-



ATPase inhibitor; tlrl-bafl; Invivogen) and MG-132 (proteasome inhibitor; 474790;
Calbiochem).

Plasmids and cell lines

All cell lines were obtained from ATCC and tested negative for mycoplasma contamination,
determined in 3-day-old cell cultures by PCR. Langerin and Langerin mutant W264R
expression plasmid pcDNA3.1 were obtained by Life Technologies and subcloned into
lentiviral construct pWPXLd (Addgene). HIV-1-based lentiviruses were produced by co-
transfection of 293T cells with the lentiviral vector construct, the packaging construct
(psPAX2, Addgene) and vesicular stomatitis virus glycoprotein envelope (pMD2.G, Addgene)
as described previously3!. U87 cell lines stably expressing CD4 and wild-type CCR5 co-receptor
(obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: U87
CD4*CCR5* cells from H. K. Deng and D. R. Littman3?) were transduced with HIV-1-based
lentiviruses expressing sequences coding human TRIM5033, rhesus TRIM5a23, wild-type
Langerin or Langerin(W264R).

Viruses, HIV-1 infection and transmission

NL4.3, NL4.3-Bal, SF162, NL4.3eGFP-Bal, NL4.3-BlaM-Vpr and VSV-G-pseudotyped
NL4.3(BEnv) HIV-1 were generated as described'®. All produced viruses were quantified by
p24 ELISA (Perkin Elmer Life Sciences) and titrated using the indicator cells TZM-BI. Primary
LCs and MUTZ-LCs were infected with a multiplicity of infection of 0.2—0.4 and HIV-1 infection
was assessed by flow cytometry at day 7 after infection by intracellular p24 staining. Double
staining with CD1a (LCs marker; HI149-APC; BD Pharmigen) and p24 (KC57-RD1-PE; Beckman
Coulter) was used to discriminate the percentage of CD1a*p24* infected LCs. CD4*CCR5* U87
parental or transduced cells were infected at a multiplicity of infection of 0.1-0.2 and HIV-1

infection was assessed at day 3 after infection by intracellular p24 staining or GFP expression.



For analysis of transmission of HIV-1 to T cells, LCs were stringently washed 3 days after
infection followed by co-culture with activated allogeneic CD4* T cells for 3 days. Triple
staining with CD1a (LCs marker), CD3 (T cells marker; 552851-PercP, BD Pharmigen) and p24
was used to discriminate the percentage of CD3*CD1a™p24* infected T cells. HIV-1 infection
and transmission was assessed by FACSCanto Il flow cytometer (BD Biosciences) and data
analysis was carried out with FlowJo software (Treestar). HIV-1 production was determined
by a p24 antigen ELISA in culture supernatants (ZeptoMetrix).

RNA isolation and quantitative real-time PCR

mRNA was isolated with an mRNA Capture kit (Roche) and cDNA was synthesized with a
reverse-transcriptase kit (Promega). For real-time PCR analysis, PCR amplification was
performed in the presence of SYBR green in a 7500 Fast Realtime PCR System (ABI). Specific
primers were designed with Primer Express 2.0 (Applied Biosystems; Extended Data Table
1).The cycling threshold (C:) value is defined as the number of PCR cycles in which the
fluorescence signal exceeds the detection threshold value. For each sample, the normalized
amount of target mRNA (N:) was calculated from the C: values obtained for both target and
household (GAPDH, primary LCs, DCs and U87 cells lines; B-actin, MUTZ-LCs) mRNA with the
equation N = 2¢t(control) BCt(target) For relative mRNA expression, control siRNA sample was set
at 1 within the experiment and for each donor.

HIV-1 integration Alu-PCR assay

A two-step Alu-long terminal repeat (LTR) PCR was used to quantify the integrated HIV-1 DNA
in infected cells as previously described?’. Total cell DNA was isolated at 16 h after infection
(multiplicity of infection of 0.4) with a QlAamp blood isolation kit (Qiagen). In the first round
of PCR, the DNA sequence between HIV-1 LTR (LTR R region, extended with a marker region

at the 50 end) and the nearest Alu repeat was amplified (primer sequences, Extended Data



Table 1). The second round was nested quantitative real-time PCR of the first-round PCR
products using primers annealing to the aforementioned marker region in combination with
another HIV-1-specific primer (LTR U5 region) by real-time quantitative PCR. Two different
dilutions of the PCR products from the first-round of PCR were assayed to ensure that PCR
inhibitors were absent. For monitoring the signal contributed by unintegrated HIV-1 DNA, the
first-round PCR was also performed using the HIV-1-specific primer (LTR R region) only. HIV-
1 integration was normalized relative to GAPDH DNA levels. For relative HIV-1 integration,
control siRNA-infected cells (total signal; Supplementary Table 1) was set as 1 for one
experiment or for each donor.

HIV-1 fusion assay

A BlaM-Vpr-based assay was used to quantify fusion of HIV-1 to the host membrane in
infected LCs as previously described®. LCs were infected with NL4.3-BlaM-Vpr for 2 h and
then loaded with CCF2/AM (1 mM, LiveBLAzer FRET-B/G Loading Kit, Life technologies) in
serum-free IMDM medium for 1 h at 25 °C. After washing, BlaM reaction was allowed to
develop for 16 h at 22 °C in IMDM supplemented with 10% FCS and 2.5 mM anion transport
inhibitor probenecid (Sigma Pharmaceuticals). HIV-1 fusion was determined by monitoring
the changes in fluorescence of CCF2/AM dye, which reflect the presence of BlaM-Vpr into the
cytoplasm of target cells upon viral fusion. The shift from green emission fluorescence
(500 nm) to blue emission fluorescence (450 nm) of CCF2/AM dye was assessed by flow
cytometer LSRFortessa (BD Biosciences) and data analysis was carried out with FlowJo
software. Percentages of blue fluorescent CCF2/AM* cells are depicted as percentage of HIV-
1 fusion.

HIV-1 binding assay



A fluorescent bead adhesion assay was used to examine the ability of HIV-1 gp120-coated
fluorescent beads to bind Langerin in U87.CD4.CCR5 transfectants as previously described®.
Binding was measured by FACSCanto Il flow cytometers and data analysis was carried out
with FlowJo software.

RNA interference

Skin LCs and DCs were transfected with 50 nm siRNA with the transfection reagent DF4
(Dharmacon) whereas MUTZ-LCs, CD4*CCR5* U87 parental or transduced cells were
transfected with transfection reagent DF1 (Dharmacon) and were used for experiments 48—
72 h after transfection. The siRNA (SMARTpool; Dharmacon) were specific for Atg5, (M-
004374-04), Atgl6L1 (M-021033), LSP-1 (M-012640-00), TRIM5c (M-007100-00) and non-
targeting siRNA (D-001206-13) served as control. Langerin was silenced in MUTZ-LCs by
electroporation with Neon Transfection System (ThermoFischer Scientific) using siRNA
Langerin (10 uM siRNA, M-013059-01, SMARTpool; Dharmacon). Silencing of the
aforementioned targets was verified by real-time PCR, flow cytometer and immunoblotting
(Extended Data Figs 1d, e, 2a—k).

Intracellular staining of LC3 Il

Cells were pre-treated with bafilomycin Al for 2 h or left untreated followed by incubation
with HIV-1 for 16 h. Quantification of intracellular LC3 Il levels by saponin extraction was
performed as described before3*3. LCs were washed in PBS and permeabilized with 0.05%
saponin in PBS. Cells were incubated at 4 °C for 30 min with mouse anti-LC3 primary antibody
(M152-3; MBL International) or with mouse anti-IlgG1 isotype control (MOPC-21; BD
Pharmingen) followed by incubation with Alexa Fluor 488-conjugated goat-anti mouse IgG1

antibody (A-21121, Life Technologies) in saponin buffer. Intracellular LC3 Il levels were



assessed by FACSScan or FACSCanto Il flow cytometers (BD Biosciences) and data analysis was
carried out with FlowJo.

Immunoblotting for LC3

Cells were pre-treated with bafilomycin for 2 h or left untreated followed by incubation with
HIV-1 for 4 h. Quantification of intracellular LC3 Il levels by saponin extraction was performed
as described before3>. Whole-cell extracts were prepared using RIPA lysis buffer
supplemented with protease inhibitors (9806; Cell Signalling). 20-30 ug of extract were
resolved by SDS—PAGE (15%) and immunoblotted with LC3 (2G6; Nanotools) and B-actin (sc-
81178; Santa Cruz) antibodies, followed by incubation with HRP-conjugated secondary rabbit-
anti mouse antibody (P0161; Dako) and luminol-based enhanced chemiluminescence (ECL)
detection (34075; Thermo Scientific). For gel source data, see Supplementary Fig. 1.

Electron microscopy

MUTZ-LCs (2 x 10°) were incubated for 16 h with HIV-1 NL4.3 (multiplicity of infection, 0.5) or
left untreated as a control, fixed in 4% paraformaldehyde and 1% glutaraldehyde in sodium
cacodylate buffer for 10 min at room temperature followed by 24 h at 4 °C. After fixation,
cells were collected by centrifugation and the pellet was washed in sodium cacodylate buffer.
Cells were post-fixed for 1 h at 4 °C (1% osmium tetroxide, 0.8% potassium ferrocyanide in
the same buffer), contrasted in 0.5% uranyl acetate, dehydrated in a graded ethanol series
and embedded in epon LX112. Ultrathin sections were stained with uranylacetate/lead citrate
and examined with a FEl Tecnai-12 transmission electron microscope. Numbers of
autophagosomes per cell was determined in 50 cells for each condition counted by two
independent researchers.

Confocal microscopy



LCs were left to adhere onto poly-l-lysine coated slides. Cells were fixed in 4%
paraformaldehyde and permeabilized with PBS/0.1% saponin/1% BSA/1 mM Hepes. Cells
were stained with anti-Langerin (AF2088; R&D Systems) and TRIM5q, (ab109709; Abcam)
antibodies followed by Alexa Fluor 647-conjugated anti-goat (A-21447; Life Technologies) and
Alexa Fluor 488-conjugated anti-rabbit (A-21206; Life Technologies). For detection of
autophagic vesicles, LCs were pre-loaded with the Cyto-ID Green detection autophagy
reagent (ENZ-51031; Enzo Life Sciences), which was previously shown to specifically stain
autophagic vesicles3® before adherence to microscope slides and stained with p24 (KC57-RD1-
PE; Beckman Coulter) followed by Alexa-Fluor-546-conjugated anti-mouse (A-11003; Life
Technologies). Nuclei were counterstained with Hoechst (10 pg ml™; Molecular Probes).
Single plane images were obtained by Leica TCS SP-8 X confocal microscope and data analysis
was carried out with Leica LAS AF Lite (Leica Microsystems).

Immunoprecipitation and immunoblotting

Whole-cell extracts were prepared using RIPA lysis buffer supplemented with protease
inhibitors. Atgl6L1, DC-SIGN, Langerin, p62 and TRIM5a were immunoprecipitated from
40ug of extract with anti- Atg16L1 (PMO040; MBL International), DC-SIGN (AZN-D1'°), Langerin
(10E2°), p62 (ab56416; Abcam), TRIM5o (ab109709; Abcam), mouse 1gG1 isotype control
(MOPC-21; BD Pharmingen), mouse IgG2a isotype control (ICO03A; R&D systems) and rabbit
IgG control (sc-2077; Santa Cruz) coated on protein A/G PLUS agarose beads (sc-2003; Santa
Cruz), washed twice with ice-cold RIPA lysis buffer and resuspended in Laemmli sample buffer
(161-0747, Bio-Rad). Immunoprecipitated samples were resolved by SDS—PAGE (12.5%), and
detected by immunoblotting with Atg5 (PM050; MBL), Atgl6L1 (MBL), DC-SIGN (551186; BD
Biosciences), Langerin (AF2088; R&D Systems), LSP-1 (3812S; Cell Signalling), TRIM5a

(Abcam) and HIV-p24 (KC57-RD1-PE; Beckman Coulter) antibodies, followed by incubation



with Clean-Blot IP Detection Kit-HRP (21232; Thermo Scientific) and ECL detection (34075;
Thermo Scientific). Data acquisition was carried out with ImageQuant LAS 4000 (GE
Healthcare). Immunoprecipitation with TRIM5a, Langerin, DC-SIGN, Atgl16L1 and p62 pulls-
down mostly the TRIM5a (approximately 56 kDa) form. Relative intensity of the bands was
quantified using Image Studio Lite 5.2 software by normalizing B-actin and set at 1 in
untreated cells. For gel source data, see Supplementary Fig. 1.

Statistical analysis

Two-tailed Student’s t-test for paired observations (differences of stimulations within the
same donor or cell-type) or unpaired observation (differences between U87 transfectants).
Statistical analyses were performed using GraphPad 6.0 software and significance was set at
P<0.05(*P<0.05; **P<0.01).

Data availability

The data that support the findings of this study are available from the corresponding

author upon reasonable request.
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Extended Data Figure 1 Langerin in MUTZ-LCs restricts HIV-1 integration, infection and
transmission to CD4* T cells. a, b, HIV-1n14.3 integration (a) and infection (b) of MUTZ-LCs after
Langerin silencing, determined by Alu-PCR (a) and intracellular p24 staining (b). ¢, HIV-1y.4.3-
gaL transmission by MUTZ-LCs after Langerin silencing, determined in LC and T-cell coculture
by intracellular p24 staining. d, e, Silencing was confirmed by real-time PCR (d) or by flow
cytometer (e; representative of n =3). mRNA expression was normalized to B-actin (d) and
set at 1 in control-siRNA treated cells. *P < 0.05 (two-tailed t-test). Data are mean * s.d. of
three (a, ¢, d) and four (b) independent experiments.

Extended Data Figure 2 Silencing of TRIM5a, Atg5, Atg16L1 and LSP-1 by RNA interference.
a—k, Indicated proteins were silenced using specific SMARTpools and non-targeting siRNA as
a control. Silencing was confirmed by real-time PCR (a—g) or by immunoblotting (B-actin
served as loading control; h—k) in MUTZ-LCs (a, d, e, h, i, j), primary LCs (b), DCs (c), CD4*CCR5*
U87 parental cells (f) or CD4*CCR5* U87 cells transduced with either Langerin (f, k) or rhesus
TRIM5a (g). mRNA expression was normalized to B-actin (a, d, e) or GAPDH (b, ¢, f, g) and set
at 1 in cells treated with control siRNA. Relative abundance of indicated proteins was
guantified by normalizing to B-actin and set at 1 in control siRNA treated cells. Representative
of n=2 (d, e, h—k). For gel source data, see Supplementary Fig. 1. Data are mean * s.d. of
three (a, ¢, f, g) and six (b) independent experiments

Extended Data Figure 3 Human TRIM5a -mediated restriction in LCs or, the lack thereof in
DCs, is independent of virus tropism. a—d, HIV-1ni4.3 (X4, CXCR4-tropic virus) or HIV-1ni4.3-8aL
(R5, CCR5-tropic virus) integration (a, ¢) and infection (b, d) of primary LCs (a, b) or DCs (b, d)
after TRIM5a silencing determined by Alu-PCR (a, c) and intracellular p24 staining (b, d).
*P<0.05, **P<0.01 (two-tailed t-test). Data are mean * s.d. of three (a—d) independent

experiments.



Extended Data Figure 4 ULK1 complex-dependent autophagy restricts HIV-1 integration in
LCs and human TRIM5a restriction is dependent on Atg5 function. a, TRIM5a, p62 and
Atgl6ll in whole-cell lysates of uninfected MUTZ-LCs before (input) or after
immunoprecipitation with Atgl16L1, p62, TRIM5a, rabbit IgG control (as control for Atgl16L1
and TRIM5q, IP) or mouse 1gG2a isotype control (as control for p62 immunoprecipitation),
determined by immunoblotting. b, Autophagy induction in primary LCs pre-treated with
bafilomycin followed by incubation with HIV-1y143, determined by immunoblotting for LC3.
For gel source data, see Supplementary Fig. 1. ¢, HIV-1nw43 infection of MUTZ-LCs after Atg5
or Atgl6L1 silencing, determined by intracellular p24 staining. d, HIV-1nw43 integration into
MUTZ-LCs after Atg13 or FIP200 silencing, determined by Alu-PCR. e, f, HIV-1nwa 3 integration
(e) or infection (f) of MUTZ-LCs after Atg5, TRIM5aq. silencing or simultaneously with Atg5 and
TRIM5a silencing, determined by Alu-PCR (e) and intracellular p24 staining (f). Data are
representative of three (a) or two (b, d—f) experiments and mean * s.d. of four independent
experiments (c).

Extended Data Figure 5 Increased Atg5 recruitment into TRIM50, —Atg16L1 complex scaffold
in CD4*CCR5* U87 transfectants. a, Atg5, TRIM5a and Atgl6L1 in whole-cell lysates of
CD4*CCR5* U87 parental cells (U87) or transduced with either human TRIM5a (U87.hu5R) or
rhesus TRIM5a (U87.rh5R) infected with HIV-1nwsssa before (input) or after
immunoprecipitation with Atg16L1 or rabbit IgG control, determined by immunoblotting (ND,
not determined). b, Autophagy induction in U87 transfectants with bafilomycin followed by
incubation with HIV-1sr162, determined by immunoblotting for LC3 (autophagy induction in
control CD4*CCR5* U87 parental cells presented in Fig. 30). Relative abundance of LC3 Il
determined by normalizing to B-actin. Representative of n =2 (a, b). For gel source data, see

Supplementary Fig. 1. ¢, HIV-1spi162 infection of CD4*CD5* U87 cells transduced with rhesus



TRIM5a after Atg16L1 silencing, determined by intracellular p24 staining. *P < 0.05 (t-test).
Data are mean * s.d. of three (c) independent experiments.

Extended Data Figure 6 Human TRIM5o induces autophagy upon HIV-1 exposure in
Langerin* U87 transfectant and interacts with Langerin through LSP-1, but not Atgl6L1. a,
Atg5, TRIM50. and Atgl6L1 in whole-cell lysates of CD4*CCR5* U87 parental cells (U87) or
transduced with Langerin (U87.Langerin) before (input) or after immunoprecipitation with
Atgl6Ll or rabbit IgG control, determined by immunoblotting. b, Autophagy levels in
Langerin* U87 transfectant after TRIM5q silencing, pre-treated with bafilomycin followed by
incubation with HIV-1nw4.3-8a1, determined by intracellular LC3 Il levels by flow cytometer. c,
LSP-1 in whole-cell lysates of MUTZ-LCs infected with HIV-1nuas before (input) or after
immunoprecipitation with TRIM5a or rabbit 1gG control. d, TRIM5a in whole-cell lysates of
Langerin* U87 transfectant after Atgl6lL1l silencing before (input) or after
immunoprecipitation with Langerin, determined by immunoblotting. For gel source data, see
Supplementary Fig. 1. e, Autophagy induction in Langerin* U87 transfectant pre-treated with
bafilomycin followed by incubation with VSV-G-pseudotyped HIV-1, determined by
intracellular LC3 Il levels. Data are representative of two experiments (a—e).

Extended Data Fig. 7 Proteosome inhibition does not relieve Langerin-mediated restriction
of HIV-1 reverse-transcription products nor infection. a—d, R/gag proviral DNA levels (a, c)
and HIV-1 infection (b, d) in CD4*CCR5* U87 parental cells (U87) or cells transduced with
either rhesus TRIM5a (U87.Rh5a) or Langerin (U87.Lang) after pre-treatment with
proteosome inhibitor MG-132 and infected with VSV-G-pseudotyped HIV-1 (a, b; VSV-G) or
HIV-1ni4.3-8aL (€, d; HIV-1), determined by qPCR (a, c¢) and intracellular p24 staining (b, d). Data

are representative of two experiments (a—d).



Extended Data Figure 8 Langerin-controlled human TRIM5E restriction mechanism in
Langerhans cells. a, HIV-1 binding to Langerin in Langerhans cells drives human TRIM5[-
mediated restriction of viral integration, HIV-1 infection and HIV-1 transmission to CD4* T
cells. b, Langerin associates at steady-state with LSP-1-TRIM5E—-Atg16L1 complex. Capture of
HIV-1 by Langerin targets internalization of the incoming virus into Birbeck granules. Upon
viral fusion, human TRIM5E mediates recruitment of Atg5 to TRIM5E-Atgl16L1-HIV-1p24
capsid complex, which promotes lipidation of LC3 (LC3 II) and thereby elicit autophagosome
formation. Vesicles containing Langerin—HIV-1 capsid complexes are subsequently targeted
into autophagosomes for lysosomal degradation, which prevents infection of Langerhans
cells.

Extended Data Table 1 Primer sequences used for mRNA expression and HIV-1 integration
assay.

*Marker sequence at 5' end underlined.






Figure 1: Human TRIMSa is a restriction factor for HIV-1 in LCs.
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Figure 2: Autophagy restricts HIV-1 infection of LCs.
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Figure 3: HIV-1 uptake by Langerin drives human TRIMSa restriction.
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Figure 4: Human TRIMSa is a cell-specific restriction factor for HIV-1.
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Extended Data Figure 1: Langerin in MUTZ-LCs restricts HIV-1 integration,
infection and transmission to CD4™ T cells.
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Extended Data Figure 2: Silencing of TRIMSa, AtgS, Atgl6L.1 and LSP-1 by
RNA interference.
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Extended Data Figure 3: Human TRIMSa-mediated restriction in L.Cs or, the
lack thereof in DCs, is independent of virus tropism.
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Extended Data Figure 4: ULK1 complex-dependent autophagy restricts HI'V-1
integration in LCs and human TRIMSa restriction is dependent on Atg5S
function.
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Extended Data Figure 5: Increased AtgS recruitment into TRIMSo—Atgl16L.1
complex scaffold in CD4"CCR5" U87 transfectants

a us? U87 huba.  U8T7 rh5a us? U87 huba.  U8T7 rh5a us7? U87 huSa.  U87 rh5a
- HIV-1T — HIV-T - HIV-T - HIV-1T — HIV-1 — HIV-1T = HIV-1 — HIV-1 - HIV-
—— —— — ——— — o e s D <5 o105
e ——— — ———— < |E -TRIM5c
]
- T == g Ty - be 53 uzgjlsa-Atgwu
| — — —— L —— nd nd IB a-B-actin
input P IP
isotype o-Atg16L1
b U87 huSa U87 rh5a ¢ s
x " [ Control siRNA
- HIV-1 Baf HIV-1 — HIV-1 Baf HIV-1 > 804 B Ato16L1 SIRNA
+ Baf + Baf 3 9
o 60+
o
2
- ——— - " C31 2 40
3 20-
Reative e A - S e S -ctin oI .

intensity:  1.00 0.84 248 4.36 1.00 212 1588 35.73 U87 rh5a



Extended Data Figure 6: Human TRIMSa induces autophagy upon HIV-1

exposure in Langerin® U87 transfectant and interacts with Langerin through
LSP-1, but not Atgl6L1.
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Extended Data Figure 6: Human TRIMSa induces autophagy upon HIV-1

exposure in Langerin® U87 transfectant and interacts with Langerin through
LSP-1, but not Atgl6L1.
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Extended Data Figure 7: Proteosome inhibition does not relieve Langerin-
mediated restriction of HIV-1 reverse-transcription products nor infection.
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Extended Data Table 1 Primer sequences used for mRNA expression and HIV-1
integration assay

mRNA expression primer sequences

Gene product Forward primer Reverse primer

Atg5 TCATTCAGAAGCTGTTTCGTCC  CCCCATCTTCAGGATCAATAGC
Atg16L1 TGCTCCCGTGATGACTTGC CAACTCTGGTCCAGTCAGAGCC
TRIM5a AGAACATACGGCCTAATCGGC CAACTTGACCTCCCTGAGCTTC
GAPDH CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG
B-actin GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

HIV-1 integration primer sequences

Primer Primer sequence
HIV-1 LTR R’ (forward) ATGCCACGTAAGCGAAACTGCTGGCTAACTAGGGAACCCACTG
Alu (reverse) TCCCAGCTACTGGGGAGGCTGAGG

Second-round marker (forward) ATGCCACGTAAGCGAAACTG

HIV-1 LTR U5 (reverse) CACACTGACTAAAAGGGTCTGAGG
GAPDH DNA (forward) TACTAGCGGTTTTACGGGCG
GAPDH DNA (reverse) TCGAACAGGAGGAGCAGAGAGCGA
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