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Proteomic profiling of HIV-1 infection of human
CD4+* T cells identifies PSGL-1 as an HIV
restriction factor

YingLiu', Yajing Fu?3'°, Qian Wang*, MushanLi*, Zheng Zhou3, Deemah Dabbagh?, ChunyanFu’,
Hang Zhang', Shuo Li', Tengjiang Zhang', Jing Gong', XiaohuiKong', Weiwei Zhai®’, Jiaming Su?,
Jianping Sun®, Yonghong Zhang®, Xiao-Fang Yu®?8, Zhen Shao®, Feng Zhou®#*, Yuntao Wu ®3*
and XuTan®™

Human immunodeficiency virus (HIV) actively modulates the protein stability of host cells to optimize viral replication.
To systematically examine this modulation in HIV infection, we used isobaric tag-based mass spectrometry to quantify changes
in the abundance of over 14,000 proteins during HIV-1 infection of human primary CD4+* T cells. We identified P-selectin gly-
coprotein ligand 1 (PSGL-1) as an HIV-1 restriction factor downregulated by HIV-1 Vpu, which binds to PSGL-1 and induces
its ubiquitination and degradation through the ubiquitin ligase SCF*™"2, PSGL-1 is induced by interferon-y in activated CD4+
T cells to inhibit HIV-1 reverse transcription and potently block viral infectivity by incorporating in progeny virions. This infec-
tivity block is antagonized by Vpu via PSGL-1 degradation. We further show that PSGL-1 knockdown can significantly abolish
the anti-HIV activity of interferon-y in primary CD4* T cells. Our study identifies an HIV restriction factor and a key mediator

of interferon-y's anti-HIV activity.

human CD4* T cells and macrophages despite the highly

evolved antiviral innate immunity in cells. A major component
of host anti-HIV innate immunity are restriction factors, which are
host proteins that block specific steps in the viral replication cycle'=.
Besides their HIV-blocking ability, these restriction factors often
share three characteristics®. First, they are usually inducible by inter-
ferons (IFNs), the master signalling proteins of antiviral immunity.
Second, genes encoding these factors have rapidly evolved because of
the high selection pressure exerted by lentiviruses, which is reflected
in the positive selection signatures in their amino acid sequences’.
Third, HIV often possesses effective mechanisms to counteract these
factors to survive in the host cells. Several HIV restriction factors have
been identified so far, including tripartite motif-containing protein
5-a (TRIM5-a)®, APOBECS3 (ref. °), tetherin'’, SAM domain and HD
domain-containing protein 1 (SAMHD1)'"'"> and serine incorporator
3 (SERINC3)/SERINC5 (refs. *'*). Remarkably, HIV uses a similar
strategy to remove at least three of these factors, APOBEC3, tetherin
and SAMHDI. Specifically, HIV uses Vif, Vpu and Vpx to recruit
Cullin-5 (CULS5)-, CUL1- and CUL4-based Cullin-RING E3 ligases
(CRLs) to target APOBECS3, tetherin and SAMHDI for degradation
respectively' 2157,

| | uman immunodeficiency virus (HIV) can successfully infect

Given the importance of the degradation of host restriction fac-
tors to the virus, we systematically profiled protein abundance in
human primary CD4* T cells during HIV-1 infection to discover
new restriction factors. Mass spectrometry-based proteomic profil-
ing of HIV-1 infection has been performed in cell lines'®" and on
a limited scale in primary T cells?®*, which have revealed several
host factors involved in viral infection. Here, we applied a sensitive
isobaric tag-based quantitative mass spectrometry technology* to
perform proteomic profiling of human primary CD4* T cells fol-
lowing HIV-1 infection. We quantitated over 14,000 proteins and
uncovered a large cohort of novel candidate host factors involved
in HIV-1 infection of primary T cells as well as previously known
restriction factors, such as APOBEC3 family and tetherin. We
conducted corresponding RNA sequencing (RNA-seq) analysis in
comparison and found evidence of widespread alterations of host
proteins by HIV-1 via post-transcriptional mechanisms. Our results
provide a comprehensive view of the proteomic landscape changes
during HIV-1 infection and generated many links of host proteins
to HIV-1 infection. Among these host proteins, we focused on
P-selectin glycoprotein ligand 1 (PSGL-1; also named SELPLG), a
protein downregulated by HIV. We present evidence demonstrating
that PSGL-1 is an HIV restriction factor that is specifically induced
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by IFN-y and antagonized by HIV-1 Vpu via the E3 ligase SCF
(Skpl, CULI, F—boX)ﬁfTrCPz.

Results

Proteomic profiling of CD4* T cells in HIV-1 infection. We
recently developed a sensitive mass spectrometry platform that
allows genome-scale proteomic profiling using fewer than 10° cells
and thus enables the study of primary tissues and rare cell popu-
lations*. We used VSV-G-pseudotyped HIV-1 (NL4-3) with an
enhanced green fluorescent protein (eGFP) reporter (VSV-G-HIV-
GFP hereinafter) to infect about 10® activated human primary CD4*
T cells and sorted the CD4* T cells by GFP using flow cytometry
48h later. GFP* (G*) cells and GFP~ (G") cells, together with mock-
infected and sorted cells (V~), were immediately lysed and digested
with trypsin before being labelled with iTRAQ reagents, mixed and
subjected to mass spectrometry analyses (Fig. 1a). We performed
four mass spectrometry runs (two replicate runs, two donors) and
identified 14,455 proteins from at least one donor and 7,779 from
both donors (Fig. 1b and Supplementary Data Set 1). To quanti-
tate the changes in protein abundance between V-, G~ and G* cell
populations, we used a statistical analysis method based on the
mass spectrum peptide peak intensities and fold changes between
cell populations (Supplementary Table 1 and Supplementary Data
Set 2). Gene Ontology analysis of the proteins with changes in
abundance among the three populations revealed the enrichment
of proteins involved in IFN-o responses, IFN-y responses, HIV-
induced T cell apoptosis, G2/M checkpoint and antiviral responses
(Supplementary Fig. la and Supplementary Data Set 3). Several
HIV-1 proteins (Gag, Pol, Vif and Rev), as expected, are more abun-
dant in G* cells than in G~ cells (G*>G~) (Fig. 1c) or in V~ cells
(G*>V~) (Fig. 1d). We did not detect Vpu, Vpr and Tat, probably
because they are short in amino acid sequences and, therefore, diffi-
cult to detect in mass spectrometry. Nef was also not detected, prob-
ably due to the high hydrophilicity of the trypsin-generated peptides
of Nef. In addition, we found that CD4, known to be depleted by
HIV-1 Vpu and Nef”, and restriction factors known to be degraded
by HIV-1, APOBEC3 family (A3G, A3F and A3C) and tetherin,
were significantly downregulated in G* cells (Fig. 1c). By contrast,
the level of SAMHDI, was not changed between G* cells and G~
cells, as it is degraded by HIV-2 Vpx but not by HIV-1 (Fig. 1c).
Conversely, we detected multiple IFN-stimulated genes (ISGs)
upregulated in G~ cells compared to V- cells (G™> V), including
MX1,MX2,0AS1, 0AS2, OAS3 and ISG15, indicating IFN responses
in G~ cells (Fig. 1e and Supplementary Data Set 4). These ISG levels
were lower in the G* cells than in the G~ cells (G- > G*), correlat-
ing with increased infection in G* cells. Another group of genes
showing higher expression in G~ cells than in V= cells are the fatty
acid and cholesterol synthesis genes, including FDFT1 (encoding
squalene synthase), HMGCS! (encoding hydroxymethylglutaryl-
CoA synthase) and FASN (encoding fatty acid synthase) (Fig. le),
consistent with a previous report™.

To further validate the results, we repeated the viral infections
and flow cytometry sorting in both primary and Jurkat T cells, and
used western blotting to confirm 12 hits identified from the pro-
teomic profiling (Fig. 1f and Supplementary Fig. 1b). The hits were
selected mainly based on their top P values and novelty. The west-
ern blotting results, with p24 as a control, demonstrated a pattern
highly correlative with the mass spectrometry results. For example,
the levels of KIF11 and hyaluronan-mediated motility receptor
(HMMR), two proteins involved in cell motility, were confirmed to
be elevated in G* cells (Fig. 1d,f and Supplementary Fig. 1b). The
level of FDFT1, the squalene synthase regulating cholesterol bio-
synthesis, was also elevated in both G~ cells and G* cells compared
with V- cells (Fig. 1d-f and Supplementary Fig. 1b). In comparison,
two subunits of PP2A phosphatase, PPP2R5A and PPP2R5D, were
markedly decreased in G* cells, consistent with a recent report®

(Fig. 1c,d,f and Supplementary Fig. 1b). The levels of four mem-
brane proteins, PSGL-1, sialophorin (SPN; also known as leuko-
sialin), CD3D and CD3E, and a transcription factor, TCF7, were
also markedly decreased in G* cells compared to G~ cells (Fig. 1c,f
and Supplementary Fig. 1b). Nucleolar and spindle-associated
protein 1 (NuSAPI) and cofilin, two intracellular proteins, show
reduced abundance in both G~ cells and G* cells compared to V-
cells (Fig. 1c,f and Supplementary Fig. 1b). Interestingly, most of
these validated protein level changes cannot be attributed to mRNA
levels, suggesting post-transcriptional regulations (Supplementary
Fig. 1c,d). Together, these results support the reliability of our
proteomic profiling.

To assess the general correlation between protein levels and
mRNA levels, we further performed RNA-seq analyses of primary
CD4* T cells from three additional donors. Cells were infected and
sorted as in the proteomic profiling. RNA-seq analyses yielded
16,129 genes, 75.8% of which (12,223) had also been identified in
our proteomic profiling (Fig. 2a and Supplementary Data Set 5),
demonstrating a significant overlap of genes/proteins discovered by
the two profilings. In addition, genes with low RNA levels were also
detected in our proteomic profiling, reflecting the sensitivity and
depth of our proteomics methodology (Fig. 2b). The overall cor-
relation of RNA abundance and protein abundance is high (Fig. 2¢).
However, there are sizeable differences between the two lists of dif-
ferentially expressed genes at RNA and protein levels (Fig. 2d and
Supplementary Data Sets 2 and 6). Although the two lists overlap
significantly, the majority of the genes with differential RNA or pro-
tein levels do not share the two lists, suggesting widespread post-
transcriptional regulations, which is consistent with our validations
(Fig. 1f and Supplementary Fig. 1b-d).

Given that most antiviral proteins are ISGs, we analysed the
overlaps of our proteomic hits with annotated ISGs* and found a
significant overlap between the G~ >V~ group and ISGs (Fig. 2e and
Supplementary Data Set 4). The overlap between the G* < G~ group
and the ISGs is also significant (Fig. 2¢). In comparison, both the
G*< G~ and the G=> V- groups do not have significant overlaps
with the IFN downregulated gene list (Fig. 2e and Supplementary
Data Set 4). These analyses show that our proteomic hits enriched
for ISGs.

Another characteristic of HIV-1 restriction factors is the posi-
tive selection signature of their gene sequences during evolution®.
We compared our hits with a list of genes positively selected in the
mammalian genomes” (Supplementary Data Set 7). We found a sig-
nificant overlap of both the G=>V~ and the G* <G~ groups with
positively selected genes (Fig. 2f). Remarkably, among the 21 genes
overlapped between the G* < G~ group and positively selected genes,
at least 10 are known to be functionally associated with HIV-1 infec-
tion (APOBEC3C, CD3E*, CD3G*, CD4, HLA-A*, HLA-B*, IFIT1
(ref. ), RNASEL*, SLAMF6/NTB-A* and SPN*). All 10 genes have
anti-HIV functions except CD4, which encodes the receptor for
HIV and is downregulated by HIV Nef and Vpu (Supplementary
Data Set 7). These results suggest that our proteomic results have
identified genes with characteristics of antiviral factors.

Vpu promotes PSGL-1 ubiquitination and degradation. We were
encouraged by the high recovery rate of genes functionally relevant
to HIV-1 from the 21 genes overlapped between G* < G~ group and
positively selected genes”, so we focused on one with a very high
likelihood of positive selection (Supplementary Data Set 7), PSGL-1,
for further analysis because: (1) PSGL-1 is specifically expressed in
lymphocytes and myeloid cells, which are targets of HIV infection;
(2) a previous profiling has found that PSGL-1 is downregulated in
the membrane fraction of the HIV-1-infected CEM-T4 cell line'%;
and (3) PSGL-1 associates with HIV-1 Gag at the HIV-1 assembly
sites”. The total protein level of PSGL-1 was downregulated by
the replication-competent HIV-IIIB in MAGI cells overexpressing
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Fig. 1| Proteomic profiling of HIV-1 infection in human primary CD4+* T cells. a, Experimental scheme of the proteomic profiling. FSC, forward scattering; MS/
MS, tandem mass spectrometry; m/z, mass to charge ratio. b, Venn diagram of the identified proteins from two donors. ¢, Comparison for the protein profiling
results of G~ and G* cell populations. The colour of each dot represents a P value calculated based on the log, ratio of the abundance of each protein in the

two populations (log,(G*/G~)) (see Methods for the statistical test used). The best P values of all of the technical replicates are shown. The intensity is the
normalized mean mass spectrometry peak intensity of each protein associated with the best P value among the four replicates. The viral proteins identified

are underlined in red. CFL1, cofilin 1; non-PAC, proteins with no significant abundance changes; PAC, proteins with significant abundance changes.

d, Same as ¢, except the comparison is between the G* and V- cell populations. e, Same as ¢, except the comparison is between the G- and V- cell populations.
STAT]1, signal transducer and activator of transcription 1. f, Validation of protein abundance changes in primary CD4* T cells from three different donors.
Vinculin (VCL) and GAPDH were used as loading controls. The numbers are the relative quantities of the intensities of the protein bands normalized to those
of the loading controls. The quantities of the bands of the V- cell samples were then normalized as 1.00. Data are representative of three different donors.

PSGL-1 without corresponding changes in the mRNA level (Fig.
3a and Supplementary Fig. 2a). Fluorescence-activated cell sorting
(FACS) analysis of Jurkat cells that were infected by VSV-G-HIV-
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GFP also show a dose-dependent decrease in the level of PSGL-1
(Supplementary Fig. 2b). We then sought to identify which HIV
protein caused PSGL-1 downregulation. Overexpression of Vpu,
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Fig. 2 | Comparison of proteomic profiling results with other large data sets for cross-validation and identification of candidate genes. a, Venn diagram
showing the overlap of proteins identified in proteomic profiling and genes identified in RNA-seq (only those proteins and genes with records in the RefSeq
database were counted). All RefSeq data indicate the total number of gene records in the RefSeq database. b, Distribution of genes or proteins based on
the RNA-seq data reads count (log,(RPKM)). ¢, Linear regression correlation of the intensities of RNA-seq and proteomic profiling of each gene or protein
of the three cell populations: V-, G- and G* (n=2 for proteomic data and n=3 for RNA-seq data). d, Venn diagrams of genes or proteins with differential

RNA or protein abundance in the V-, G~ and G* cell populations. e, Venn diagrams showing overlapping of proteins with differential protein abundance
in the V-, G~ and G* cell populations and proteins that are upregulated (up) or downregulated (down) by IFNs. f, Venn diagrams showing overlapping of
proteins with differential protein abundance in the V-, G~ and G* cell populations and genes that are positively selected in the mammalian genomes.
The P values in d-f show the significance of the overlaps calculated with the hypergeometric test.

but not Nef, Vif, Vpr nor p55 Gag, significantly decreased PSGL-1
level in 293T cells (Fig. 3b and Supplementary Fig. 2¢) and Jurkat
cells (Supplementary Fig. 2d). These results were validated in pri-
mary CD4* T cells from two donors, in which HIV-1 infection
can significantly decrease the endogenous PSGL-1 level (Fig. 3c

and Supplementary Fig. 2e). By contrast, Vpu-deleted HIV (NL4-3
delVpu) had no effect on PSGL-1, suggesting a Vpu-dependent
downregulation (Fig. 3c and Supplementary Fig. 2e). This Vpu
dependence of PSGL-1 downregulation is also shown with flow
cytometry analysis of VSV-G-HIV-GFP infection of primary CD4*
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Fig. 3 | PSGL-1is degraded by HIV-1 via ubiquitination by the Vpu-hijacked SCF#™?2 E3 ligase. a, Western blots of lysates of MAGI cells overexpressing

a haemagglutinin (HA)-tagged PSGL-1 protein and infected by an increasing multiplicity of infection (MOI) of HIV-111IB (0, 1.1 and 2.2). b, Western blots
of lysates of 293T cells co-transfected with plasmids expressing PSGL-1 and one of the following HIV-1 proteins: Nef, Vif, Vpr, Vpu, p55-Gag or an empty
vector. ¢, Western blots of lysates of primary CD4* T cells that were infected with NL4-3 (WT) or NL4-3 delVpu (delVpu) or mock-infected (-) for 48 h.
d, Jurkat cells were infected with HIV-1 NL4-3 or NL4-3 delVpu or mock infected (—) for 48 h. MG132, bafilomycin (BFA) or niclosamide were added

6 h before the cells were harvested and analysed by western blotting. WT, wild type. e, 293T cells were co-transfected with plasmids expressing PSGL-1
and Vpu. A total of 18 h after the transfection, the cells were first treated with MG132 for 6 h and then with CHX for the indicated time before being
harvested, and the cell lysates were analysed by western blotting. Empty vector (=) was used as a negative control for the Vpu-expressing vector (+).

f, 293T cells were separately transfected with plasmids expressing PSGL-1 or a plasmid expressing FLAG-tagged Nef, Vif, Vpr, Vpu or p55-Gag. Two days
after transfection, the two batches of cell lysates were mixed as indicated and HIV-1 proteins were immunoprecipitated (IP) with M2 anti-FLAG beads.

g, 293T cells were co-transfected with plasmids expressing PSGL-1and Vpu. Sixteen hours after transfection, cells were fixed, permeabilized and stained
for PSGL-1 (PSGL-1 antibody) and Vpu (HA antibody) to observe the colocalization. Scale bar, 5 pm. h, 293T cells were treated with MLN4924 and then
co-transfected with PSGL-1 and Vpu or an empty vector. One day after the transfection, the cells were treated with CHX and collected at the indicated time
points. The cell lysates were analysed by western blotting. i, 293T cells were treated with MLN4924 at the indicated concentrations 24 h before the cells
were transfected with plasmids expressing PSGL-1and Vpu. Two days after transfection, the cells were harvested and analysed by western blotting. Empty
vector (-) was used as a negative control for the Vpu- or PSGL-1-expressing vectors. j, Western blots of lysates of 293T cells transfected with plasmids
expressing PSGL-1 and either DN-CUL1 or DN-CUL3 or an empty vector. The Vpu-expressing plasmid (+) or an empty vector (=) is also transfected

as indicated. k, 293T cells were transfected with plasmids expressing FLAG-PSGL-1 and Myc-Vpu or an empty vector. Two days after transfection, cells
were treated with MG132 for 8 h and then the lysates were immunoprecipitated with M2 anti-FLAG beads. The cell lysates and precipitated proteins

were analysed by western blotting. I, 293T cells were transfected with three siRNAs targeting B-TrCP2 or a non-targeting siRNA (NT). One day post-
transfection, cells were then transfected with plasmids expressing PSGL-1 and Myc-Vpu or an empty vector. Two days post-plasmid transfection, cells were
harvested and analysed by western blotting. m, 293T cells were co-transfected with plasmids expressing PSGL-1and Vpu, or the Vpu S52/56N mutant or
an empty vector. One day after transfection, cells were treated with CHX and collected at the indicated time points. The results of a-m are representative
of at least three independent experiments. Values of molecular mass indicated in b, f k are in kDa.

T cells (Supplementary Fig. 2f). In addition, in Jurkat cells, NL4-  bilized by Vpu (Fig. 3e). We further found that PSGL-1 co-immu-
3-induced PSGL-1 degradation can be rescued by the proteasome noprecipitated specifically with Vpu (Fig. 3f) and also colocalized
inhibitor MG132, but not by lysosome inhibitors (Fig. 3d), sug-  with Vpu in intracellular compartments (Fig. 3g). Given that Vpu is
gesting proteasomal degradation. Furthermore, a cycloheximide known to hijack the SCFFCP/P-I:CP2 E3 Jigase®**, we tested whether
(CHX) chase experiment confirmed that PSGL-1 is indeed desta- PSGL-1 degradation might be dependent on this E3 ligase. Indeed, a
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Fig. 4 | PSGL-1in target cells inhibits HIV-1 replication, starting from DNA synthesis. a, MAGI cells in 12-well plates were transfected with 300 ng per

well of luciferase-, PSGL-1- and tetherin-expressing plasmids. Two days after

transfection, the cells were infected with HIV-1 NL4-3 or NL4-3-AEnv-eGFP

pseudotyped with HIV-1 Env for 48 h before being stained for p24 (green)/nuclei (blue) and imaged. A reverse transcription inhibitor, nevirapine, was
used as a control. The numbers indicate mean infection rates + standard deviations. Scale bar, 50 pm. n=4. b-d, MAGI cells transfected with plasmids
expressing luciferase, PSGL-1 or tetherin as in a were infected with HIV-1 NL4-3 for 12 h or 24 h before the DNA was extracted to measure late reverse
transcription (RT) products (b) and 2-LTR circles (c), respectively, or for 72 h before the DNA was extracted to measure HIV-1 DNA integration by Alu

PCR (d). Nevirapine and raltegravir were used as controls. n=3. e, Jurkat cel
siRNAs targeting PSGL-1 (si-1and si-3’ UTR) or a non-targeting siRNA (NT).
representative of three independent experiments. f,g, gRT-PCR quantificatio

Is stably expressing PSGL-1 or luciferase were electroporated with one of two
The PSGL-1 protein levels were determined using western blot. The results are
n of the late reverse transcription products (f) and 2-LTR circles (g) of Jurkat-

luciferase and Jurkat-PSGL-1 cells electroporated with different siRNAs and cultured for 48 h and then infected with HIV-111IB for 24 h. n=4. h, ELISA

quantification of released p24 from Jurkat-luciferase and Jurkat-PSGL-1 cells

electroporated with different siRNAs and cultured for 48 h and then infected

with HIV-111IB for 72h. n=4. i, Western blot to validate the PSGL-1 protein level of two PSGL-1 knockout Jurkat cell lines. sg-1 and sg-2 are two sgRNAs
targeting PSGL-1. The results are representative of three independent experiments. j, qRT-PCR quantification of late reverse transcription products or 2-LTR
circles in PSGL-1 knockout or control Jurkat cells infected with HIV-1 NL4-3 for 24 h. n=3. k, ELISA quantification of released p24 from PSGL-1 knockout or
control Jurkat cells infected with HIV-1 NL4-3 at 3, 5 or 7 d post-infection. The numbers above the bars indicate the fold of change bewteen the two values

indicated by the bars. I, gqRT-PCR quantification of 2-LTR circles of MAGI cell
vector for 48 h and then infected with NL4-3 and NL4-3 delVpu. n=3. For all

pan-CRL inhibitor, MLN4924, rescued PSGL-1 from Vpu-induced
degradation (Fig. 3h,i). In addition, overexpressing a dominant
negative CUL1 amino-terminal domain (DN-CUL1)*, which
inhibits all SCF ligases, also rescued PSGL-1 from degradation. As
a control, dominant negative CUL3 (DN-CUL3)* did not affect
the PSGL-1 level (Fig. 3j). Vpu overexpression induced PSGL-1
ubiquitination (Fig. 3k and Supplementary Fig. 2g), correlating
with a Vpu-dependent co-immunoprecipitation of PSGL-1 with
CULI and p-TrCP2 (Fig. 3k). Moreover, the Vpu-induced PSGL-1

s stably expressing luciferase or PSGL-1 and transfected with Vpu or empty
bar graphs, the mean + standard deviation is shown.

ubiquitination and degradation can be reversed by short interfer-
ing RNA (siRNA)-mediated knockdown of B-TrCP2 (Fig. 31 and
Supplementary Fig. 2g). By contrast, knockdown of B-TrCP1 has
no effect (Supplementary Fig. 2h). A Vpu mutant (S52N/S56N or
§52/56N) defective for B-TrCP1/2 binding™ lost the ability to pro-
mote PSGL-1 ubiquitination (Supplementary Fig. 2i,j) and degra-
dation (Fig. 3m and Supplementary Fig. 2k), similar to the effect
of this mutation on tetherin degradation (Supplementary Fig. 2I).
However, the binding between Vpu and PSGL-1 is different from
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Vpu-tetherin binding, as evidenced by the Vpu Al4L mutant,
which can abolish tetherin binding* but not PSGL-1 binding and
degradation (Supplementary Fig. 2k-m).

PSGL-1 inhibits HIV-1 reverse transcription. The Vpu-induced
degradation of PSGL-1 suggests a function in HIV-1 infection or
transmission. Indeed, transient expression of PSGL-1 in the target
cells reduced the infection rate of HIV-NL4-3 and HIV-IIIB (Fig. 4a
and Supplementary Fig. 3a). This inhibition is not affected by Vpu
as NL4-3 and NL4-3 delVpu were similarly inhibited, suggesting
that the inhibition occurs before Vpu expression. As a control,
transient expression of tetherin caused a significant inhibition of
NL4-3 delVpu, but not wild-type virus nor a single-round NL4-3
virus. To examine which step of the HIV-1 life cycle is inhibited by
PSGL-1, we first tested cellular entry of HIV-1 using a f-lactamase
(BlaM)-based entry assay” and found no significant decrease in
HIV-1 entry due to PSGL-1 overexpression in both Jurkat and
TZM-bl target cells (Supplementary Fig. 3b,c). This is consistent
with that PSGL-1 also inhibited a VSV-G-pseudotyped NL4-3 virus
(Supplementary Fig. 3a). By contrast, HIV-1 reverse transcription
was significantly decreased by PSGL-1 overexpression (Fig. 4b and
Supplementary Fig. 3d-f). The steps following reverse transcription,
the nuclear accumulation and chromosomal integration of HIV-1
DNA, were also significantly reduced (Fig. 4c,d and Supplementary
Fig. 3g,h). These inhibitions were similar for both NL4-3 and
NL4-3 delVpu, consistent with the late expression of Vpu. As a
consequence of PSGL-1’s inhibition of the early events of HIV-1
infections, HIV-1 gene expression was also significantly reduced,
as measured by immunofluorescence staining of p24 in one-round
infection of MAGI cells (Fig. 4a and Supplementary Fig. 3a). We
further performed loss-of-function tests of the role of PSGL-1 in
HIV-1 replication. Electroporation of PSGL-1 siRNAs markedly
increased the levels of HIV-1 late reverse transcription, two cop-
ies of the long terminal repeat (2-LTR) circles and released p24 in
Jurkat cells (Fig. 4e-h, red bars). These enhancements were due to
an on-target effect of RNA interference, as overexpressing the open
reading frame of PSGL-1 without the 3’ untranslated region (UTR)
could rescue the effect of an siRNA targeting the 3' UTR of PSGL-1
(si-3" UTR), but not that of an siRNA targeting the coding region
(si-1) (Fig. 4e-h, blue bars). We also generated CRISPR (clustered
regularly interspaced short palindromic repeats)-Cas9 (CRISPR-
associated protein 9)-mediated PSGL-1 knockout of Jurkat cells
using two single-guide RNAs (sgRNAs) (Fig. 4i). Compared to a
cell line expressing control sgRNA, these PSGL-1 knockout cell
lines show higher susceptibility to HIV-1 infection (Fig. 4j,k). To
further support the anti-HIV activity of PSGL-1, we performed
immunofluorescence co-staining of PSGL-1 and HIV-1 p24 and
observed a clear separation of PSGL-1 staining from p24 staining

in infected MAGI cells stably expressing exogenous PSGL-1
(Supplementary Fig. 3i). Together, these data strongly support the
restrictive nature of PSGL-1 on HIV-1 replication, probably starting
at reverse transcription.

PSGL-1 potently inhibits the infectivity of progeny HIV-1 viri-
ons. We found that exogenous expression of Vpu can abolish the
inhibition of HIV-1 DNA synthesis by PSGL-1 (Fig. 41), consistent
with Vpu-mediated PSGL-1 degradation. However, in real infec-
tion, this inhibition by PSGL-1 would precede Vpu expression as
Vpu is not present in the incoming virions. We suspect that there
is a late-acting inhibition of HIV-1 by PSGL-1 that is antagonized
by Vpu. Indeed, we observed that virions produced from PSGL-1-
expressing 293T cells were dramatically less infectious than those
from control cells expressing tetherin, as measured by their infec-
tions of TZM-bl reporter cells, even the virions were normalized
by p24 levels (Fig. 5a). Consistent with Vpu-mediated PSGL-1
degradation, NL4-3 delVpu virions had an even greater loss of
infectivity than wild-type NL4-3 (Fig. 5a). We further observed a
stronger infectivity inhibition by PSGL-1 using the Rev-A3R5-GFP
T cell line (Fig. 5b,c), a Rev-dependent HIV-1 reporter cell line*
(Supplementary Fig. 4a). Again, NL4-3 delVpu was more sensitive
to the inhibition than wild-type NL4-3 (Fig. 5b,c). Consistently,
PSGL-1 knockout in producer Jurkat cells significantly boosted
the infectivity of NL4-3 virus and even more significantly that of
NL4-3 delVpu virus, supporting that, in Jurkat cells, the infectiv-
ity of NL4-3 delVpu virus is suppressed more strongly by PSGL-1
(Fig. 5d). This infectivity inhibition suggests that the progeny viri-
ons may be negatively imprinted by PSGL-1 from the producer
cells, which is consistent with PSGL-1 being transferred from the
producer cells to the target cells by the virus (Fig. 5e). To confirm
the association of PSGL-1 with progeny virions, we used density
gradient centrifugation to purify the virions released from 293T
cells and observed the co-sedimentation of PSGL-1 with purified
virions (Supplementary Fig. 4b). We further used an ascorbate
peroxidase 2 (APEX2)-based labelling method to observe APEX2-
tagged PSGL-1 in the virions under electron microscopy®. We first
confirmed that APEX2-tagged PSGL-1 and the control APEX2-
tagged tetherin retained their activities to inhibit HIV-1 and that
APEX2-tagged PSGL-1 is transferred to the infected cells by the
virions (Supplementary Fig. 4c). The electron microscopy images
of the HIV-1 virions revealed that PSGL-1 is located to the periph-
ery of the virions (Fig. 5f), with NL4-3 delVpu virions demonstrat-
ing more PSGL-1 than wild-type virions (Fig. 5g). As a control, no
tetherin was visibly associated with the new virions as expected.
Together, these data support that PSGL-1 is incorporated into
progeny virions and inhibits viral infectivity. This inhibition is par-
tially relieved by Vpu via PSGL-1 degradation.

Fig. 5 | PSGL-1in producer cells inhibits the infectivity of HIV-1 progeny virions. a, 293T cells in 12-well plates were co-transfected with 1pg per well
of pNL4-3 or pNL4-3 delVpu proviral plasmids and plasmids expressing PSGL-1 or tetherin at the indicated dosages. Two days after transfection, the
supernatants were collected and normalized for the p24 amount to infect TZM-bl cells for 48 h before the infection units were measured with the
B-galactosidase assay. n=3. Data shown as the mean + standard deviation. b,c, 293T cells in 12-well plates were co-transfected with 1pg per well of

pNL4-3 or pNL4-3 delVpu proviral plasmids and plasmids expressing PSGL-1 at the indicated dosages. Two days after transfection, the supernatants were
collected and normalized for the p24 amount to infect Rev-A3R5-GFP cells for 72 h before the infection rate was measured by FACS. The FACS plots are
shown in b and the normalized infection rates are shown in c. PI, propidium iodide. The results shown are representative of three independent experiments.
d, PSGL-1 knockout or control Jurkat cells were infected with the NL4-3 or NL4-3 delVpu virus. The supernatants were collected 72 h post-infection and
normalized for the p24 amount to infect TZM-bl cells for 48 h before the infection units were measured with the luciferase assay. n=3. Data shown as the
mean + standard deviation. e, 293T cells in 12-well plates were co-transfected with 1pg per well of pNL4-3 or pNL4-3 delVpu proviral plasmids and 100 ng
per well of plasmids expressing PSGL-1 or tetherin or an empty vector. Two days after transfection, the supernatants were collected and normalized for p24
to infect MAGI cells for 48 h. The samples from the transfected 293T cells and the lysates of the infected MAGI cells were analysed by western blotting.
Data shown are representative of three independent experiments. f, Electron microscopy images of 293T cells transfected with the plasmids expressing the
indicated viral genomes and genes. Two representative images are shown for each group. The white arrows indicate PSGL-1-positive viral particles. Scale
bar, 0.5 pm. g, Quantification of the percentage of PSGL-1-positive viral particles in electron microscopy images from PSGL-1+ pNL4-3 and PSGL-1+ pNL4-3
delVpu groups from panel f. n=10. Data shown as the mean + standard deviation.
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PSGL-1 is induced by IFN-y and mediates the anti-HIV activity of
IFN-v. The expression level of PSGL-1 is high in T cell lines and pri-
mary T cells, but low in 293T cells and HeLa-based cell lines (Fig. 6a
and Supplementary Fig. 5a). In addition, PSGL-1 mRNA and protein
levels were significantly reduced when T cells were activated (Fig. 6a,b
and Supplementary Fig. 5a—c), which correlates with an increased sus-
ceptibility to HIV-1 infection of activated T cells. As previously identi-
fied restriction factors are induced by IFNs, we tested whether this is
true for PSGL-1. Interestingly, in both Jurkat cells and resting CD4+ T
cells, PSGL1 mRNA levels are not induced by IFNs (Supplementary
Fig. 5d,e). However, in activated CD4* T cells, PSGL-1 is strongly
induced by IFN-y (Fig. 6¢c and Supplementary Fig. 5f). By contrast,

PSGL-1 + pNL4-3

PSGL-1 + pNL4-3 delVpu g

P =0.0001

PSGL-1-positive particles (%)

IEN-a does not seem to induce PSGL-1 expression in activated CD4*
T cells (Supplementary Fig. 5g). It is worth noting that the PSGL-1
levels in the overexpression experiments (Fig. 4a—d) are comparable
to the level induced by IFN-y and, therefore, are physiologically rel-
evant (Supplementary Fig. 5h). We tested the role of PSGL-1 in the
anti-HIV activities of IFN-y in activated primary CD4* T cells by elec-
troporation of siRNAs. First, PSGL-1 knockdown significantly pro-
moted HIV-1 infection in untreated primary CD4* T cells from two
donors as measured by late reverse transcription and p24 release (Fig.
6d-f and Supplementary Fig. 5i,j), confirming the results in cell lines.
Importantly, PSGL-1 knockdown also abolished the inhibition of
HIV-1 DNA synthesis by IFN-y (Fig. 6e) and significantly blunted the
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Fig. 6 | PSGL-1 mediates the anti-HIV activity of IFN-y in activated primary CD4+* T cells. a, qRT-PCR quantification of PSGLT mRNA levels in cell lines
and primary CD4+ T cells, resting or activated, with PHA/IL-2 or CD3/CD28 antibodies. The mRNA level was normalized to that of GAPDH. b, gRT-PCR
quantification of PSGLT mRNA levels in primary CD4+ T cells, resting or activated, with PHA/IL-2 or CD3/CD28 antibodies. ¢, gRT-PCR quantification

of PSGLTand STATT mRNA levels of activated T cells treated with recombinant IFN-y for 12h. The mRNA levels were first normalized to that of GAPDH
and then normalized to the level of the untreated sample (IFN-y=0Uml™). d-f, Activated primary CD4* T cells were treated or untreated with IFN-y for
12 h before being electroporated with two different siRNAs targeting PSGL-1 or non-targeting control siRNA (siNT) for 48 h. The cells were then either
extracted for the gRT-PCR quantification of PSGLT mRNA (d), infected with HIV-1 NL4-3 for 24 h before the DNA was extracted to measure late reverse
transcription products (e) or for 72 h before the supernatant was collected to measure p24 release by ELISA (f). n=3. Data are representative of at least
three independent experiments. Data shown as the mean + standard deviation (e,f).

inhibition of p24 release by IFN-vy (Fig. 6f and Supplementary Fig. 5i).
These data support that PSGL-1 is a key component of the antiviral
mechanisms of IFN-y.

Discussion

Our sensitive isobaric tag-based mass spectrometry method enabled
a comprehensive and deep proteomic profiling of the proteome of
human CD4* T cells during HIV-1 infection. The recovery of multiple
known HIV-1 restriction factors, host factors and ISGs supports the
robustness and utility of our method. Furthermore, a direct compari-
son with RNA-seq profiling has proven the comprehensiveness and
depth of our proteomic profiling. Remarkably, the majority of the pro-
tein changes are not reflected in the mRNA levels, suggesting wide-
spread post-transcriptional manipulations of host proteins by HIV-1
and validates the value of proteomic profiling. This observation is con-
sistent with HIV-1 hijacking the ubiquitin ligases to ubiquitinate and
degrade restriction factors. The same mechanism may also explain
upregulation of host proteins, as endogenous substrates of the virus-
hijacked E3 ligases would be competed off from the E3 ligases. We
analysed known endogenous substrates of CUL5-RBX1 E3 ligases®,
which are hijacked by HIV-1 Vif to target APOBEC3 proteins. The
majority (77%) of the endogenous substrates are upregulated during
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HIV-1 infection, probably due to the displacement of the endogenous
substrates by Vif from the E3 ligase (Supplementary Fig. 6). The ratio-
nale for HIV-1 to repeatedly hijack the ubiquitin-proteasome system
might be the high efficiency of the ubiquitination and degradation of
restriction factors, which are critical for HIV-1 to evade the innate
intracellular defences*’.

We established PSGL-1 as an HIV-1 restriction factor that is ubig-
uitinated by HIV-1 Vpu via the E3 ligase SCF***2. We demonstrate
that PSGL-1 is induced by IFN-y in activated CD4" T cells and inhibits
HIV-1 DNA synthesis and virion infectivity. The infectivity inhibition is
more potent: a low level of PSGL-1 overexpression can lead to a signifi-
cant reduction of virion infectivity. Vpu is made during the late stages of
the HIV-1life cycle to partially neutralize the restriction by PSGL-1. We
further identified PSGL-1 as a specific IFN-y-induced antiviral restric-
tion factor. IFN-y has been primarily considered as an immunomodu-
latory cytokine, and its role in innate immune defence against HIV-1
has only started to be mechanically dissected*>*. Future studies should
unveil the molecular mechanism of PSGL-1’s antiviral activities and the
conservation and sequence requirement of the counter-PSGL-1 activ-
ity of Vpu among HIV and simian immunodeficiency virus strains.
Further understanding of the interaction between Vpu and PSGL-1
may present potential targets for developing new anti-HIV drugs.
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Methods

Cells and cell culture. For cell culture, 293T cells (from the American Type
Culture Collection), TZM-bl and MAGI cells (from the NIH AIDS Reagents
Repository) were cultured in DMEM supplemented with 10% heat-inactivated
FBS, 6 mM L-glutamine, and penicillin and streptavidin. Jurkat E6.1 cells were
cultured in RPMI-1640 containing 10% FBS, 6 mM L-glutamine, and penicillin
and streptavidin. Rev-A3R5-GFP indicator cells (a gift from Virongy) were
cultured in RPMI with 1 mgml~* geneticin (G418) and 1 ugml~' puromycin.
Peripheral blood mononuclear cells were isolated from healthy human donors
using Ficoll-Paque PLUS (GE Healthcare). CD4* T cells were purified from
peripheral blood mononuclear cells using anti-human CD4 magnetic beads
(Miltenyi) and then cultured in RPMI supplemented with 10% heat-inactivated
FBS, p-mercaptoethanol and 6 mM L-glutamine. Naive CD4* T cells were activated
with CD3/CD8 beads (Invitrogen) and human recombinant interluekin-2 (IL-2;
30 Uml™; Roche) for 72 h or by phytohaemagglutinin A (PHA; 4 pgml™'; Sigma)
and IL-2 (20 U ml™; Roche) for 72 h.

Sample preparation for proteomic analysis. Human primary CD4* T cells were
stimulated with anti-CD3/CD28 beads (Invitrogen) and human recombinant IL-2
(30 Uml™; Roche) for 7-10d. About 100 million cells were infected with VSV-G-
HIV-GFP virus at a multiplicity of infection of 5 with spinoculation at 2,000g for
2h. For the mock infection group, about 10 million cells were mock-infected with
media. Two days after the infection, the cells were sorted for GFP intensity and the
sorted cells were collected. From these cells, the proteins were extracted with 8 M
urea in 0.1 M NH,HCO,. The proteins were reduced by dithiothreitol at 10 mM for
60 min in the dark and then alkylated by methyl methanethiosulfonate (Thermo
Fisher Scientific) at 20 mM for 30 min. The protein was incubated with trypsin at
37°C overnight for digestion. The peptides were loaded onto Oasis HLB reverse
phase plates (Waters) to remove urea and other salts. The resulting peptides were
labelled with 4-plex iTRAQ reagents (AB Sciex). In this study, G*, G~ and V-~ cells
were labelled with iTRAQ reagents 114, 115 and 116, respectively. After labelling,
all peptides were mixed together and loaded into an online three-dimensional
chromatography platform for in-depth proteomic quantification.

Multi-dimensional separation and data acquisition. The nanoscale three-
dimensional online chromatography platform was modified to small scale for these
experiments. It consists of a first-dimension reversed-phase column (capillary

with a 150-um internal diameter packed with 10 cm of 5-um diameter of XBridge
(Waters) C18 resin), a second-dimension strong anion exchange column (150-pm
internal diameter, 10 cm of 10-um diameter POROS10HQ (AB Sciex) resin) and

a third-dimension reversed-phase column (25-um internal diameter, 120 cm of
5-um diameter monitor C18 (Column Engineering), integrated 1-um diameter
emitter tip). The final dimension ran at 1-3 nlmin~! with a 600-min gradient from
3% buffer B to 50% buffer B (buffer A =0.1% formic acid; buffer B=acetonitrile
with 0.1% formic acid). The downstream TripleTOF 5600* (AB Sciex) was set in
information-dependent mode for data acquisition. The top 50 precursors (charge
state of +2 to +5, >100 counts) in each mass spectrometry scan (800 ms, scan range:
350-1,500 mm/z) were subjected to mass spectrometry/mass spectrometry (minimum
time 140 ms, scan range: 100-1,400 m/z). The electrospray voltage was 2.4kV.

Data processing and protein identification. The mass spectrometry data were
subjected to search against the SwissProt database (downloaded on 23 June
2016) with ProteinPilot V.4.5 (AB Sciex). Official HGNC gene symbols were also
included in the database. The search parameter was set to ITRAQ 4-plex (peptides
labelling) with 5,600 TripleTOF. The peptide spectra match false discovery rate
was used to filter the peptides identified for further analysis. Only those peptides
with scores at or above a peptide spectra match false discovery rate threshold of
0.01 were kept for data analysis. In this study, we also removed peptides that can
be assigned to more than one gene. After that, we summed the intensity of each
iTRAQ reporter ion for the peptides that can only be assigned to a single gene to
generate a ratio for each gene.

Protein quantification. In this study, we utilized the previously developed ‘error
model* with modification to determine the significance for the difference in
protein expression level. Briefly, we first built an ‘error model’ from an independent
mass spectrometry data set generated from the mouse lymphoid cell line BAF3

to measure the technical and systematic error of protein quantification. The same
amount of whole-cell lysate of the samples was labelled across all iTRAQ channels,
and their iTRAQ-reported ion intensities were measured by mass spectrometry.
The obtained data were used to plot the log, ratios of protein intensities for all
detected proteins against their mean log, intensities between two proteomic
profiles. These systematic errors should follow a zero-centred normal distribution
N(0, 6°). The variance 6? can be estimated as

’=¥(9,U) =exp(§,+6,-U)

6”=¥(6, U) is computed from the global variance function for protein i, as an
estimation of the contribution of technical and systematic errors in its log, ratio.
6 represents the function used to fit the variance of the noise extracted from the 1/1

experiment. U, represents the average intensity of protein i under two conditions.
A two-tailed P value is calculated for each protein to represent the significance of
its intensity change, as the probability of observing an equal or greater value than
the absolute value of its R, from normal distribution N (0,67 =¥ (6, U))) using
the formula

+oo
P= 71 *eixz/(zg’z)dx

IRjl 208

R, represents the log, ratio for the intensity of protein i under two conditions.

This model was validated with comparison with a ribosome profiling data set

also generated from mouse embryonic stem cells (Liu et al., unpublished data).
We then applied this model to the ratio of each protein measured in the following
experiments for statistical assessment. For the data that we obtained for T cells
and HIV-infected T cells, we used the median iTRAQ reporter ion ratio from
these data as a normalization factor for data analysis. The proteomics experiments
were conducted as two biological replicates and two technical replicates for each
biological replicate. A technical replicate is a duplication of the mass spectrometry
run of the same sample to control for the variance in the mass spectrometry
analysis. A protein was included in the list of proteins with abundance changes

if the iTRAQ log, ratio was either higher than 0.26 or lower than —0.26, that the
total iITRAQ intensity was over 300 counts and that the P value derived in ‘error
model’ from each donor was lower than 0.05 in at least two runs from all four runs.
Adjustment of the P value by Benjamini-Hochberg correction for multiple testing
is also provided in Supplementary Data Set 2. The different coverages between the
samples of the two donors are due to the different cell numbers or infection rate
of the two donors’ samples, in addition to person-to-person variation in protein
expression; thus, we did not restrict our analysis to proteins that were differentially
expressed in both donors. It is important to note that, because the intensity ratios
measured by iTRAQ-based mass spectrometry can be distorted during precursor
ion isolation, variation in some protein expression may be underestimated in the
data. The fold change associated to the most significant P value of each protein

is included in the Supplementary Tables and the dot plots in Fig. 1. The P value
adjusted with the Benjamini-Hochberg method was also calculated and provided
in the Supplementary Tables.

RNA-seq analysis. Total RNA from cells (from three donors) that were infected
and sorted into V-, G~ and G* cell populations as described above was isolated
using RNeasy Plus Mini Kit (Qiagen) following the manufacturer’s protocol. The
RNA-seq library was prepared using the Truseq v2 LT Sample Prep Kit (Illumina).
The sequencing was performed at the Beijing Genomics Institute (Shenzhen,
China) using RNA-seq technology as follows: (1) 200 ng total RNA per sample
were used to enrich poly(A) mRNA using oligo (dT) magnetic beads. (2) The
purified mRNA was fragmented and reverse transcribed into double-strand cDNA
using N6 random primer. (3) The double-strand cDNA was treated by a traditional
process, including end repairing with phosphate at the 5’ end and an extra ‘A’ at the
3’ end, and ligation with an adaptor with an extra “T” at the 3’ end. (4) Two specific
primers were used to amplify the ligation product. (5) The double-stranded PCR
products were heat denatured to single strands and circularized by splint oligo

and DNA ligase. (6) Sequencing was performed on the prepared library, and the
nine libraries were sequenced on the Illumina HiSeq 4000 platform based on
sequencing by synthesis with 100-bp paired-end reads. The sequencing reads from
all RNA-seq experiments were aligned to the human (hg18) reference genome by
TopHat. Differential gene expression analyses were performed using DEseq or
Cufflinks using fold change > 1.5 and P<0.01 as the cut-off.

Plasmids, transfection and viral particle production. The plasmids used in this
study are listed in the table below. For exogenous expression in mammalian cells,
human PSGL-1 or its truncated form, or luciferase or tetherin were cloned into

a pLenti-CMV vector with an N-terminal haemagglutinin tag and FLAG tag, or

a PLX-304 vector with a carboxy-terminal V5 tag. The vectors were transfected
into cell lines using Neofect transfection reagent following the manufacturer’s
protocol (Neofect Biotech). For the transfection of plasmids into Jurkat cells,

0.3 million Jurkat cells were seeded into 1 ml RPMI-1640 and mixed with a mixture
containing 3 pl of a formulation of lipid nanoparticles recently developed*, 1.4 pl
lipid nanoparticles and 2 pl siRNA (20 pmoll~") or 500 ng plasmids. The HIV genes
nef, vif, vpu, vpr and p55 were cloned from pNL4-3 and inserted into a pLenti-
CMV vector. Full-length Vpu was also expressed using a pcDNA3.0 vector with

an N-Myc tag, and its point mutations (S52/56N and A14L) were introduced by
site-directed mutagenesis followed by digestion of parental DNA with Dpnl. DN-
CULI and DN-CUL3 were cloned into pcDNA3.0. VSV-G-NL4-3 viral particles
were produced by transfection of 293T cells in a T75 flask with 20 ug pNL4-3-
AEnv-eGFP, 5ug pCG-VSV-G and 25ul DNA Neofect transfection reagent. NL4-3
one-round viral particles were produced by transfection of 293T cells in a T75 flask
with 20 ug pNL4-3-AEnv-eGFP and 5pg PNL-AW-Env (gp160). NL4-3 and delVpu
viral particles were produced by transfection of 293T cells in a T75 flask with 20 ug
PpNL4-3 or pNL4-3 delVpu. Short hairpin RNA (shRNA)-expressing, sgRNA-
expressing and open reading frame-expressing plasmids were packaged into
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lentiviral particles in each well of a six-well plate with 10 ug pLKO.1, lentiCRISPR
v2, pLX304 or pCMV backbone vectors, 2 ug pCG-VSV-G, 1ug pCMV-Tat, 1 g
pCMV-Rev and 1 ug pCMV-Gagpol. For packaging of Vpr-BlaM viral particles,

10 ug pNL4-3, 3.4ug pMM310-Vpr-BlaM and 1.7 ug pAdvantage were transfected
into each well of a six-well plate. Twenty-four hours after transfection, the medium
was removed. Viral supernatants were collected after another 24 h and filtered

at 0.45uM. The HIV-IIIB virus was provided by N. Yan (University of Texas
Southwestern Medical Center) and amplified in the H9 cell line.

shRNA and siRNA. All of the shRNAs were bought from Sigma, and all of the
siRNAs were purchased from GenePharma. The shRNAs were cloned into the
lentiviral vector pLKO.1, and sgRNAs were cloned into the plentiCRISPR-v2
vector. For siRNA transfection, Lipofectamine RNAiMax (Invitrogen) was used
following the manufacturer’s protocol, and the knockdown efficiency was qualified
by qRT-PCR 72h after transfection. For siRNA nucleofection, the siRNAs were
transfected into Jurkat E6.1 cells or peripheral blood mononuclear cells using the
Amaxa Nucleofector following the manufacturer’s protocols (Lonza).

The shRNAs sequences used in this study are as below:

shNT: CGTGATCTTCACCGACAAGAT

shPSGL-1-1: AGAGGTCTGTTCATACCCTTT

shPSGL-1-2: AGCCAGCAATTTGTCCGTCAA

The sgRNA sequences used in this study:

sgNT (non-targeting control): TTTGAAGTATGCCTCAAGGT

sgPSGL-1-1: TGGGGGAGTAATTACGCACG

sgPSGL-1-2: ATCTAGGTACTCATATTCGG

The siRNA sequences used in this study are as below:

siNT sense: UUCUCCGAACGUGUCACGUTT

siNT antisense: ACGUGACACGUUCGGAGAATT

siPSGL-1-1 sense: GCCACUAUCUUCUUCGUGUTT

siPSGL-1-1 antisense: ACACGAAGAAGAUAGUGGCTT

siPSGL-1-3" UTR sense: CAGGAGGCCAUUUACUUGATT

siPSGL-1-3" UTR antisense: UCAAGUAAAUGGCCUCCUGTT

sif-TrCP1-1 sense: GCACUUGCGUUUCAAUAAUTT

sip-TrCP1-1 antisense: AUUAUUGAAACGCAAGUGCTT

sip-TrCP1-2 sense: GGCACAUAAACUCGUAUCUTT

sif-TrCP1-2 antisense: AGAUACGAGUUUAUGUGCCTT

sip-TrCP1-3 sense: CCAUUAAAGUUGCGGUAUUTT

sip-TrCP1-3 antisense: AAUACCGCAACUUUAAUGGTT

sip-TrCP2-1 sense: CCCAAAGAUUAUCCAGGAUTT

sif-TrCP2-1 antisense: AUCCUGGAUAAUCUUUGGGTT

sif-TrCP2-2 sense: GGAUGUGAACACGGGUGAATT

sip-TrCP2-2 antisense: UUCACCCGUGUUCACAUCCTT

sip-TrCP2-3 sense: GCCAAACACCUACCCAGAATT

sif-TRCP2-3 antisense: UUCUGGGUAGGUGUUUGGCTT.

Antibodies and beads. The following antibodies were used for cell cytometry,
immunostaining or western blotting: anti-PSGL-1 (1:200; sc-13535, Santa Cruz),
anti-Eg5 (1:1,000; ab171963, Abcam), anti-HMMR (1:1,000; ab124729, Abcam),
anti-PPP2R5A (1:1,000; ab72028, Abcam), anti-PPP2R5D (1:1,000; ab88075,
Abcam), anti-FDFT1 (1:1,000; ab195046, Abcam), anti-TCE7 (1:500; 2203, Cell
Signaling), anti-vinculin (1:3,000; V4505, Sigma), anti-SPN (1:200; PA526628,
Thermo Fisher Scientific), anti-CD3D (1:500; ab109531, Abcam), anti-CD3E
(1:500; ab52959, Abcam), anti-NuSAP1 (1:500; A302-595A, Bethyl), anti-cofilin
(1:500; 5175, Cell Signaling), anti-APOBEC3G (1:500; 11231, NIH AIDS Reagent
Program), anti-ubiquitin (1:300; ab140601, Abcam), anti-p-TrCP2 (1:1,000;
ab154070, Abcam), anti-BTRC (1:1,000; sc-8863, Santa Cruz), anti-p24 (1:1,000;
1513, NIH AIDS Reagent Program), anti-Vpu (VPU-101AP, FabGennix), anti-
actin (1:1,000; sc-8432, Santa Cruz), anti-GAPDH (1:1,000; TA-08, ZSGB-Bio),
anti-V’5 (1:1,000; CW0095A, CWBio), anti-Myc (1:1,000; AT0023-2, CMCTAG)
and anti-FLAG (1:1,000; F1804, Sigma). For immunoprecipitation and the pull-
down assay, protein A-agarose beads (sc-2001, Santa Cruz), anti-FLAG M2
magnetic beads (M8823, Sigma) and anti-Myc magnetic beads (B2630, Bimake)
were used. The fluorescent secondary antibodies used in this study were Alexa
Fluor 488 goat anti-rabbit IgG (H+L) (1:1,000; A-11008, Molecular Probes),
Alexa Fluor 647 donkey anti-rabbit IgG (H+L) (1:1,000; A-31573, Molecular
Probes), Alexa Fluor 488 goat anti-mouse IgG (H+L) (1:1,000; A-11001,
Molecular Probes), Alexa Fluor 594 goat anti-mouse IgG (H+L) (1:1,000;
A-11005, Molecular Probes) and Alexa Fluor 568 goat anti-rabbit IgG (H+L)
(1:1,000; A-11010, Molecular Probes).

Immunoprecipitation assay. For the immunoprecipitation assay using anti-
FLAG-tag antibody, cells in each well of six-well-plates were transfected with

2 ug pLX304-PSGL-1, pPCMV-empty vector, pPCMV-Nef, pPCMV-Vif, pPCMV-Vpr,
pCMV-Vpu or pPCMV-p55 individually. The cells were lysed with RIPA buffer

(50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS and protease inhibitor cocktail) 48 h after transfection. The PSGL-1-
overexpressing 293T cell lysate was mixed with cell lysate of cells expressing one
of the HIV proteins of pPCMV-empty vector and incubated with 20-30 ul M2 anti-
FLAG magnetic beads (M8823, Sigma) at 4 °C overnight. The beads were washed
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three times the next day and boiled in 1x SDS-PAGE buffer at 95°C for 10 min.
For the co-immunoprecipitation of p-TrCP1/$-TrCP2 with Myc-Vpu/Myc-Vpu
$52/56N, cells in six-well plates were co-transfected with pCMV-B-TrCP1/pCMV-
B-TrCP2 and the Myc-Vpu/Myc-Vpu S52/56N mutation. The cell lysates were
incubated with M2 anti-FLAG beads and wash three times the next day. For the
detection of PSGL-1 ubiquitination, cells in six-well plates were transfected with
siRNAs (final concentration: 20 nM) for 48 h, then transfected with 2 ug pLX304-
PSGL-1 and 1 pg pCMV-Vpu or pPCMV-empty vector. MG132 was added to the
plate 24 h after transfection and remained in the medium for the next 24 h. For the
co-immunoprecipitation assay using anti-Myc magnetic beads (B26301, Bimake),
cells were co-transfected with Myc-Vpu or the Myc-Vpu A14L mutation and
pCMV-PSGL-1 and pCMV-tetherin. Forty-eight hours post-transfection, the cell
lysates were incubated with 40 pl anti-Myc beads overnight and wash three times
with RIPA buffer.

Flow cytometry. For the cells infected with NL4-3-VSV-G or A3R5 cells infected
with the HIV-1 virus, cells are fixed in 2% paraformaldehyde in PBS for 20 min in
the dark, and washed twice with PBS and then analysed on a Becton Dickinson
LSR Fortessa flow cytometer (fluorescence channels: FITC). For the calculation
of the PSGL-1 expression, cells were fixed and washed, then incubated with anti-
PSGL-1 antibody (1:200; sc-13535, Santa Cruz) in 4°C for 30 min and washed
twice. Then, the cells were incubated with Alexa Fluor 594 goat anti-mouse IgG
(H+L) (1:1,000; A-11005, Molecular Probes) at room temperature and in the
dark for 20 min and washed twice and analysed by cell cytometry (fluorescence
channels: phycoerythrin).

Inhibitor treatments of cells. For all of the inhibitor experiments, the inhibitor
dosages were first tested by Cell TiterGlo (Promega) to determine a non-toxic
dose range. For the proteasomal and lysosomal inhibitors treatment, MLN4924
(HY-70062, MCE) was added 2 h post-infection or plasmids transfection; MG132
(20 pM; HZB2119-5, Harveybio), BFA (200 nM; S7046, Selleck) and niclosamide
(50 pM; S3030, Selleck) were added 6 h before cells were harvested. For the CHX
chase experiment, CHX (10 pgml~'; C7698, Sigma) were added 24 h post-plasmid
transfection. For the IFN-y/a and activation, cells were exposed to different
concentrations of IFN-y/a (Peprotech) for 12h for PSGLI mRNA quantification
and for 24 h for PSGL-1 protein quantification. For the measurement of the
HIV-1 life cycle, for positive controls, nevirapine (10 pgml~'; SML0097, Sigma)
or raltegravir (10 pM; CDS023737, Sigma) or T20 (1 pgml~'; NIH AIDS Reagents
Program) were added 2 h prior to the infection.

BlaM assay. Vpr-BlaM NL4-3 was produced as previously described”. For
infection of Jurkat-E6.1 cells, 2 x 10° Jurkat cells in each well of 12-well plates
were incubated with the NL4-3 virus for 2h at 37°C. The cells were washed
twice with PBS and then 0.5ml 1x CCF4-AM dye solution (K1095, Life
Technologies) in phenol-free DMEM/HEPES/2% FBS was added to the cells.
The cells were incubated at 11 °C overnight, then washed twice with PBS, fixed
in 2% paraformaldehyde in PBS for 20 min in the dark and analysed on a Becton
Dickinson LSR Fortessa flow cytometer (fluorescence channels: Pacific Blue

and AmCyan).

Confocal microscopy. For HIV p24 immunofluorescence staining, 6 x 10° MAGI
cells were seeded into each well of 96-well plates. Forty-eight hours after infection,
the cells were fixed in 4% paraformaldehyde in PBS, permeated in 0.2% Triton
X-100 and stained with p24 antibody (mAB-183 for the NIH AIDS Reagents
Repository) overnight at 4°C. The cells were washed twice with PBS and then
stained with Alexa Fluor 488 goat anti-mouse IgG (H+L) at room temperature in
the dark for 1h. The cells were finally stained with DAPI (1 ugml™') in the dark for
10min and analysed on an ArrayScan VTI 700 (Thermo Scientific). For the Vpu-
PSGL-1 colocalization experiment, cells were fixed 16 h post-infection and stained
and imaged as described above.

Real-time PCR amplification. Quantitative real-time PCR analyses of the
following genes were carried out with the SYBR qPCR enzyme (Q311-02, Vazyme)
and data were analysed by the Bio-Rad CFX96 system. The primer sets were as
follows:

PSGLI forward primer: 5'-TCCTCCTGTTGCTGATCCTACTG-3';

PSGLI reverse primer: 5'-TACTCATATTCGGTGGCCTGTCT-3;

STAT1 forward primer: 5'-CAGCTTGACTCAAAATTCCTGGA-3;

STAT1I reverse primer: 5'-TGAAGATTACGCTTGCTTTTCCT-3".

A3G forward primer: 5'-GCATCGTGACCAGGAGTATGA-3';

A3G reverse primer: 5'-GTCAGGGTAACCTTCGGGT-3';

HMMR forward primer: 5'-ATGATGGCTAAGCAAGAAGGC-3;

HMMR reverse primer: 5'-TTTCCCTTGAGACTCTTCGAGA-3';

TCF7 forward primer: 5'-AGAAACGAATCAAAACAGCTCCT-3;

TCF7 reverse primer: 5'-CGGGATTTGTCTCGGAAACTT-3';

SPN forward primer: 5'-CTGTCTTCGTTAGCTGCCTG-3;

SPN reverse primer: 5'-GCTCCTGACCACAGCAAGATAC-3;

KIF11 forward primer: 5'-TCCCTTGGCTGGTATAATTCCA-3';

KIF11 reverse primer: 5'-GTTACGGGGATCATCAAACATCT-3;
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PPP2R5A forward primer: 5'-TGCTAACATCTTCCGTACACTTC-3;

PPP2R5A reverse primer: 5'-CCTCAAGCGTGGGTTCATCC-3';

PPP2R5D forward primer: 5'-ACTTCGTGTCAGACCCACTCA-3';

PPP2R5D reverse primer: 5'-CTCAGGGTAAATGGCCTCAGT-3;

CD25 forward primer: 5'-GTGGGGACTGCTCACGTTC-3';

CD25 reverse primer: 5'-CCCGCTTTTTATTCTGCGGAA-3;

CD38 forward primer: 5'-CAACTCTGTCTTGGCGTCAGT-3';

CD38 reverse primer: 5'-CCCATACACTTTGGCAGTCTACA-3'.

For the quantification of early reverse transcription products, the following
primers were used. The amplifications were carried out with the SYBR-Green
qPCR enzyme (Q311-02, Vazyme) and data were analysed by the Bio-Rad CFX96
system. The sample preparations were performed following published protocol*.

Early reverse transcription forward primer:
5'-GGCTAACTAGGGAACCCACTG-3;

Early reverse transcription reverse primer:
5'-GCTAGAGATTTTCCACACTGACTAA-3'.

For the measurement of viral late reverse transcription products and 2-LTR
circles, the following primers were used for a TagMan gRT-PCR protocol*’:

Late reverse transcription forward primer:
5-TGTGTGCCCGTCTGTTGTGT-3';

Late reverse transcription reverse primer:
5'-GAGTCCTGCGTCGAGAGAGC-3';

Late reverse transcription probe: 5'-(FAM)-
CAGTGGCGCCCGAACAGGGA-3'".

2-LTR forward primer: 5'-AACTAGGGAACCCACTGCTTAAG-3';

2-LTR reverse primer: 5'-TCCACAGATCAAGGATATCTTGTC-3';

2-LTR probe: 5'-(FAM)-ACACTACTTGAAGCACTCAAG-3'.

Mitochondrial forward primer: 5'-ACC-CACTCCCTCTTAGCCAATATT-3';

Mitochondrial reverse primer: 5'-GTAGGGCTAGGCCCACCG-3';

Mitochondrial probe: 5'-(TET)CTAGTCTTTGCCGCCTGCGAAGCA(TA
MRA)-3'".

For the Alu qPCR, the first round of PCR was performed using:

Alu forward primer: 5'-GCCTCCCAAAGTGCTGGGATTACAG-3' and

HIV gag reverse primer: 5'-GTTCCTGCTATGTCACTTCC-3'.

Then dilute the PCR products 100-200 folds to perform a second round of
qPCR using:

LTR(R) forward primer: 5'-TTAAGCCTCAATAAAGCTTGCC-3';

LTR (U5) reverse primer: 5'-GTTCGGGCGCCACTGCTAGA-3’ and

Alu probes: 5'-FAM-CCAGAGTCACACAACAGACGGGCACA-TAMRA-3'.

P24 ELISA. Cells (2 X 10°) were seeded onto a 24-well plate and infected with
HIV-IIIB, NL4-3 or NL4-3 delVpu for 6 h, then washed twice. The supernatant
was collected for the measurement of p24 after 48 h or 72 h using a commercial
p24 ELISA kit (Sinobiological). For the virus packaged by 293T cells in a 12-
well plate, cells were transfected with 1 pg pNL4-3 or pNL4-3 delVpu proviral
plasmids and different doses of plasmids expressing PSGL-1 or tetherin. Eight
hours post-transfection, cells were washed twice and the medium was replaced.
Forty-eight hours post-transfection, the supernatant was collected for p24
measurement.

HIV virion fractionation. 293T cells in 15cm? were co-transfected with 10 pg
pNL4-3 or pNL4-3 delVpu and 1 pg PSGL-1 expressing vector or an empty
vector as control. Virion-particle-containing supernatants were harvested at 48h
post-co-transfection and filtered through a 0.45-pm filter. Filtered supernatants
were concentrated by ultracentrifuged at 100,000 for 2h and virion pellets were
resuspended in PBS. Opti-prep gradients (D1556, Sigma) were prepared in 1.2%

increments from 6% to 18%. Virions were placed onto the top of gradient fractions

and centrifuged for 2h at 250,000¢ in a SW41 Ti rotor (Beckman). Gradient

fractions were collected from the top of the gradient (1 ml for 1 fraction) and then

precipitated with tricholoroacetic acid (T4885, Sigma) and pre-chilling acetone,
resuspended in 1X loading dye and analysed by western blotting.

Electron microscopy. The APEX2 expressing plasmid was provided by Peng Zou
(Peking University). APEX2 constructs were transfected into 293T cells with the

HIV proviral plasmids pNL4-3 or pNL4-3 delVpu. The electron microscopy sample

preparation were following published protocol®. Briefly, cells were fixed with 2%

(v/v) glutatraldehyde for 60 min and then incubated with 20 mM glycine for 5min.
After that, cells were kept in a fresh solution containing 1x DAB (0.5 mgml™) and

10 mM H,0, for 30 min. The following incubation time of OsO, was shortened
to 10 min from the published protocol to avoid the APEX2 signals being affected
by the OsO, signals. Images were obtained using a Hitachi transmission electron
microscope at 80kV.

Statistical analysis. All experiments have been repeated at least three times unless

otherwise specified. All of the bar graphs are shown with the mean + standard
deviations. Unpaired, two-tailed ¢-test was used to calculate the P value unless
otherwise specified. The significance (P value) of the overlaps between multiple
gene sets was calculated based on the hypergeometric distribution by performing
statistical software R with the function named ‘phyper’.

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

Code availability
The computational code used in this study is available from the corresponding
authors upon request.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. The raw proteomic data have been uploaded
to the ProteomeXchange data repository with the ID number: PXD011233.
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