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An HIV-1 CRISPR-Cas? membrane trafficking
screen reveals a role for PICALM intersecting
endolysosomes and immunity

Paola Guizar,"? Ana Luiza Abdalla,’? Anne Monette,’ Kristin Davis,'? Ramon Edwin Caballero,?* Meijuan Niu,’
Xinyun Liu,® Oluwaseun Ajibola,® Thomas T. Murooka,>* Chen Liang,"?> and Andrew J. Mouland'->7.*

SUMMARY

HIV-1 hijacks host proteins involved in membrane trafficking, endocytosis, and autophagy that are critical
for virus replication. Molecular details are lacking but are essential to inform on the development of alter-
native antiviral strategies. Despite their potential as clinical targets, only a few membrane trafficking pro-
teins have been functionally characterized in HIV-1 replication. To further elucidate roles in HIV-1 replica-
tion, we performed a CRISPR-Cas? screen on 140 membrane trafficking proteins. We identified
phosphatidylinositol-binding clathrin assembly protein (PICALM) that influences not only infection dy-
namics but also CD4" SupT1 biology. The knockout (KO) of PICALM inhibited viral entry. In CD4"
SupT1 T cells, KO cells exhibited defects in intracellular trafficking and increased abundance of intracel-
lular Gag and significant alterations in autophagy, immune checkpoint PD-1 levels, and differentiation
markers. Thus, PICALM modulates a variety of pathways that ultimately affect HIV-1 replication, under-
scoring the potential of PICALM as a future target to control HIV-1.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) infects 1.5 million people per year and represents a prominent global threat despite progress
made with prevention and combined antiretroviral drug therapies (UNAIDS). Further research toward the development of new strategies and
therapeutic approaches remains a high priority. Considering that HIV-1 and other viruses are obligatory intracellular pathogens, host factors
are usurped and are critical for all stages of their replication cycles. HIV-1 replication hijacks various components of membrane trafficking
pathways, including several Rab proteins implicated in virion budding.'™ Interplay of HIV-1 with autophagic and lysosomal trafficking path-
ways has also been demonstrated, with HIV-1 negatively modulating autophagic flux by counteracting trafficking and the acidification of late
endosomes and lysosomes to block their fusion with autophagosomes.® These findings underscore that HIV-1 has evolved to reprogram intra-
cellular host membrane trafficking proteins to facilitate infection, but the complete network of host proteins and their mechanisms of action
during HIV-1 replication are unknown. Elucidating host networks and performing functional characterization of key proteins will contribute to
our understanding of HIV-1 replication dynamics and provide new antiviral therapeutic targets.

The recent development of the ingenious clustered regularly interspaced short palindromic repeats (CRISPR) system has revolutionized
research.”” CRISPR-associated protein 9 (Cas9) screens are indeed more robust and specific than shRNA screens,'’ and have recently
been used to identify novel host factors required for viral replication.”’ ' In this study, we applied a CRISPR-Cas9 screen targeting 140 mem-
brane trafficking proteins to identify those that are essential for HIV-1 replication, and performed validation studies of several candidate pro-
teins by generating stable knockout (KO) cell lines to elucidate their roles in HIV-1 replication.

Among other proteins of interest, the screen identified phosphatidylinositol-binding clathrin assembly protein (PICALM; CALM, clathrin
assembly lymphoid myeloid leukemia protein) as pertinent for HIV-1 infection of CD4" T cells. The PICALM gene encodes the PICALM pro-
tein, which is one of the three most abundant proteins of clathrin-coated vesicles,'” and critical in mediating clathrin-mediated endocytosis
through their binding to clathrin-coated vesicles in order to regulate their size, maturation and endocytic rates at the plasma membrane.'>"’
The interaction of complex mammalian membrane trafficking protein networks with numerous other diverging cellular pathways positions
PICALM as an important regulator of macroautophagy. Decreased PICALM expression in neurodegenerative diseases is the most significant
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Figure 1. Viability and viral infectivity of 140 membrane trafficking CRISPR screen KO cells

(A) Schematic representation of the arrayed CRISPR screen protocol, where negative control uses a non-targeting control crRNA (NTC). The 140 gene crRNA
library was transfected into TZM-b|-Cas? cells at a 1:1 ratio with the respective tracrRNA.

(B-E) Flow cytometry was used to assess cellular viability of the CRISPR genetically edited cells three days following transfection, with gating strategy involving (B),
forward and side scatter (FSC-A vs. SSC-A) to identify cells, followed by (C), forward area versus height (FSC-A vs. FSC-H) to differentiate singlets from doublets,
then (D), a live/dead amine-binding kit, also demonstrated here via histogram function (E).

(F) Cellular viability of individual CRISPR-edited gene screen KOs is represented as a percentage of single live cells to total single cell population (top), with gene
legend (bottom), with KOs having lower than 60% cellular viability boxed at bottom right corner.

(G) Representative bar graph demonstrating average fold-change in viral infectivity from three independent CRISPR screen knockout replicate experiments
infected with NL4.3 as measured by TZM-bl luciferase assay, with dotted line added as cut-off value relative to effect of non-targeting control (NTC, black
bar). The error bars including that of the NTC represent standard deviation (+SD) calculated from the inter-assay variance.

geneticrisk factor for Alzheimer's disease, where PICALM deregulates autophagic flux by increasing autophagosomes and an associated hin-
drance in autophagosome-lysosome fusion.'®® PICALM is recognized for its involvement in immune functions, including the regulation of
pro-inflammatory TLR4 signaling,” and has been implicated in the replication of herpes simplex viruses and enteroviruses.”””°

In this work, we show that CRISPR-mediated PICALM KO leads to impaired HIV-1 entry in CD4" SupT1 cells, providing evidence that entry
of HIV-T into T cells also occurs via clathrin-mediated endocytosis. PICALM KO CD4" SupT1 T cells also showed an increased autophagic flux
resulting in increased HIV-1 Gag expression, increased productive infection, and altered PD-1 expression that led to a highly active and pro-

liferative state.

RESULTS
CRISPR screen of membrane trafficking genes reveals HIV-1 modulators

CRISPR genetic screens have greatly improved discovery efforts aimed at uncovering essential host factors required for HIV-1 replication.
Several studies have focused on identifying new host dependency factors (HDFs) that maintain viral latency,”’*° while others have identified
factors involved in viral integration processes.’' ~** However, a CRISPR screen specifically focused on identifying new HDFs involved in mem-
brane trafficking pathway has yet to be reported.

To uncover membrane trafficking pathway HDFs that may serve critical roles in HIV-1 replication, we performed an arrayed KO screen on a
library of 140 membrane trafficking genes in CD4" Hela-derived TZMbl-Cas9 cells (Table S1). The Protein Analysis Through Evolutionary Re-
lationships (PANTHER) gene ontology (GO) tool was used to perform enrichment analysis of the gene set to classify them into subgroups with
diverse molecular functionalities in membrane trafficking, where it mostly identified proteins with catalytic functions (40%; e.g., Rab GTPases),
binding functions (39%; e.g., clathrin adaptors), and those involved in cytoskeletal maintenance and actin remodeling (10%) (Figure S5C).

The well-established TZM-bl cell line was chosen as the parental cell line for our functional CRISPR screen due to its amenability to trans-
fection, permissibility to HIV-1 infection, and integration of the Tat-responsive LTR-driven luciferase cassette that permits quantitative mea-
sures of HIV-1 infectivity in relative light units (RLUs). TZM-bl cells were made to constitutively and stably express the Cas? endonuclease using
the lentiCas9-Blast lentiviral vector containing wild-type (WT) C-terminal FLAG-tagged Streptococcus pyogenes Cas? protein and conferring
blasticidin resistance (Figure STA). Western blots from lentiCas9-Blast transduction titrations confirmed volumes providing optimum Cas9
expression (Figures S1B and S1C), and confirmed homogeneous population of Cas9-positive cells (99.6%) (Figure S1D), herein designated
as the TZM-bl-Cas? cell line used for the CRISPR screen.

To ensure that the Cas9 endonuclease in TZM-bl-Cas9 cells could effectively target and cleave the correct genomic targets, we designed a
sgRNA (i.e., sgLTR362) targeting the highly conserved NF-kB binding site of the HIV-1 LTR in TZM-bl cells, which is required for provirus tran-
scription and expression of the luciferase gene cassette. The sgLTR362 was cloned within the lentiGuide-Puro vector (Figure S2A), which was
then transduced into TZM-bl-Cas? cells which were then infected with NL4.3 virus. This resulted in 20-fold decrease (p < 0.0001) in luciferase
expression by TZM-bl-Cas9 cells (Figures S2B and S2C), validating both the presence and functionality of the Cas? protein in TZM-bl-Cas9
cells.

We performed three independent arrayed CRISPR screens in the TZM-bl-Cas9 cells using the 140 membrane trafficking gene library to
uncover genes that may be essential to HIV-1 replication (Figure 1A; Table S1). The crRNA library was transfected into the TZM-bl-Cas? cells
at a 1:1 ratio with the respective tracrRNA, and a non-targeting crRNA was used as a negative control. TZM-bl-Cas9 cells were assessed for
viability four days post crRNA transfection using flow cytometry, with 70% of targets displaying >75% cellular viability following gene pertur-
bation (Figures 1B-1F) relative to ~90% for non-transfected and non-targeting controls crRNA transfected cells. The seven gene targets iden-
tified as detrimental to cellular viability (i.e., <60%) were excluded from subsequent experiments (Figure 1F).

CRISPR-Cas? gene edited cells were infected with purified HIV-1 NL4.3 virus (MOI 1) followed by measures of cell viability, viral infectivity
and HIV-1 production 48 h later from cell lysates and supernatants using the TZM-bl luciferase and p24 antigen enzyme-linked immunosor-
bent assays, respectively (Table S2). To ensure that the luciferase assay was compliant with the TZM-bl-Cas9 cells and with the sgRNAs, we
compared measures with WT TZM-bl cells, non-transfected, mock transfected (i.e., transfection reagent only) and non-targeting controls and
found no differences (Figures S3A and S3B). Satisfied with these controls, three independent sgRNA screens identified 10 genes that, when
knocked out, resulted in a greater than 2-fold decrease in infectivity compared to non-targeting controls (Figures 1G and S3C). A 2-fold
threshold was chosen as a criterion to determine biological relevance in the context of HIV-1 infectivity as it is often used to represent a mean-
ingful change in gene expression analysis.‘m'35 These genes were AP2B1(0.28-fold), SYT2 (0.32-fold), ERC1 (0.33-fold), MAPK8IP2 (0.36-fold),
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PICALM (0.37-fold), VAPB (0.37-fold), VAMP2 (0.38-fold), PACSIN3 (0.38-fold), ACTR2 (0.39-fold) and CLTA (0.42-fold), suggesting that these
ten genes are essential for the early stages of HIV-1 replication.

To supplement viral infectivity data, virus production from CRISPR screen KO cells was also quantified using a p24 ELISA assay on cell-free
supernatants. We found that numerous CRISPR screen KOs significantly affected virus production compared to the non-targeting control
(Figures S4AA-SAC). Interestingly, the VPS36 (EAP45) gene KO consistently exhibited >2-fold decrease in virus production (Figure S4C), impli-
cating key functions in the later stages of HIV-1 replication, confirming our earlier work.*

CRISPR screen hits regulate clathrin-mediated endocytosis and autophagy

The ten genes identified by the KO screen as HDFs were analyzed using the Search Tool for the Retrieval of Interacting Genes (STRING)
and Cytoscape software, permitting visualization of protein-protein interaction networks. The overwhelming majority of these (8/10) are
well-known cofactors of clathrin-mediated endocytosis (Figure S5A), highlighting the importance of this endocytic pathway during HIV-1 repli-
cation which we speculate facilitates viral entry (Figure S5B). While CLTA (i.e., clathrin light chain A) represents another gene involved in
clathrin-mediated endocytosis, and its KO also showed an effect on HIV-1 infectivity (Figure 1G), it was not pursued further since CLTA
has been previously characterized for the early stages of HIV-1 replication,” but homozygous CLTA KO mice are frequently non-viable.*®

Unlike many other enveloped RNA viruses, HIV-1 entry has been shown to be pH-independent, rather relying on direct hemi-fusion with
the plasma membrane to access the cytoplasm.®” Nonetheless, several lines of evidence support that in certain cell types, HIV-1 may also
require endocytic support for cellular entry. Indeed, HIV-1 engages in vesicular-mediated endocytosis in macrophages’®"" and in
T cells."*** The precise mechanisms by which HIV-1 is endocytosed remain controversial as it is still unclear which host factors are involved
in this process. Our KO screen results broaden our knowledge of how clathrin cofactors may contribute to this mechanism, revealing a cluster
of ten genes that may jointly contribute to clathrin-mediated endocytosis (Figure S5B). Our results imply that HIV-1 may depend on the co-
ordinated actions of all these gene products, such that the depletion of any one of these may significantly interfere with this entire pathway.
There is however accumulating evidence that some of these proteins also mediate non-endocytic effects that can regulate cellular functions
linked to membrane biology, including autophagy.”” It has been observed that the inhibition of clathrin-mediated internalization affects the
formation of mature autophagosomes since the plasma membrane directly contributes to the formation of early VAMP2-positive autopha-
gosome precursors.*” In addition, it is well established that as one of the three main proteins of mammalian endocytic clathrin coated vesicles
(CCVs) (i.e., clathrin, AP2, and PICALM), PICALM modulates the autophagic degradation of the Tau protein causatively linked to Alzheimer's
disease.'””" Indeed, the downregulation of PICALM has been observed to affect autophagosome degradation resulting in a larger number of
autophagosomes as represented by increased LC3B-Il expression.'®

PICALM intersects with several stages of HIV-1 replication

To validate and explore the effects of the CRISPR KO screen hits in the context of HIV-1 replication, we genetically altered the gene hitsin a
CD4" SupT1 T lymphobilastic cell line, a more biologically relevant model. SupT1 T cells resemble T cells phenotypically,”’ display similar
mechanisms of cell-free HIV-1 entry to that found for primary CD4" T cells,*® and are widely used to model HIV-1 latency and HTLV-1 infec-
tion.” " Since CRISPR-Cas9-mediated KO of AP2B1, ERC1, SYT2, MAPKS8IP2, ACTR2 and VAPB resulted in non-viable cells, these proteins
were not pursued for further study. Selective KO of VAMP2, PACSIN3 and PICALM did result in viable cells, with protein expression levels
confirmed by western blotting (Figure S5D). The VAMP2 and PACSIN3 proteins were represented by single bands in western blots, while
WT SupT1 cells provided three detectable PICALM protein bands. Indeed, while four PICALM isoforms have been identified (i.e., isoforms
1-4: NCBI RefSeq: NP_009097.2, NP_001008660.1, NP_001193875.1 and NP_001193876.1, respectively),23 we were only able to detect two
of these in SupT1 cells (Figure S5D), with the top, 71 kDa band representing isoform 1, and the lower, 66 kDa band representing isoform
2. PICALM isoforms were successfully knocked out by the CRISPR sgRNAs (Figure S5D).

The VAMP2, PACSIN3 and PICALM proteins are known to play roles in membrane trafficking'”**~* and autophagy, '® the latter involved in
eliminating molecules and subcellular elements via lysosome-mediated degradation to promote cellular homeostasis and survival.>® We next
examined whether modulation of autophagy pathways contributed to observed reduction in HIV-1 replication. At the initial steps of autopha-
gosome formation, the microtubule-associated protein 1 light chain 3 (MAP1LC3; LC3B-l) is cleaved and lipidated to generate LC3B-II,>°
which initiates autophagy with autophagosome formation. Autophagosome maturation involves their transformation into degradative auto-
lysosomes through their fusion with lysosomal-associated membrane protein 1 (LAMP1; CD107a) positive lysosomes.”” Although prior studies
have shown elevated expression of LC3B-Il in HIV-1-infected primary CD4" T cells,”®*” it has also been observed that HIV-1 inhibits autopha-
gosome maturation, thereby impeding the targeting and degradation of viral proteins.®%?

To assess the impacts of these KOs on virus expression, we performed immunofluorescence (IF) for HIV-1 Gag and fluorescence in situ
hybridization to visualize the full-length VRNA®® in WT, VAMP2, PACSIN3 and PICALM KO HIV-1 infected cells. Additionally, we performed
IF for LC3B-Il and LAMP1 expression to examine their effects on autophagy. An elevation of LC3B-Il would indicate increased autophagosome
formation, while heightened colocalization with LAMP1 would suggest enhanced autophagosome-lysosome fusion or autophagy. Visualiza-
tion of only LC3B-Il using an antibody that also recognizes cytosolic LC3B-I was made possible by treating cells with saponin to deplete the
latter, leaving behind only membrane-bound LC3B-I1.%* Here, we observed that while all three KOs had effects on the expression of endo-
somal proteins (e.g., increased LAMP1 and LAMP1-LC3B-II colocalization by PACSIN3 KO), the PICALM KO cells displayed the most inter-
esting phenotype. While there was no difference in vVRNA expression, PICALM KO cells led to a striking increase in both LC3B-Il expression
(p < 0.0001) and Gag expression (p < 0.0001) and increased LC3B-II-Gag colocalization, in addition to reduced colocalization of LAMP1 and

4 iScience 27, 110131, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

A [ LC3B-Il

Gag VRNA Gag
merge  LC3B-l VRNA  NL3CB-Il NL3CB-II NVRNA 80007 mem 4000
4500 3000

wWT ; . 5 £ 4000 £ 2000
,.j : ; & = s
— 3500 1000

o - =

LAMP1 NLc3B-Ii

1-1-1-*

3000 0
PACSIN3 WT  PACSIN3 PICALM VAMP2 WIT PACSIN3 PICALM VAMP2
KO KO KO KO KO KO KO
LAMP1 LC3B-IINGag
10000 - 600+ n
PICALM 80004 5001
KO _ 400+
it
= 6000+ E 3004
4000 2004 é
a2 = = D =
KO 2000 T T T T 0 T
WT  PACSIN3 PICALM VAMP2 WT  PACSIN3 PICALM VAWMP2
KO KO KO KO KO KO
Ga LC3B-IINVRNA
L3CB-Il _ Gag - 1500+ . 9 500 o

B merge LAMP1 LC3B-l  Gag [(NLAMP1 NLAMP1 55 i
— 10004 S 3004 % ﬁ
§750 ‘-‘-200 El

1= = =
5004 % 1004

MFI

250 r 0 T
WT PACSIN3 PICALM VAMP2 WT PACSIN3 PICALM VAMP2
KO KO KO KO Ko KO
VRNA GagﬂvRNA
12004 250+
1
1000 I | S 200
— 8004 — 1504 ?
L w
w%%éﬁw%é%
400 50
200 T T T T 0 T
WT PACSIN3 PICALM VAMP2 WT PACSINS PICALM VAMP2
KO KO KO KO KO KO

PICALM VAMP2 PACSIN3
D wr KO KO KO E a
NL4-3 — + — + — + — + 2500 * 150 .
- @ e e |P55 < 2000 -
N ) ——
] T = 100
= L pat = 1500 >
3 2 s
2 1000 3 50
— — — — p24 ® 500 '_~I—_‘ Q
-----—{aﬁ-actin 0 = T T i_ o4 - - .
wr PACSIN3  PICALM  VAMP2 wT PACSIN3 PICALM  VAMP2
KO KO KO KO KO KO

Figure 2. PICALM KO increases expression and colocalization of virus and autophagy proteins, can produces more virus, but have diminished infection
rates

(A and B) KO cell lines were infected with WT NL4-3 provirus (MOl = 5; n = 3) for 48 h. Cells were treated with 0.1% saponin to deplete LC3B-I from cells. Cells were
collected for FISH analysis for the HIV-1 vRNA and immunofluorescence for HIV-1 Gag protein and host proteins LC3B-Il and LAMP1.

(C) Corresponding boxplots demonstrate that PACSIN3 KO caused increased LAMP1 and its colocalization with LC3B-II. LC3B-II colocalization with the vVRNA is
also increased in PACSIN3 KO. PICALM KO caused increased LC3B-Il expression, increased Gag expression, along with increased LC3B-Il colocalization with
Gag. VAMP2 KO caused increased LAMP1, and increased colocalization between LC3-Il and Gag, LC3B-Il and the vRNA, and Gag and the vVRNA. Note:
LAMP1TNLC3B-II colocalization in the PICALM KO is particularly low and is thus practically juxtaposing the x axis (2.33 + SD 2.06 MFI).

(D) Lysates were collected and immunoblotted for Gag p55 and p24.

(E) Bar graph from data in (D).

In parallel, culture supernatant was collected and (F) virus were determined by ELISA p24. One-Way ANOVA,; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Error bars from bar graphs indicate £SD. MFI, mean fluorescence intensity; %, percent; rel., relative; Ul, uninfected; Inf., infected. N, colocalization (i.e.,
intersection); KO, knock out; um, micrometer.

LC3B-II (Figures 2A-2C). Together, these data suggest that PICALM does not affect viral transcription but may play a role in regulating auto-
phagy during other stages of HIV-1 infection.

To confirm observations that PICALM KO increased Gag expression in T cells, we performed western blot analysis of cell lysates to demon-
strate significant increase in Gag expression (p < 0.01) (Figures 2D and 2E). This was further confirmed by increased p24 release into the culture
supernatant, indicative of increase viral production (Figure 2F; Figure S6C). Therefore, from these experiments, it was determined that
PICALM KO cells had the most striking effects on both HIV-1 infection and replication kinetics and was further pursued for the remainder
of this study.
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Figure 3. KOs alter virus entry and the expression of HIV-1 Gag and autophagy proteins LAMP1 and LC3B-II

(A and B) WT and PICALM KO cell lines were infected with WT NL4-3 or -heat-inactivated virus containing BlaM-Vpr (MOl = 1) for 2 h and virus fusion was
evaluated by the expression of cleaved CCF2 (acquired in Pacific blue channel, LSR Fortessa BD biosciences). (A) Representative dot plots and (B) bar graphs
of % of cells + for cleaved CCF2 (BlaM +).

(C and D) WT and PICALM KO cells were infected with NL4.3 for 48 h and CD4-BV421 expression were analyzed by Flow cytometry.

(E) Data representative of uninfected WT and PICALM KO stained for CXCR4 BB700. WT and PICALM KO were infected with NL4.3 for 48 h (MOI 5, n=3),and 2h
before harvesting, treated with BafA1 (100 nM), then collected for IF, coverslips were treated with 0.1% Saponin to deplete free cytoplasmic LC3BI, then stained
for Gag (AF488), LAMP1 (AF647), LC3B (AF594) and DAPI.

(F and G) Representative images and plotted data showing (H) LAMP1, (I) LC3B-Il expression, and (J) LAMP1 and LC3B-II colocalization. Relative values (%) were
calculated by setting WT values to 100%. um, micrometer; KO, knock out; N, colocalization (intersection); Ul, uninfected; Inf., infected. N, colocalization (i.e.,
intersection). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 1-way ANOVA, Tukey post-test.

PICALM KO supports enhanced HIV-1 replication by usurping the autophagy machinery

We initially identified PICALM as a protein important for the infection of cells by HIV-1 (Figure 1G), and further observed that its absence per-
turbed autophagy regulation (Figures 2A-2C), which resulted to the increased HIV-1 Gag expression in SupT1 cells (Figures 2D-2F). We next
hypothesized that SupT1 PICALM KO cells modulated virus uptake by inhibiting the cell membrane fusion of HIV-1 during infection. To test
this, we performed the B-lactamase (BlaM) activity assay,”” and show that PICALM KO cells displayed reduced viral fusion efficiencies
compared to WT cells (Figures 3A and 3B; Figures S6A and S6B). HIV-1 fusion/internalization is preceded by the critical step of HIV-1 envelope
glycoprotein (Env) binding to the CD4 T cell receptor and co-receptors, CXCR4 or CCR5.%° Since the CD4 glycoprotein is constantly internal-
ized via clathrin-mediated endocytosis and interaction with the complex adaptor protein 2 (AP2; known to interact with PICALM),®” and that
silencing of the clathrin heavy chain can inhibit CXCR4 internalization,’® we decided to use flow cytometry to examine cell surface CD4 and
CXCR4 expression. Despite the expected downregulation in CD4 expression by HIV-1 infection that prevents superinfection and promotes
virus budding,®” which served as an internal control for infection in these experiments (Figures 3C and 3D), we observed no perturbation on
the cell surface expression of these markers in PICALM KO cells compared to WT cells (Figures 3C-3E). These results suggest that PICALM
does not affect the internalization of these receptors and supports a role for PICALM/clathrin-mediated endocytosis in productive HIV-1 entry,
as shown previously in investigations demonstrating that HIV-1 co-opts clathrin adaptors to mediate entry into cells through CD4/co-recep-
tor-mediated endocytosis."*%"

We previously observed that PICALM KO cells displayed increased LC3B-II expression and reduced LC3B-II colocalization with LAMP1
(Figures 2A-2C). Colocalization of LC3B-Il and LAMP1 suggests autophagosome-lysosome fusion typically leading to the degradation of au-
tophagic targets, therefore, we speculated that PICALM KO might have a direct effect on autophagy, and consequently on HIV-1 infection. In
order to confirm this hypothesis, we used Bafilomycin A1 (Baf; Baf-A1), which is commonly used to evaluate autophagy flux. Baf-A1 inhibits the
H* vATPase to blunt autophagosome-lysosome acidification and thus degradation of its contents, which allows a more clear visualization of
autophagosome delivery to lysosomes and quantification of autophagic flux.”” Therefore, an increase in colocalization of LC3B-Il and LAMP1
upon Baf-A1 treatment suggests increased autophagy flux.

Thus, to evaluate further the role of PICALM in autophagy flux, we again infected WT and PICALM KO cells with NL4-3 virus and treated
cells with BafA1 for 2 h prior to fixation and LC3B-Il and LAMP1 staining for IF analyses. While a reduction in colocalization between LC3B-II
and LAMP1 was observed in control cells, (p < 0.0005) (Figures 3F=3l), Baf-A1 treatment revealed increased colocalization in PICALM-infected
cells relative to WT cells. This result suggests that there are more autophagosomes being delivered to lysosomes in cells lacking PICALM, and
may lower LAMP1 levels due to accelerated degradation of lysosomal contents. In summary, these data suggests that PICALM KO cells
exhibitincreased autophagy flux relative to WT cells and an increased colocalization of Gag and LC3B-Il and increased overall Gag expression
(Figure 2). These data provide a mechanistic link between viral replication and autophagy pathways in CD4*T cells.

PICALM KO induces an activated phenotype deficient in immune checkpoint PD-1

In culturing and expanding PICALM KO cells, we consistently observed that these cells appeared larger and proliferated more rapidly than the
WT and the other KO cells. To validate these observations, we used flow cytometry to analyze the expression of proliferation marker, Kié7,
which was found to be increased in PICALM KO cells (Figure 4A; Figure S6D). Since Ki67 is often used as an activation marker,”* we confirmed
these findings using additional activation markers.”* Indeed, early activation marker CD69 was also increased in PICALM KO cells indepen-
dent of HIV-1 infection (Figure 4B). PD-1 is also another molecule that is rapidly co-expressed and upregulated in conjunction with CD69,”> but
surprisingly it was found to be markedly decreased in both HIV-1 infected and uninfected PICALM KO cells (Figure 4C), and validated by a
different anti-PD-1 antibody (Figure 4D). As activated CD4" T cells secrete cytokines such interferon-gamma (IFN-v) involved in the PD-1/
PD(L)-1 axis, we found increased IFN-y expression in PICALM KO cells relative to WT cells (Figure 4E), a finding that is supported by reports
of opposing PD-1 and IFN-y expression in CD4"* T cells.””/

Next, because of PICALM's roles in endosomal pathways, we were curious to determine if the decreased levels of PD-1 were due to defects
in endosome recycling in PICALM KO cells. We thus analyzed the distribution of cell surface and intracellular PD-1 and other key molecules by
flow cytometry. Indeed, while PD-1 expression is decreased on PICALM KO cell surface, its expression levels are relatively unchanged within
whole cells (Figure 4F). While CD4"CD25" regulatory T cells (Tregs) are a population known to retain intracellular PD-1, we could rule this out
from observations that PICALM KO cells had significantly diminished CD25 expression, despite an expected increase in cell surface expres-
sion of this molecule as a result of HIV-1 infection’® (Figure 4G).
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Figure 4. PICALM KO causes increased cell proliferation and deregulates activation and PD-1 pathways

(A) SupT1 PICALM KO T cells were transfected with a ‘rescue’ plasmid to recover PICALM expression. SupT1 WT, PICALM KO T cells and KO PICALM expressing
T cells were evaluated by flow cytometry for expression of Ki67, demonstrating that PICALM cells have increased propensity to proliferate.

(B and C) WT and PICALM KO T cells were infected with WT NL4-3 virus (MOI = 5) for 48 h. Cells were analyzed for cell surface expression of PD-1 and CD69
expression flow cytometry, demonstrating that PICALM KO reduces expression of PD-1, and increases CD69, independently of virus infection.

(D) Flow cytometry was used to assess cell surface expression of PD-1 of PICALM KO cells using two different antibodies, validating that PICALM KO decreases
PD-1 expression.

(E) Flow cytometry was used to measure expression of INF-y of PICALM KO, demonstrating that PICALM KO increases INF-y expression.

(F-1) WT and PICALM KO T cells were infected with WT NL4-3 virus (MOI = 5) for 48 h. Cells were analyzed for both cell surface expression and overall cellular
expression of numerous immunological biomarkers using a cell permeabilization staining flow cytometry protocol. Bar graphs demonstrate that PICALM
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Figure 4. Continued

modulated expression of both PD-1 (F), CD25 (G), and TLR4 (H) is cell surface dependent. (I) CD4 was also analyzed by this assay, demonstrating that both cell
surface and whole cell CD4 are downregulated by HIV-1 infection, but that CD4 levels are unaffected by PICALM KO in either case. (A) Data represents the
percentage (%) of cells positive for Ki67. (B-) Data were calculated from MFI (mean fluorescence intensity) of respective marker and relative % is calculated by
setting wildtype uninfected (WT Ul) values to 100%. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 1-way ANOVA, Tukey post-test.

To reexamine the possibility that the PICALM KO modulates cell surface PD-1 through a defect in endocytosis, we examined the TLR4
receptor which is a known substrate for clathrin-mediated endocytosis,”” and whose internalization and signaling can be abolished by direct
inhibition of clathrin-mediated pathways.?” Indeed, we observed that TLR4 is maintained at the cell surface in PICALM KO cells and is upre-
gulated by HIV-1 infection as previously demonstrated®’ (Figure 4H), whereas CD4 is unaffected by the PICALM KO (Figure 4l). These results
suggest that PICALM KO cells may have impeded endocytic pathways maintaining a functional, activated, and proliferating phenotype.

PICALM KO cells exhibit increased productive HIV-1 infection and contrasting differentiation markers

We observed that PICALM KO led to increased Gag expression and virus production (Figures 2 and 3), while these cells also exhibited
increased activation and proliferation markers. Considering that the PD-1 pathway promotes control of chronic HIV-1 infection,®* we
queried whether decreased levels of PD-1 in PICALM KO cells would also be correlated with an increase of productive infection promoting
Gag expression and virus production. For this determination, we used a full-length dual fluorescent HIV-1 reporter system capable of quan-
tifying both productively and latently infected cells longitudinally. This reporter contains a Nef-Crimson fusion protein under the control of the
HIV-1 LTR promoter, and ZsGreen1 under the control of the mammalian EF1a promoter (called HIV Nef-CRIMZs; Figure 5A). To validate the
ability of the HIV Nef-CRIMZs to identify productively and latently infected cells, primary CD4" T cells were isolated, activated via TCR trig-
gering, expanded in culture for seven days, and then infected with HIV Nef-CRIMZs at an MOI of 0.1 in 3D collagen gels.®’ These cells were
analyzed five days later using flow cytometry, providing evidence of clearly distinguishable populations of both productively infected cells
(Nef-Crimson"ZsGreen1") or latently infected cells (Nef-Crimson™9ZsGreen1™). Importantly, both Env and Nef proteins of this construct
are functional, as extensive CD4 downregulation is observed in productively infected (p24hi), but not in latently infected (p24"°9), T cells
(Figure 5B).

Additionally, to confirm that the downregulation on PD-1 expression in the PICALM KO cells was not an off-target effect of CRISPR/Cas?,
the following experiments were performed comparing PICALM KO cells against a non-targeting control (NTC) stable cell line, created using
only the LentiCRISPRv2 empty vector and following the gating strategy denoted in Figure 5C. Indeed, infecting cells with the HIV-1 dual re-
porter provided evidence that PICALM KO cells showed a higher proportion of productively infected cells (Crimson*ZsGreen™) 48 h post
infection compared to the NTC cells (Figures 5D and 5E). As the dual reporter virus allows us to analyze latently and productively infected
cells (Figure 6A), PD-1 expression was evaluated in both populations. Interestingly, we observed that PD-1 expression was not downregulated
in productively infected cells to the same extent as those in uninfected and latently infected cells (Figures 6B and 6C). These results support
the notion that the PD-1 pathway is important to regulate HIV-1 expression and underscore a possible role of PICALM in this pathway.

Since the PD-1 pathway may also play a role in the differentiation and function of memory CD4* T cells,®® we next assessed expression
of common cell surface CD45RA, CD27 and CCR7 markers. PICALM KO cells lose their CD45RA™CD27~CCR7" Tgm-like phenotype
(Figures 6D and 6E) and displayed a marked downregulation of PD-1 expression compared to NTC cells (Figure 6F). These results provide
evidence that the downregulation of PD-1 in PICALM KO cells may also have a role in cell differentiation.

DISCUSSION

To successfully infect and replicate in target cells, HIV-1 must hijack host cellular proteins from several different cellular pathways including the
endocytic and autophagy/lysosomal degradation pathway.®%*#*%" However, the precise mechanisms remain unclear. In this study, we
demonstrate that PICALM, a component of both clathrin-mediated endocytosis and autophagy pathways'® plays an important role in
HIV-1 entry into CD4" T cells, and that it is also an important protein in the host response to HIV-1 infection. The absence of PICALM also
leads to the accumulation and release of HIV-1 viral Gag protein by infected cells and most astoundingly, it decreases the expression of
the immune checkpoint PD-1, eliciting a highly active state and possibly disturbing CD4" T cell differentiation.

An interesting finding is that PICALM regulates HIV-1 entry into CD4" T cells. As observed in the BlaM assays (Figures 3A and 3B), PICALM
KO cells are resistant to viral entry, and that this was independent of CD4 or CXCR4 expression (Figures 3C and 3D). Altogether, these results
provide new mechanistic insights into the alternative cell entry models of HIV-1, and supports earlier reports that demonstrate that HIV-1 entry
into CD4" T cells can occur via clathrin-mediated endocytosis.**”"

Infection of PICALM KO SupT1 cells displayed an accumulation of LC3B-Il puncta, and despite showing diminished colocalization with
LAMP1 positive organelles, the Baf-A1 treatment showed that PICALM KO cells have higher autophagic flux (Figures 3E-3l). Indeed, it
was previously observed that PICALM regulates autophagosome-lysosome fusion via the soluble NSF attachment protein receptor
(SNARE) Vesicle Associated Membrane Protein 8 (VAMPS).'é17:22 Additionally, we have observed that infected PICALM KO cells exhibit
increased Gag expression and virus release (Figures 2A-2F). These observations first appeared counterintuitive i.e., that PICALM KO cells
exhibited both higher Gag expression and increased autophagic flux. However, although high levels of colocalization of LC3B-Il and
LAMP1 were observed in PICALM KO cells, endosomal acidification and autophagy can still be inhibited due to the presence of Nef 244’
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Figure 5. PICALM KO increases productive infection

(A) Schematic of the HIV Nef-CRIMZs reporter construct used to assess latency, containing the WT NL4-3 HIV-1 genome, with HIV-1 Nef fused in frame with E2-
Crimson for the productive infection readout, followed by the ZsGreen reporter under the control of the EF1a promoter for a latent infection readout. Human
CD4+ T cells were isolated from PBMC, activated with Dynabeads CD3/CD28 antibody and infected with HIV Nef_CRIMZs with MOI 0.1 for 5 days.

(B) Representative dot plots of flow cytometry analyses demonstrating that the co-expression of Nef-Crimson and ZsGreen quantifies productive infection, with
concomitant CD4 downregulation and increased Gag expression, as compared to latent infection by only ZsGreen1 expression were CD4 is increased in
expression and Gag is decreased in expression.

(C) Flow cytometry gating strategy for infected SupT1 cells. Gating shows strategy in unstained samples. All SupT1 cells were selected and individualized by crossing
the singlets gate, viable cells were gated using fixable viability staining (FVS)-510 and Tem-like cells were visualized using (CDR45RA™) and (CCR7~CD27") gates.
Productively (ZsGreen"Nef-Crimson™) and latently (ZsGreen*Nef-Crimson’) infected populations were identified following gating of viable cells.
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Figure 5. Continued

(D and E) SupT1 NTC and PICALM KO cells were infected with HIV Nef-CRIMZs (MOI 1), Crimson and ZSGreen1 expression were evaluated 48 h post-infection by
flow cytometry, (D) Corresponding dot plots of data in (E) demonstrating that PICALM KO induces an increase in productive infection. (E) Quantification of latent
and productively-infected cells obtained by gating in ZsGreen*Crimson™~ and ZsGreen*Crimson™, respectively. Data shown is mean + SEM. Relative % is
calculated by setting uninfected non-targeting control (Ul NTC) values to 100%, ***p < 0.001; unpaired two-tailed t-test; %, percent; Ul, uninfected; Inf., infected.

Although a previous report showed that the autophagy machinery contributes to the expression of Gag in macrophages,” autophagy has
yet to be linked to Gag expression in CD4™ T cells. In our work, we observed increased colocalization of LC3B-Il and Gag in the absence of
PICALM (Figures 2A-2C and 3F=3l), supporting the possibility that autophagy could be exploited to favor Gag expression in PICALM KO
CD4* T cells. While lysosomal degradation induces the accumulation of Gag in endosomes and increased virus production,”’ the absence
of PICALM may nevertheless allow HIV-1 to use autophagosomal membranes as scaffolds for virion assembly, rather than being degraded
by them. Together, our observations indicate that PICALM likely counteracts HIV-1-mediated hijacking of the autophagy machinery to increase
viral load in CD4" T cells.
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Figure 6. PICALM KO cells exhibit low PD-1 levels and a modulated differentiation into Tgm-like cells

SupT1 NTC and PICALM KO cells were infected with HIV Nef-CRIMZs virus and were harvested 48 h post-infection.

(A) Dot plot representation of analyzed populations in (B and C). (B) Representative histograms of PD-1 expression in uninfected, latently- and productively-
infected cells. (C) Bar graph quantification of data shown in (B) demonstrating that PD-1 levels in PICALM KO cells are modulated and are differently
expressed in uninfected, productive and latently infected cells.

(D and E) CD45RA, CCR7 and CD27 were measured to determine that PICALM KO cells show a decreased Tg-like phenotype. Gating strategy was performed as
mentioned in Figure 5C, following the gating of viable cells, cells were gated on CD45Ra", then on CCR7-CD27~ as shown in panel (D). (E) Graphical
representation of data in (D) illustrating the frequency of Tgw-like cells.

(F) Quantification of PD-1 expression (MFI) in Tgy-like cells, showing that PICALM KO leads to lower levels of PD-1. Relative values (%) were calculated by setting
NTC values to 100%. Graphs show mean + SEM. ANOVA one-way, with Tukey post-test. *p < 0.05; **p < 0.001; ***p < 0.0001.
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We have also demonstrated that PICALM KO cells have deregulated PD-1 expression and possess an augmented proliferative and acti-
vated phenotype (Figures 4, 5, and 6). High PD-1 expression is generally associated with T cell exhaustion during cancer and chronic viral
infections, while a blockade increases T cell activation and proliferation. Therefore, inhibitors of this immune checkpoint have been proven
to help in both viral control and the treatment of more than 20 types of cancer.””"”> Recent studies have however demonstrated that the PD-1
pathway also plays a fundamental role in shaping effector and memory T cell responses.””’

Our work shows that PICALM KO cells have low PD-1 levels, and elevated proliferation marker Ki67, correlating with increased activation
and enhanced HIV-1 production as reflected in earlier observations.”?” A negative relationship between PD-1 and Ki67 has also been
observed for HIV-1 specific IFN-y—producing CD4" T cells'” (Figure 4A), and increased activation is also consistent with elevated TLR4 levels
in our PICALM KO cells (Figure 4H). Evidence shows that TLR4 promotes proliferation and survival of CD4" T cells, but it is also correlated to
central nervous system inflammation.'®' PICALM KO-mediated effects could be due to its involvement in both endocytosis and autophagy, '
or to decreased PD-1 expression.”” This observation leads to important considerations since the timing of a PD-1 blockade will determine
memory T cell responses during chronic viral infection.”’"'%* While it is not known how PD-1 is recycled to the plasma membrane, its internal-
ization and degradation can be blocked by the inhibition of clathrin-mediated endocytosis.'** Palmitoylation of PD-1 also promotes locali-
zation to recycling endosomes and prevents lysosome-dependent degradation.'”> Our observations that PICALM KO reduces cell surface
PD-1 but not whole cell levels of PD-1 (Figures 4C and 4F) suggest that PICALM may be involved in the presentation and/or recycling of
PD-1 from the cell surface.'”'% In support of this, it has been suggested that PD-1 is recycled through direct interaction with Rab11,'%
and that PICALM also guides intracellular trafficking of amyloid-B to Rab11* recycling endosomes.'”

PICALM KO cells led to consistently increased productive HIV-1 infection (Figures 5D and 5E) when assessed in an HIV-1 latency reporter
system, and consistent with our ELISA results (Figure 2F; Figure S6C). Although surface PD-1 expression levels were low in uninfected and
latent populations, productively infected cells displayed increased levels of PD-1 (Figures 6A-6C). This finding is in line with earlier reports
demonstrating that HIV-1 infection is associated with increased expression of PD-1.2*'" Our findings suggest that PICALM restricts the
PD-1 expression but it does not completely impair the PD-1 axis and that the functional PICALM pathway may intersect with HIV-1, thwarting
PD-1 overexpression.

Finally, PICALM KO cells exhibited diminished CD45RA™CD27 CCR7 expression 48 h post-infection compared to control
cells (Figures 6D and 6E), indicating reduction in the Tgp-like population. However, we would need to conduct further analyses to determine
the precise phenotype of the PICALM KO cells, since cell differentiation involves various factors such as cytokines, transcription factors, and
metabolic programs.'® Moreover, we observed that PICALM KO Tgy-like cells exhibited markedly lowered PD-1 expression compared to

85,109 we

NTC cells (Figure 6F). Since PD-1 signaling has a significant effect in modifying the transcriptome and function of T cell subsets,
believe that the change in differentiation markers could possibly be related to the change in PD-1 expression. Nevertheless, since the
PD-1 axis also regulates activation and function of T follicular helper cells (Tth) and polarized T helper 17 cells (Th17) cells,""? it would be inter-
esting to determine whether these cells are affected by PD-1 downregulation in the context of PICALM KO cells. The secretion of IFN-v is a key
signature of Tth and Th17 cells,""" which is consistent with our observation in PICALM KO cells (Figure 4E). Both Tth and Th17 are more sus-
ceptible to HIV-1 infection, potentially explaining why there is increased viral production in PICALM KO cells.

In summary, the endocytosis-related protein PICALM has pleiotropic effects on T cell biology and HIV-1 replication. The study of
PICALM KO cells has revealed functional links between endocytosis and other pathways, including pro-inflammatory responses and auto-
phagy. Our results highlight that the components of clathrin-mediated endocytosis also have non-endocytotic functions that influence
HIV-1 replication. Finally, our data suggest that the targeting of PICALM affects CD4" T cell health, increasing their proliferation, preser-
ving their activation status and possibly influencing cell differentiation while reducing PD-1 expression. Considering that the SupT1 is a
CD4*/CXCR4*/CCRS’ cell line is derived from a T cell lymphoblastic lymphoma''? which likely differs from primary T cells found in vivo,
it will be interesting to knock-out PICALM in primary CD4" T cells to confirm the observations made in this study. Further investigations on
the precise mechanisms are warranted, as this host protein may represent an interesting target that can benefit HIV-1 and cancer patients.
The anti-malaria drug artesunate has recently been shown to prevent amyloid-p pathology by upregulating PICALM at the blood-brain
barrier.'” Artesunate reverses immunosuppression,w“l possesses anti-viral activities against human cytomegalovirus, herpes viruses, hep-
atitis B and C viruses, and inhibits the replication of M- and T-tropic HIV-1."">"'® Considering that artesunate increases PICALM expression
and inhibits virus replication, it still remains unclear if PICALM is the target of this drug. Further investigation into the mechanistic target of
artesunate and its relation to PICALM functions may identify their utility as an antiviral therapy for HIV-1 infection.

Limitations of the study

The results of this study are largely derived from experimentation with the cell line, SupT1 that may limit interpretation in physiological con-
ditions. Furthermore, limitations might include the role of PICALM in HIV-1 infected primary CD4" T cells as well as the impact on various
primary HIV-1 isolates and transmitted founder viruses, that were not examined in the current manuscript.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-p24
Sheep anti-p17 polyclonal serum
Sheep anti-Digoxigenin-AP, Fab fragments

Donkey anti-Rabbit IgG (H + L)
Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor® 594

Donkey anti-Sheep IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor® 488

Donkey anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor® 647

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed, Alexa Fluor® 647

Donkey anti-Mouse IgG (H + L) Highly
Cross-Adsorbed, Alexa Fluor® 594

goat anti-mouse IgG (H + L) Polyclonal
Antibody (HRP (Horseradish Peroxidase))

goat anti-rabbit IgG (H + L) Polyclonal
Antibody (HRP (Horseradish Peroxidase))
APC-H7 Mouse Anti-Human CD27
BUV737 Mouse Anti-Human CD45RA
APC Mouse Anti-Human CCR7 (CD197)
BV421 Mouse Anti-Human CD4

BB700 Mouse Anti-Human CD279 (PD-1)

BUV395 Mouse Anti-Ki67

AF647 Mouse Anti-human CD279 (PD-1)
CD184 BB700 anti-human (CXCR4)
CD69 Monoclonal Antibody (H1.2F3), PE

Kié7

TLR4

BUV395 Mouse Anti-Human IFN-y

Recombinant Anti-PICALM antibody
Recombinant Anti-VAMP2 antibody
PACSIN3 Polyclonal Antibody

LC3B Antibody
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NIH AIDS Reference and Reagent Program

NIH AIDS Reference and Reagent Program

Sigma-Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Rockland Immunochemicals

Rockland Immunochemicals

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences
BD Biosciences
BD Biosciences

Invitrogen

BD Biosciences

BD Biosciences

BD Biosciences

Abcam
Abcam

Thermo Fisher Scientific

Cell Signaling

Cat# ARP-6521

Cat# 6123

Cat# 11093274910, RRID:AB_2734716
Cat# A-21207, RRID:AB_141637

Cat# A-11015, RRID:AB_2534082

Cat# A-31571,
RRID: AB_162542

Cat# A-31573,
RRID:AB_2536183

Cat# A-21203,
RRID:AB_141633

Cat# ROCK610-1319, RRID:AB_219659

Cat# ROCK611-1322, RRID:AB_219723

Cat# 560222
RRID:AB_1645474

Cat# 612846
RRID:AB_2738810

Cat# 566762
RRID:AB_2869854

Cat# 566907
RRID:AB_2739448

Cat# 566460
RRID:AB_2744348

Cat# 564071
Cat# 560838
Cat# 566553

Cat# 12-0691-82
RRID: AB_465732

Cat# 564071
RRID: AB_2738577

Cat# 564215
RRID: AB_2738674

Cat# 563563
RRID:AB_2738277

Cati#f ab172962
Cat# ab181869

Cat# PA5-83690
RRID:AB_2790843

Cat# 2775
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-LAMP1 antibody Abcam Cat# ab25630

Bacterial and virus strains

HIV-1 (NL4-3) NIH AIDS Reference and Reagent Program Cat# 114

HIV-1 Nef_CRIMZs This study

Biological samples

Peripheral blood mononuclear cells — Montreal Réseau SIDA MI - FRQS N/A

Peripheral blood mononuclear cells - Manitoba NetCad (Canadian Blood Service) N/A

Chemicals, peptides, and recombinant proteins

DMEM

RPMI 1640

Opti-MEM

FBS

Penicillin-streptomycin

JetPrime (PolyPlus)

D-PBS, 1X

EDTA-free Protease inhibitor tablets
Bradford protein assay

Pierce ECL Plus western blotting Substrate
DIG RNA Labeling Kit

DharmaFECT 1 Transfection Reagent
Puromycin

Poly-L-lysine solution

Fixable Viability Stain 510

Dynabeads™ Human T-Activator CD3/CD28
for T cell Expansion and Activation

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Wisent

Wisent

VWR

Wisent

Roche

BioRad

Thermo Fisher Scientific
Invitrogen
Dharmacon™

Invivogen
Sigma-Aldrich

BD Biosciences

Thermo Fisher Scientific

Cat# 11965-118
Cat# 11875-119
Cat# 31985070
Cat# 080-150
Cat# 450-201-EL
Cat# CA89129-924
Cat# 311-425-CL
Cat# 11873580001
Cat# 500-0006
Cat# 32132

Cat# 18033-019
Cat# T-2001-02
Cat# ant-pr-1

Cat# 25988-63-0
Cat# 564406

Cat# 11131D

Critical commercial assays

Human Edit-RTM - Membrane Trafficking
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit,
for 633 or 635 nm excitation

Dharmacon™

Thermo Fisher Scientific

Cat# GC-005505-01
Cat# L10119

LiveBLAzer™ FRET-B/G Loading Kit with CCF2-AM Thermo Fisher Scientific Cat #K1032
Experimental models: Cell lines

Hela (ATCC® CCL-2) American Type Culture Collection N/A
HEK293T/17 (ATCC® CRL-11268) American Type Culture Collection N/A
TZM-bl NIH AIDS Reference and Reagent Program Cat# 8129
SUP-T1 (ATCC® CRL-1942) American Type Culture Collection N/A
MAGI.CCR5 NIH AIDS Reagent Program Cat# 3522

Recombinant DNA

lentiCRISPRv2
pCMV-VSV-G
psPAX2

pNL4-3
pCMV4-BlaM-Vpr
Hi.fate
CALM-pmCherryN1

Sanjana et al., 2014""/

Stewart et al., 2003' "¢

Didier Trono Lab (unpublished)

NIH AIDS Reference and Reagent Program
Cavrois et al., 2002°¢

»I‘H?

Ratnapriya et al., 202
Taylor et al., 2011%"

Addgene Plasmid #52961
Addgene Plasmid #8454
Addgene Plasmid #12260
Cat# 114

Addgene Plasmid #21950

Addgene Plasmid #27691

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

5-TGC ACG CGT GGA GGG GGC GGT ATG Forward PCR primer This work
GAT AGC ACT GAG AAC G-3

5'-GCT ACC CGG GTC AGG GCA AGG Reverse PCR primer This work

CGG AGC CGG AGG CG-3'

Restriction Enzymes

Xmal NEB Cat# R0180S

Mlul NEB Cat# R0198S

Software and algorithms

Imaris Bitplane/Andor https://imaris.oxinst.com/packages
Volocity 6.3 Perkin Elmer https://www.perkinelmer.com

GraphPad v9 Prism

FlowJo

BD FACSDiva™ Software

FlowJo

BD Biosciences

https://www.graphpad.com/
scientific-software/prism
https://www.flowjo.com/solutions/flowjo
https://www.bdbiosciences.com/en-ca/
products/software/instrument-software/

bd-facsdiva-software

Cytoscape Cytoscape https://cytoscape.org/
Search Tool for the Retrieval of STRING https://string-db.org/
Interacting Genes (STRING)

Other

Leica DM16000B laser confocal microscope Leica N/A

WaveFX spinning disk confocal head Quorum Technologies N/A

Hamamatsu EM-CCD digjital N/A

camera Hamamatsu

LSM800 Confocal Microscope with Airyscan Zeiss N/A

DeNovix DS-11 FX Spectrophotometer/Fluorometer DeNovix N/A

4-chamber Lab-Tek®Il Chambered #1.5 VWR Cat# CA62406-165
German Coverglass System

12-well plates DIAMED Cat# DIATE610-3167
25 x 75 mm X 1 mm thick glass slides VWR Cat# 16004-300

18 mm @ No. 1 cover glasses VWR Cat# 28143-310

BD LSRFortessa™ Cell Analyzer
ID7000 Spectral Cell Analyzer

Anti-Mouse Ig, k/Negative Control
Compensation Particles Set

UltraComp eBeads™ Compensation Beads

BD Biosciences
Sony Biotechnology

BD Biosciences

Thermo Fisher Scientific

N/A
N/A
Cat# 552843

Cat# 01-3333-41

RESOURCES AVAILABILITY
Lead contact

Further information and request for reagents should be directed to and will be fulfilled by the lead contact, Andrew J. Mouland (andrew.

mouland@mcgill.ca).

Materials availability

Requests for materials and reagents should be addressed to the lead contact (andrew.mouland@mcgill.ca).
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Data and code availability

This paper does not report original code.

EXPERIMENTAL MODELS

Experimental model and study participant details

HEK293T and TZM-bl cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) (Life Technologies) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) and 1% penicillin and streptomycin (Invitrogen). TZM-bl cells (NIH AIDS Reagent Program, Cat #8129) are
a Hela-derived cell line expressing CD4, CCR5, and CXCR4, and have a luciferase gene cassette driven by the HIV-1 LTR. Human T cell Lym-
phoma SupT1 cells (SupT1 cells) (NIH AIDS Reagent Program, Cat# ARP-100) are derived from human T cell lymphoblast and express low
levels of CCR5 and high levels of CXCR4 co-receptors,'?’ and are grown in Roswell Park Memorial Institute (RPMI) (Life Technologies) medium
supplemented with L-glutamine (Sigma-Aldrich), 10% FBS and 1% penicillin and streptomycin. The knockouts were kept with RPMI + Puro-
mycin (2 pg/mL). All cell lines were maintained at 37°C and 5% CO,. Human CD4" T cell cells were isolated from the PBMC fraction of healthy
donors obtained from NetCAD (Canadian Blood Services), expanded in vitro using Dynabeads coated with anti-human CD3/CD28 antibody
(1:1, bead:cell ratio, Life Technologies Cat #11131D) in RPMI1640 supplemented with 10% FBS (VWR Seradigm Cat #1500-500), 2 mM
GlutaMAX (Gibco Cat #3050-061), T mM sodium pyruvate (Corning Cat #25-000-Cl) and 10 mM HEPES (Sigma-Aldrich Cat #H4034). All
work with human blood has been approved by the University of Manitoba Biomedical Research Ethics Board.

METHOD DETAILS

Generation of Cas9-expressing TZM-bl cell line

We used a lentiviral vector to deliver the Cas? nuclease to the TZM-bl cells. For that, we co-transfected HEK293T cells with the plasmids
LentiCas9-Blast (Addgene #52962), Indiana vesiculovirus G protein (VSV-G)'?! (Addgene #14888) and psPAX2 (Addgene #12260) using PEI
(Polysciences). Viral supernatants were collected at 48 h post-transfection and used to transduce TZM-bl with polybrene (Sigma-Aldrich). After
48 h, cells were subjected to the blasticidin selection. Different volumes of lentivirus were tested to determine the best transduction efficiency,
and we determined, by western blotting and Flow cytometry, that 300 pL was the optimum volume (viral titration was not done) to provide a
homogeneous population of Cas9-positive cells (99.6%) with low cellular toxicity.

Arrayed screen of membrane trafficking library and viral infectivity assay

The crRNA library consists of a panel of 140 human membrane trafficking genes (4 crRNAs per gene and 1 non-targeting control (NTC) crRNA)
in an arrayed 96-well plate format for one gene-per-well analysis (Dharmacon Edit-R crRNA Library, Cat #GC-005505-01). Each crRNA and the
associated tracrRNA were stored in 10 mM Tris-HCl buffer pH 7.4 (Dharmacon) at —20°C. TZM-bl-Cas9 cells were platted in 96 well plates (5%
10° cells/well in serum-free RPMI). The following day, cells were transfected with 20 pL of transfection mix, containing 25 nM crRNA and
tracrRNA (1:1), DharmaFECT 1 transfection reagent (Dharmacon) diluted in serum-free RPMI and then, incubated for 24 h at 37°C with 5%
CO,. After 24 h, the serum-free RPMI was changed to complete media.

Viral infectivity was evaluated by infecting the transfected-TZM-bl -cas? cells, after crRNA/tracrRNA transfection described above, with
NL4.3 (MOI 1) and evaluating the luciferase production. Briefly, cells were lysed, frozen at —80°C for 1 h, and then mixed with 1X Luciferase
substrate (1M KPOy4, Tm MgSO,, TM DTT, 100 mM ATP, 10x Luciferin) and activity was measured in relative light units (RLUs) using MicroBeta
TriLux luminescence counter (PerkinElmer).

Cellular viability determination

Cellular viability was determined at 72 h post-transfection of the crRNA library using the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit as
recommended by the manufacturer (ThermoFisher Scientific, Cat #L10119). Following the viability staining, cells were removed with Trypsin
and fixed with PFA 4% for 15 min at room temperature. Cells were stored in PBS at 4°C until analysis. Results and cell population statistics were
acquired on a BD LSRFortessa cell analyzer (BD Biosciences).

CRISPR editing of SupT1 cells

The gRNAs were cloned into the lentiCRISRPRvV2 vector (Addgene plasmid #52961), which expresses a mammalian codon-optimized
S. pyogenes Cas9 and confers resistance to puromycin. HEK293T cells were co-transfected with LentiCRISPRv2, "® VSV-G, and psPAX2 using
JetPRIME (Polyplus), as recommended by the manufacturer. Viral supernatants were harvested and filtered at 48 h post-transfection and used
to infect SupT1 cells by spinoculation (1800 rpm, 45 min, at room temperature). The empty LentiCRISPRv2 vector was used to generate the
non-targeting control (NTC) SUPT1 cell line. At 48 h post-infection, cells were expanded from a single-cell culture and positively selected with
2 ng/mL puromycin (Invitrogen) to generate monoclonal cell lines.

Western immunoblotting

Cells lysates were collected in NP40 lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40), protein concentration was
quantified by Bradford assay (Bio-Rad). Equal amounts of protein (20 ng) were separated by sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were blocked (5% milk TBST), incubated
with primary antibody overnight at 4°C, and 1 h with secondary HRP a-mouse or Rabbit (Rockland Immunochemicals), then developed using
Western Lightning Plus-ECL (PerkinElmer) and signal was acquired using ChemiDoc (BioRad). Signal intensities were analyzed by densitom-
etry using ImageJ software (NIH, Bethseda, USA).

HIV-1 NL4.3 and HIV Nef-CRIMZs viral stocks and infection

NL4.3 and HIV Nef-CRIMZs virus particles were produced by transfecting HEK293T cells with the HIV-1 NL4.3 or HIV Nef-CRIMZs + VSV-G (to
increase infectivity) provirus-encoding plasmid pNL4.3 using 1 uL/pg JetPrime. Supernatants were collected 48 h post-transfection, filtered
through a 0.45 um pore-sized filter (Pall Corporation). Virus was concentrated by ultra-centrifugation (20,000 rpm for 1 h at 4°C) and stored at
—80°C. The viral titer was quantified using the X-gal staining assay in TZM-bl indicator cells as described previously in the literature (67) and
used to determine the volume for the indicated multiplicity of infection.”

SupT1 cells expressing CXCR4 were infected with NL4.3, an X4- (CXCR4) tropic virus,'” or HIV Nef_CRIMZs by spinoculation (1,800 rpm for
45 min at room temperature), and incubated for extra 2.5 h and, then replenished with complete media. Cell and supernatants were collected
at the indicated time points.

HIV-1 viral fusion assay

HIV-1 particles containing B-lactamase-Vpr (BlaM-Vpr) chimera proteins were produced by co-transfecting HEK293T cells with HIV-1 NL4.3
provirus-encoding plasmid pNL4.3, and pCMV-BlaM-Vpr DNA® using PEI (Polysciences). Virus was collected after 48 h and concentrated as
described before. SupT1 cell lines were spinoculated with HIV-1 particles containing BlaM-Vpr. After a 2-h incubation at 37°C, the cells were
washed with COy-independent medium (Invitrogen) and incubated with 1X loading solution (CCF2/AM substrate, Invitrogen), for 1 h pro-
tected from light. After washing, cells were fixed with PFA 1% for 30 min. The levels of CCF2/AM and its cleaved products were measured
by flow cytometry.

Antibodies and fluorescent probes

Primary antibodies used were as follows: mouse anti-p24 (IF, 1:250; western blotting, 1:10,000; NIH AIDS ARRP); sheep anti-p17 polyclonal
serum (IF, 1:250; NIH AIDS ARRP), LC3B (IF, 1:250; Cell signaling technology, cat# 2775S), mouse anti-LAMP1 (IF, 1: 50; Abcam cat#
ab25630), sheep anti-Digoxigenin-AP, Fab fragments (IF, 1:250; Roche #11093274910). For IF, secondary antibodies used were as follows:
Donkey anti-Sheep IgG (H + L) Cross-Adsorbed, Alexa Fluor 488 (1:500; Invitrogen-Thermo Fisher Scientific #A-11015); Donkey anti-Rabbit
IgG (H + L) Highly Cross-Adsorbed, Alexa Fluor 594 (1:500; Invitrogen-Thermo Fisher Scientific #A-21207); Donkey anti-Mouse 1gG (H + L)
Highly Cross-Adsorbed, Alexa Fluor 647 (1:500; Invitrogen-Thermo Fisher Scientific #A-31571); Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed, Alexa Fluor 647 (1:500; Invitrogen-Thermo Fisher Scientific #A-31573); Donkey anti-Mouse 1gG (H + L) Highly Cross-
Adsorbed, Alexa Fluor 594 (1:500; Invitrogen-Thermo Fisher Scientific #A-21203). For western blotting, secondary antibodies used were
goat anti-mouse or goat anti-rabbit IgG polyclonal antibodies conjugated to horseradish peroxidase (Rockland Immunochemicals).

Immunofluorescence

Immunofluorescence (IF) analyses were performed exactly as described previously (68). Briefly, for suspension cells, sterile 18 mm @ No. 1
cover glasses (VWR) were treated with 0.1% poly-L-lysine solution (Sigma) overnight at 4°C. Cover glasses were dropped into wells, and
4x10° WT or KOs cell lines were allowed to settle onto these for 1 h at 37°C prior to fixing cells onto cover glasses. For fixing cells onto cover
glasses, cells were washed once in D-PBS (Wisent) and fixed with 4% paraformaldehyde for 15 min. Fixed cells were then washed with D-PBS,
quenched in 0.1 M glycine for 10 min, washed with D-PBS, permeabilized in 0.2% Triton X-100 for 5 min and washed twice with D-PBS. Cells
were briefly washed in PBS before being blocked in 1 X blocking solution.?” Primary antibodies were applied for 1 h at 37°C, and then washed
for 10 min in PBS followed by secondary antibodies for 1 h. Cells were washed for 20 min in PBS before being mounted on glass slides using
ProLong Gold Antifade Reagent with DAPI (Life Technologies). Negative isotype-matched antibodies were used to control staining
specificity.

Microscopy and imaging analyses

Laser confocal microscopy was performed using a Leica DM16000B microscope equipped with a WaveFX spinning disk confocal head
(Quorum Technologies) and HCX PL APO/40X, Oil/0.75-1.25 NA CS and HCX PL APO/63X, Oil/0.60-1.40 NA BL objectives, and images
were acquired with a Hamamatsu EM-charge coupled device digital camera. Images were recorded from laser-scanned cell layers with a
thickness of 1 um and were digitized at a resolution of 1024 x 1024 pixels. For multi-color image capture, Alexa Fluor 647, -594, 488, conju-
gated secondary antibody emissions were sequentially captured with 665715, 570-620, and 500-550, bandpass filters, followed by 435-
485 nm [for 4',6-diamidino-2-phenylindole (DAPI) staining] followed by differential image capture image capture. Raw.liff files were exported
by the Volocity software (PerkinElmer) for import into Imaris software v. 9.6.0 (Bitplane/Oxford Instruments) used for generation of colocal-
ization channels, and.xlsx file exports of quantitative measurements of mean signal intensity values used for downstream data harmonizing
and statistical analyses using Excel (Microsoft) and GraphPad v9 (Prism), respectively.
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Flow cytometry staining and acquisition

Cells were collected at the indicated time points. Prior to staining, cells were incubated in Fc blocker (BD Biosciences, catalog #564220) and
Fixed Viability Stain 510 (BD Biosciences, catalog #564406) or Zombie NIR (Biolegend, #423106) for 15 min at room temperature, followed by
incubation with antibodies (Table S2) for 30 min at room temperature. Cells were then fixed with 1% paraformaldehyde (PFA) for 30 min. For
the intracellular staining, cells were permeabilized and fixed with CytoFix/CytoPerm kit (BD Bioscience) prior to staining with intracellular
markers and after extracellular staining. For the analysis of cell surface vs. whole cell, the extracellular staining in the whole cell group was
performed after the permeabilization. An average of 100,000 cells were analyzed using a 4-laser LSR Fortessa (BD Biosciences) or using, where
indicated, the Spectral Cytometer Sony ID7000 at the Flow Cytometry Core Facility, Lady Davis Research Institute. Single stain controls for
each fluorochrome were prepared using Compensation Beads (BD Biosciences, catalog #552843) or UltraComp eBeads (ThermoFisher).
Data was analyzed using FlowJo V10 (Tree Star).

Construction, validation, and usage of the HIV Nef-CRIMZs reporter

The E2-Crimson-EF1a-ZsGreen DNA insert was amplified from the Hi.Fate latency plasmid'?® using primers 5-TGC ACG CGT GGA GGG
GGC GGT ATG GAT AGC ACT GAG AAC G-3' and 5-GCT ACC CGG GTC AGG GCA AGG CGG AGC CGG AGG CG-3' by PCR, and in-
serted into the R5-tropic 'HIV-GFP’ proviral vector'** using unique restriction enzyme sites Xmal 720189 and Mlul 73701985 A flexible 4 amino
acid linker DNA was added between Nef and E2-Crimson. The resulting plasmid, termed 'HIV Nef-CRIMZs', was sequenced on both strands
before transfection into HEK293T cells. Viral supernatant was collected and concentrated by ultracentrifugation, as previously described.'”*
Viral stocks were titrated using MAGI.CCR5 and expressed as blue forming units (b.f.u.) per mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicate with similar results, unless otherwise indicated in figure legends as n = #. Two independent ob-
servers validated phenotypes resulting from all experimental conditions tested. Cellular imaging statistics reported for mean fluorescence
(MFI) are from observation of average of n = 130 cells per condition tested. Statistical analysis and plotted graphs were performed and gener-
ated using GraphPad Prism v.8.0.1, and one-way ANOVA (with Tukey's multiple-comparisons test) with 95% Cl was used for multiple com-
parisons, and an unpaired 2-tailed Student’s t test with 95% Cl was used to compare two groups. p-values <0.05 were considered statistically
significant. Box-plot center lines indicate median, box limits are interquartile range, and whisker are minimum to maximum. Error bars on bar
graphs represent +SEM or SD, as indicated in figure legends.
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