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Abstract

Identifying host factors that inhibit HIV-1 infection in primary CD4" T cells
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Chair of the Supervisory Committee:
Michael Emerman

Department of Microbiology and Department of Global Health

Cellular antiviral factors comprise one of the first lines of defense against viral infection. In
the case of HIV-1, it is well established that the early stages of natural infection are inefficient,
characterized by infrequent transmission, a severe bottleneck in viral genetic diversity during
transmission, and variable viral loads between individuals in the first weeks of infection. Because
HIV-1 transmission and acute infection occur prior to the onset of adaptive immune responses,
cell-intrinsic factors that inhibit HIV-1 replication may contribute to the inefficiency of early HIV-1
infection.

Many studies have identified cellular factors with potent antiviral activity against HIV-1,
which work has shed light on the cell types permissive to HIV-1 infection, the host range of HIV-
1, and the role of HIV accessory proteins. Though these prior reports emphasize the significance
of restriction factors, they do not provide direct insight into the genes that impact natural HIV-1

transmission and infection, as nearly all were performed in cell lines with lab-adapted viruses.



This caveat is largely due to the fact that the main target cells of HIV-1 infection, primary CD4* T
cells, were not amenable to reliable experimental manipulation until recently.

To understand which host factors are relevant during the early stages of HIV-1 infection
in vivo, we adapted the high throughput HIV-CRISPR screening approach for use in primary CD4*
T cells. This development allowed us to comprehensively interrogate hundreds of genes
upregulated by the innate interferon response (Chapter 2) as well as endogenously expressed
genes (Chapter 3) for inhibitory activity against a primary HIV-1 virus in a physiologically relevant
cell type. In Chapter 2, we identified novel, previously undescribed HIV-restricting interferon-
stimulated genes (HM13, IGFBP2, LAP3). We also found that two factors characterized in other
HIV-1 infection models (IF116 and UBE2L6) mediated interferon restriction in primary target cells,
although several others (MX2, IFITM1, TRIM5a) did not impact the primary HIV-1 strain in this
cell type. Moreover, our results from inactivating single and combinations of antiviral interferon-
stimulated genes suggest that interferon restriction of HIV-1 is multifaceted, resulting from several
effectors functioning collectively as opposed to one potent gene. In Chapter 3, | specifically
explored host factors that influence the HIV-1 transmission bottleneck, which results in the
preferential transmission of CCR5-tropic viruses as opposed to CXCR4-tropic variants. We
identified SLC35A2, a constitutively expressed gene involved in glycosylation, as an CXCR4-
tropic-specific restriction factor. Inactivation of SLC35A2 impacted HIV-1 in a tropism-dependent
manner by truncating host cell glycans, underscoring a previously unappreciated role for host cell
glycosylation on HIV-1 that may contribute to the bottleneck during HIV-1 transmission.

Together, these projects shed light on the cellular factors that likely influence HIV-1
transmission and acute infection and demonstrate the value of a high throughput screening
approach for host genes that impact HIV-1 in primary target cells. Future studies should
investigate the mechanisms of the restriction factors described here and leverage HIV-CRISPR

screens in primary cells to study host genes that influence HIV-1 in other contexts.
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Chapter 1

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is a retrovirus that establishes life-long
infection upon transmission and causes acquired immunodeficiency syndrome (AIDS) if left
untreated. Nearly 39 million people were reported to be living with HIV-1 globally in 2022, with
an estimated 630,000 AIDS-related deaths and 1.3 million new infections occurring each year
[1]. Therefore, despite the development of effective antiretroviral therapy (ART) to suppress viral
replication in those living with HIV-1 and preventative drugs for those at high-risk of acquiring
the virus, HIV-1 continues to cause a substantial burden of disease and mortality worldwide.
Elucidating the interactions between HIV-1 and host cells during HIV-1 transmission, replication,
and pathogenesis are critical to informing innovative prophylactic and therapeutic strategies to

combat this global burden.

HIV-1 genetic diversity

Like all retroviruses, HIV-1 has a positive-sense, single-stranded RNA genome. In order
to replicate upon infection of host cells, retroviruses must convert their single-stranded RNA
genetic material back to double-stranded, proviral DNA using a viral enzyme called reverse
transcriptase. However, reverse transcriptase is highly error-prone and frequently involves
strand-transfer between two viral RNA templates, which can lead to recombination between
strains if a cell is infected with more than one virus [2]. Reverse transcription therefore leads to
high rates of mutations, recombination events, insertions, and deletions. Given this high
mutation rate, coupled with the rapid rate of HIV-1 replication in infected, untreated individuals, it

is estimated that mutations will occur in every position of the HIV-1 genome each day within a



single infected individual [3]. With 9.2 million untreated individuals living with untreated HIV
globally, HIV-1 is one of the most genetically diverse pathogens, with high diversity both within a
single host and globally.

HIV-1 group M, which is responsible for the global HIV/AIDS epidemic, is further
classified into nine clades or subtypes (A-D, F-H, J, K), as well as an increasing number of
circulating recombinant forms (CRFs), based on genetic identity. At the amino acid level, HIV-1
isolates from the same clade vary by 8-17% (maximum 30%) [4]. This variation is higher
between clades, 17-35% (maximum 42%). A systematic review estimated that, between 1990-
2015, clade C (46.6% of global cases), clade B (12.1%), clade A (10.3%), CRF02_AG (7.7%)
and CRF01_AE (5.3%) were the top five most common HIV-1 subtypes globally [4]. Clade C is
the main contributor of HIV-1 infections in southern Africa and India, whereas clade B
dominates in western and central Europe and North America and Latin America. Clade A
accounts for the majority of cases in east Africa, eastern Europe, and central Asia [4]. Despite
this diversity and distribution, HIV-1 research has disproportionately focused on studies of clade
B viruses. For instance, of the 19,988 complete HIV-1 genome sequences in the Los Alamos
National Laboratory’s database for HIV-1 sequences as of September 2023 [5], 54% (10,855)
were clade B isolates, with only 5% (1046) and 12% (2,420) being clade A and C viruses,
respectively. The high genetic diversity of HIV-1 within individuals and globally presents a major
challenge to HIV-1 research efforts and must be considered during experimental design in order

to differentiate findings that are strain- or clade-specific and those that are broadly relevant.

Early stages of HIV-1 infection

HIV-1 transmission

HIV-1 is primarily transmitted via viral exposure at mucosal sites such as the female
genital tract, male genital tract, and intestinal tract (estimated 85% of cases) and can also be

transmitted vertically (7%) and by intravenous exposure (8%) [6]. Upon exposure, the virus must



cross the mucosal epithelial barrier to reach potential target cells. Importantly, HIV-1 uses CD4
as a receptor for viral attachment and then further interacts with either of the chemokine
receptors CXCR4 or CCRS as a coreceptor to initiate viral fusion and entry. Potential target cells
are therefore those that at least express CD4 and CXCR4 or CCRS5, which implicates CD4* T
cells, monocytes/macrophages, and dendritic cells. Because it is impossible to study
transmission sites and this temporal window in humans in real time, researchers have relied on
non-human primate and mouse infection models and human ex vivo tissue explants, primarily
with cervicovaginal tissue, to understand how infection is initially seeded and propagated. These
models have identified memory CCR5" CD4" T cells in the submucosal epithelium as the earliest
target cells of productive HIV-1 infection [reviewed in [6, 7]]. Virus is rapidly propagated in these
cells locally for a few days, until it disseminates to draining lymph nodes and secondary
lymphoid tissue, which occurs within about a week after transmission in macaques. Mucosal
and epithelial Langerhans cells, which are tissue-resident macrophages, and submucosal
immature dendric cells may also contribute to early local viral propagation by binding and
capturing HIV-1 and infecting CD4" T cells by cell-to-cell transmission [8]. CD4" T cells are thus
the main cells that HIV-1 infects and productively replicates in during natural infection.
Importantly, HIV-1 transmission is an inefficient process. Despite heterosexual
transmission accounting for nearly 70% of HIV-1 infections worldwide [6], the probability of
transmission via this route in the absence of ART in the index case ranges from 1 in 200 to 1 in
3000 exposure events, with the highest estimated frequency being 1 in 10 exposure events
depending on cofactors that influence risk, such as viral load, genital inflammation, circumcision,
and clinical HIV stage [6]. In addition to the relatively low likelihood of HIV-1 transmission upon
exposure, it is also well established that HIV-1 undergoes a severe population bottleneck during
transmission. As previously described, HIV-1 has high genetic diversity even within a single
infected individual. However, only one or a few of these viral variants present in the transmitting

partner are detected in the recipient soon after transmission [6, 7, 9-14]. It is conceivable that



the inefficiency of HIV-1 transmission could be solely due to effective physical barriers, such as
mucus and the epithelium of the genital tract, which would result in infrequent, stochastic
transmission events. Nevertheless, transmitted/founder (T/F) HIV-1 variants share distinct
characteristics, which suggests that this bottleneck is not entirely random. For instance, HIV-1
strains circulating later in infection can often use either CXCR4 or CCRS5 as a coreceptor for
viral entry [15]. However, transmitted variants nearly always use CCR5 [13, 16]. In fact,
mutations in CCRS5 that prevent surface expression of the coreceptor, such as the well-studied
CCR5A32 mutation, confer near resistance to HIV-1 infection in individuals that carry these
mutated alleles, underscoring the importance of CCR5 coreceptor tropism for transmitting
viruses [15, 17-19]. Interestingly, preferential transmission of CCR5-tropic (R5) viruses occurs
despite broad expression of CXCR4 on target CD4" T cells at transmission sites [20]. It
therefore remains unclear what host or biological pressures are driving selection of R5 variants
during HIV-1 transmission.

While CCR5 usage is the most characterized and consistent feature of T/F viruses,
these variants also share additional attributes. For instance, the envelope (Env) proteins of
transmitted viruses have shorter and less glycosylated variable loops, though this trend has
been less consistent with clade B infections [6, 7]. Moreover, transmission seems to select for
variants with increased viral and replicative fithess [21, 22] as well as those that are less
sensitive to inhibition by interferon (IFN) [23-25], a component of the innate immune response
against viral infection. Though a transmission bottleneck that selects for viral fithess and
resistance to innate immune restriction is biologically plausible, the data are inconsistent across
studies [26] and thus additional evidence with larger cohorts from various clades and
geographical regions is required to understand whether these are obligatory features of T/F
variants.

Ultimately, it is clear that HIV-1 variants that are successful in the transmission

bottleneck have at least one shared characteristic, CCR5 coreceptor tropism, and may also



share the features of short variable loops, low levels of Env glycosylation, high replicative
fitness, and partial resistance to IFN-mediated inhibition. These similarities suggest that there
are consistent selective pressures at play during transmission and that this process is not
entirely stochastic. Nevertheless, it remains unknown why certain T/F variant features are
selected and whether there are additional viral characteristics that determine transmission
likelihood. Understanding the naturally occurring restrictive pressures that bottleneck HIV-1
transmission — from the overall low frequency of mucosal HIV-1 transmission to the preferential
transmission of a single T/F virus with certain features — remains a high priority as this might
inform innovative interventions to block new HIV-1 infections. Experimental models of HIV-1
transmission and acute infection should focus on the subset of R5-tropic viruses isolated near

the time of transmission to best recapitulate the biology of this stage of HIV-1 infection.

HIV-1 pathogenesis during acute infection

Once viral production at the initial foci of infection has sufficiently amplified, virus
disseminates to the draining lymph node and secondary lymphoid tissues and establishes a
self-propagating systemic infection [6]. Systemic infection, denoted by the detection of virus in
the peripheral blood, occurs roughly 1-2 weeks after transmission and signals the end of the first
phase of HIV-1 infection, termed the “eclipse phase”, as the infection is clinically silent during
this period. Infection continues to rapidly expand and cause immune activation and massive
depletion of CD4" T cells, particularly in the gut but also from the circulation and lymph nodes
[27]. Plasma viral load exponentially increases during this period, until it reaches a peak about
2-4 weeks after infection. HIV-1-specific CD8" T cells responses first appear right around this
time and continue to increase over the next few weeks, correlating with a decrease in plasma
viral load [28]. Within the first 3-6 months of infection, plasma viral load decreases to a “set
point” plateau, a balance between restrictive host immune responses and virus propagation

[28].



While a peak in plasma viral load is a hallmark of early HIV-1 infection, the magnitude of
this peak varies considerably between individuals. In a study that assessed two or more blood
collection time points in the early window of acute infection prior to the detection of HIV-specific
antibodies, peak viremia ranged from 4.5 to 8.5 logio copies per milliliter across 50 individuals —
a 10,000-fold difference [29]. Notably, peak viral load positively correlated with viral load set
point in this dataset. Because a higher set point viral load is predictive of faster disease
progression and mortality [30-33], this data suggests that peak viral load may also impact
disease outcomes. Unlike set point viral load, which is established in part due to host adaptive
immune pressures, peak viral load occurs prior to or concurrently with the onset of adaptive
immune responses and is therefore not likely predominantly influenced by these factors. This
suggests that acute infection replication dynamics, virus-host interactions, and innate immune
pressures may determine the magnitude of peak viral load and impact clinical disease

outcomes, though these relationships have not yet been elucidated.

Emergence of CXCR4 tropism in chronic infection

Interestingly, the viral population at the time of peak plasma viral load remains fairly
homogenous, closely matching the R5-tropic T/F genetic variant [28]. However, mutations
rapidly accumulate after the onset of HIV-1-specific CD8" T cell responses and directly
correspond to amino acids in CD8" T cell epitopes [28]. Around 12 weeks post infection,
mutations in Env that confer escape to neutralizing antibodies also appear, with stochastic
mutations accumulating all the while [28]. Therefore, following peak plasma viral load, HIV-1
undergoes substantial genetic diversification, which continues into chronic infection (>100 days
post infection) [28].

For many untreated HIV-1 infections, the high extent of genetic diversity results in
functional diversity. Most notably, some viral variants begin to utilize CXCR4 as a coreceptor for

viral entry as opposed to CCR5. The mutations that confer coreceptor switching have been



mapped to the third variable loop (V3) of Env [34-36], a target of both cellular and humoral
immune responses [37, 38]. The emergence of CXCR4-tropic (X4) viruses is associated with
the rapid decline of CD4" T cells and progression to AIDS [34, 39, 40]. Whether mutations
conferring CXCR4 usage are specifically selected for via a virological or immunological pressure
or are simply a byproduct of a high mutation rate and immune escape remains unclear [19].

A study from 2010 assessed the frequency of X4 tropism in 498 individuals living with
chronic HIV-1, with strains representing six different clades, by aggregating data from 29
different studies. CXCR4 usage was found in 66% of non-clade C infections (clade A: 60%,
clade B: 67%, clade D: 61%, CRFO1_AE: 77%, CRF02_AG: 65%), with clade C infections
having a lower frequency of 15% [35]. However, the occurrence of X4 tropism in clade C
infections may be evolving. In the same analysis, only 8% of clade C samples collected prior to
2000 demonstrated CXCR4 usage, compared to 33% in clade C samples collected after 2000,
suggesting that X4 tropism may be increasing in the clade responsible nearly half of all HIV-1
infections [35]. Therefore, although there are differences in the frequency of X4 tropism between

clades, X4 HIV-1 viruses are characteristic of many chronic stage HIV-1 infections.

Host restriction factors and early HIV-1 infection

Because the course of early HIV-1 infection, from transmission through peak viral load,
occurs prior to the onset of effective adaptive immune responses, it is plausible that interactions
between HIV-1 and antiviral cellular factors intrinsically expressed in HIV-1 target cells, CD4* T
cells, may contribute to the inefficient and variable nature of this period. In fact, several
germline-encoded host proteins with potent, inherent antiviral activity against HIV-1 have
already been described. Many of these studies have identified host- or cell type-specific antiviral
factors and have found that some of these factors are rendered nonfunctional in certain contexts
due to antagonism by HIV-1 accessory proteins or HIV-1 evolving to escape their restriction.

These studies have thus helped uncover how viral proteins and cellular factors interact to either



permit or restrict HIV-1 replication. The host proteins that impact natural HIV-1 infection in
humans, where CD4" T cells are the main host cell type targeted for viral replication, are thus
likely to be those that are active in CD4" T cells, not antagonized by HIV-1, and for which HIV-1
has not evolved to escape. The aim of this thesis is therefore to identify the host factors that
actively inhibit HIV-1 infection in primary CD4" T cells, as these genes may influence early viral
infection and replication dynamics.

HIV-1 restriction factors can be generally categorized based on expression patterns —
those whose expression is triggered by the type | IFN innate immune response to viruses, such
as IFN-stimulated genes (ISGs), and those that are endogenously expressed. The following
sections will explore what is known about HIV-1 restriction factors, how they were identified, and

their potential role for impacting HIV-1 transmission and acute infection.

Type | IFN and HIV-1 infection

Type | IFNs, which include IFNo and IFNB, are small signaling proteins secreted by host
cells upon innate immune sensing of viral infection (type | IFNs reviewed in [41, 42]). Secreted
IFNa and IFNB can then bind to their cell surface receptor, termed the IFNa receptor (IFNAR),
which initiates a signaling cascade that results in the formation and activation of the ISGF3
transcription factor complex comprised of STAT1, STAT2, and IRF9 (Figure 1.1). In the
nucleus, this complex binds to its cognate DNA sequences, called IFN-stimulated response
elements (ISREs), which are located upstream of hundreds of genes. ISGF3 binding triggers
transcription of these IFN-stimulated genes (ISGs), many of which encode cellular proteins that
block viral replication within target cells. Importantly, the proteins involved in type | IFN signaling
(IFNAR, JAK1, TYK2, STAT1, STATZ2, IRF9) are widely expressed, allowing nearly all cell types

to mount this IFN-induced antiviral state.



Like other viruses, HIV-1 is sensitive to IFN-mediated restriction. Cell culture work has
provided extensive evidence that type | IFN confers robust inhibition of HIV-1 replication [43-47],
including in the main target cells of natural HIV-1 infection, primary CD4" T cells. Clinical studies
administering type | IFN to chronically infected patients also report reduced viral loads [48-51].
Moreover, type | IFN is detectable in the plasma of individuals within days of primary HIV-1
infection, supporting the clinical relevance of IFN during this early window [52, 53].
Plasmacytoid dendritic cells are thought to be the main cellular sources of type | IFN in the
blood during this period due to sensing of HIV-1 and HIV-infected cells by TLR7 [54], though
IFI16 and cGAS have also been implicated as sensors of HIV-1 infection depending on cell type
[55]. Overall, these findings suggest that the antiviral IFN response mediated by cellular

restriction factors may pose a major barrier to HIV-1 during transmission and acute infection.
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IFN-stimulated HIV-1 restriction factors

Interferon-stimulated antiviral genes represent important drivers of the cell-intrinsic block
to HIV-1 infection. Numerous studies have already discovered several HIV-1-restricting ISGs,
including TRIM5q., tetherin/BST2, MX2, and more (HIV-1-restricting ISGs reviewed in [55, 57-
60]). By elucidating the mechanisms and contexts of restriction for these cellular proteins, this

vast body of research has informed several fundamental aspects of HIV-1 biology. For instance,



it was known that HIV-1 is species-specific, unable to infect Old World monkeys such as rhesus
macaques. To identify the cellular target responsible for this barrier, investigators expressed a
macaque complementary DNA (cDNA) library in human cells to select for a gene that conferred
protection against HIV-1 but not the related retroviruses murine leukemia virus (MLV) or simian
immunodeficiency virus (SIV) [61]. This led to the discovery of TRIM5a, an IFN-stimulated E3
ubiquitin ligase that binds to the capsid of retroviruses to trigger premature uncoating of capsid,
which disrupts reverse transcription. TRIM5a thus represents a major determinant of the block
against HIV-1 infection in Old World monkeys.

Just as the TRIMSa investigations shed light on a cellular factor that influences the host
range of HIV-1, the discovery of tetherin, also known as BSTZ2, informed the function of an HIV-
1 accessory protein. Studies had observed that the HIV-1 accessory protein Vpu was required
for HIV-1 to fully replicate in certain cell lines (considered non-permissive) but not others
(permissive). An investigation into the cellular target of Vpu determined the genes uniquely
expressed in non-permissive cell lines, ectopically expressed those genes in permissive cells,
infected with Vpu-deficient HIV-1, and selected candidates that conferred restriction [62]. The
target of HIV-1 Vpu was found to be tetherin/BST2, a transmembrane protein that prevents the
release of budding HIV-1 virions from the surface of cells. Tetherin/BST2 is thus an ISG that
presents such a potent barrier to HIV-1 that the virus has had to evolve countermeasures in the
form of an accessory protein to overcome its restriction.

TRIM5a and Tetherin/BST2 were identified in part due to a previous understanding of
the hosts or cell types that could or could not support HIV-1 replication. Similarly, MX2 was
discovered by researchers investigating why the magnitude of IFN restriction of HIV-1 differed
among cell lines. These studies determined genes whose expression was IFN-inducible and
uniquely elevated in cell lines capable of potent IFN-mediated inhibition of HIV-1 [63, 64]. MX2

was thus identified and demonstrated to restrict HIV-1 via ectopic expression and silencing
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experiments. MX2 is a GTPase that directly interacts with the HIV-1 capsid to inhibit HIV-1
infection after reverse transcription [65, 66]. Therefore, mutations in the HIV-1 capsid can confer
resistance to MX2 restriction.

Other ISGs including IFITMs [67], UBE2L6 [68, 69], MARCH2/8 [70, 71], CH25H [72],
GPBS5 [73], and IFI16 [74], have also been shown to inhibit HIV-1 in in vitro cell culture models
via diverse mechanisms that act on various stages of the HIV-1 replication cycle. While IFITMs
and CH25H interfere with viral entry, IFI16 prevents viral transcription, MARCH2/8 and GPB5
act on HIV-1 after translation, and UBE2L6 impacts viral assembly and release. Despite the
extensive nature of this previous work, it is unclear if these ISGs are clinically relevant due to
the nature of the investigations in which their function was described. A later section will

consider the translational potential of these studies.

Endogenously expressed HIV-1 restriction factors

In addition to the cell-intrinsic mediators of the antiviral type | IFN response, there are
also endogenously expressed genes that inhibit HIV-1. For instance, APOBEC3G is a cytidine
deaminase that is packaged into budding HIV-1 virions and, upon infection of a new target cell,
hypermutates viral DNA intermediates during reverse transcription, specifically causing a high
frequency of G-to-A mutations in proviral DNA. These mutations often introduce premature stop
codons or otherwise render new virions nonfunctional, strongly inhibiting HIV-1 replication.
Other APOBEC family members have subsequently been identified and found to suppress HIV-
1 infection. APOBEC3G was identified by studies aiming to find the antiviral gene antagonized
by the HIV-1 accessory protein Vif, as it was found that Vif was required for HIV-1 infection in
certain cell types but not others. APOBEC3G was found to the target of HIV-1 Vif [75] and thus
represents a potent antiviral gene that is rendered less effective against HIV-1 due to viral

antagonism.
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SAMHD1 is another endogenously expressed host protein that impacts HIV-1 infection.
SAMHD1 reduces the availability of cytosolic deoxynucleotide triphosphates (dNTPs) in non-
dividing cells, which prevents the generation of proviral DNA during reverse transcription ([76-
78], reviewed in [57]). Though its expression is induced by innate immune responses in some
cell types, SAMHD1 is constitutively highly expressed in CD4" T cells, monocytes, and dendritic
cells. Notably, its restrictive activity can be overcome in activated cells, as these cells have an
abundant supply of cellular dNTPs and activation causes the phosphorylation of SAMHD1,
which inhibits its antiviral activity [79]. Therefore, SAMHD1 is in part responsible for the non-
permissive nature of resting CD4" T cells, monocytes, and dendritic cells to HIV-1 infection,
which substantially limits the prevalence of target cells during HIV-1 transmission and early viral
propagation. SAMHD1’s restrictive activity against HIV-1 was discovered by a study aiming to
identify the restriction factor targeted by the HIV-2 accessory protein Vpx [77]. It was known that
HIV-2, unlike HIV-1, was able to infect myeloid cells and that ectopic expression of HIV-2 Vpx
rendered myeloid cells permissive to HIV-1. SAMHD1 was found to be the main binding partner
of HIV-2 Vpx in myeloid cells and, ultimately, the antiviral target of HIV-2 Vpx antagonism.

Similar to SAMHD1 and HIV-2 Vpx, the host inhibitory factors SERINC3 and SERINC5
(SERINC3/5) were identified via investigations into an HIV accessory protein, in this case HIV-1
Nef. HIV-1 Nef was known to influence HIV-1 replication and pathogenesis in vivo and enhance
virion infectivity when packaged into budding virions, but the mechanism of Nef’s effect on
infectivity was not understood (reviewed in [80]). Researchers used Nef-intact and -deficient
HIV-1 infections to determine cellular factors either uniquely packaged into budding Nef-
deficient virions [81] or highly expressed in cell lines requiring Nef for HIV-1 infection [82]. Both
approaches identified SERINC3/5 as the inhibitory factors counteracted by this accessory
protein. In the absence of Nef, SERINC3/5 proteins are incorporated into new HIV-1 virions and

disrupt the conformation of HIV-1 Env, thereby inhibiting viral entry into new target cells [83].
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Though SERINC3/5 are unlikely to influence HIV-1 infection in vivo due to Nef antagonism, they
exemplify constitutive HIV-1 restriction factors with a unique mechanism and robust effect.

The discovery and characterization of APOBEC3G, SAMHD1, and SERINC3/5 were
prompted and guided by the knowledge that there were unknown antiviral host proteins targeted
by HIV-1 Vif, HIV-2 Vpx, and HIV-1 Nef, respectively. While there are likely many other
endogenously expressed antiviral host genes yet to be uncovered, identifying such genes
without a guiding phenotype or hypothesis represents a broad, challenging endeavor that will
require a high throughput method to interrogate the antiviral function of hundreds to thousands

of host genes simultaneously.

Caveats of prior studies of HIV-1 restriction factors

The described host genes highlight the remarkable potency and diversity of HIV-1
restriction factors. Despite being germline-encoded, these cellular factors are able to influence
the host range of HIV-1, the cell types that are permissive to HIV-1 infection, and HIV-1 protein
evolution. While this body of work supports the robust nature of cellular restriction factors and
how studying these genes impact our understanding of HIV-1 biology, these studies also
highlight how important context is for both viral restriction and viral escape from restriction
factors. For instance, SAMHD1 restriction is overcome in activated cells, thus is unlikely to
impact HIV-1 in the main target cells of infection, activated CD4" T cells. MX2 potency is
diminished with certain HIV-1 capsid mutations. Human TRIM5a is less potent against HIV-1
than rhesus TRIM5a.. APOBEC3G and tetherin/BST2 are only expressed in certain cell lines
and are less effective against full-length virus due to viral antagonism. The cellular factors that
are thus able to inhibit HIV-1 replication vary in potency depending on the host, cell type, and
HIV-1 strain due to viral antagonism and escape and variability in restriction factor expression

and activity between hosts and cell types. To understand the role of cell-intrinsic factors on the
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early stages of HIV-1 infection, it is therefore necessary to investigate their expression and
inhibitory function directly in the main target cells of HIV-1 infection in vivo, primary human CD4*
T cells, against the R5-tropic primary viruses that are characteristic of this stage of infection.

Despite the extensive amount of work that has gone into studying HIV-1 restriction
factors, very few studies have utilized both primary CD4" T cells and primary isolates of HIV-1 in
their in vitro experiments to understand the biological significance of these genes on early HIV-1
infection. First, the vast majority of these studies performed infections with lab-adapted X4 HIV-
1 strains. Lab-adapted HIV-1 tends to be X4-tropic and is not as sensitive to CD4 expression
levels as primary HIV-1 viruses [84], as a result of being passaged on cells expressing low
levels of CD4. Primary HIV-1 isolates refer to viruses that were produced by culturing cells from
an individual living with HIV-1 and thus reflect strains that contribute to in vivo replication and
disease kinetics. X4-tropic, lab-adapted viruses are commonly used in in vitro settings because
CXCR4 expression is more common on cell lines than CCR5 expression and transfection of lab-
adapted viruses tends to yield high-titer virus than that of primary isolates. However, as
previously discussed, R5 tropism is selected for during HIV-1 transmission and the viral
population remains fairly homogenous through the advent of adaptive immune responses,
around the time of peak viral load, which temporal window corresponds with detectable levels of
IFN. Therefore, R5-tropic primary variants should be utilized when studying the role of cellular
restriction factors, particularly ISGs, during early HIV-1 infection. Restriction factors exclusively
tested against X4-tropic, lab-adapted strains will need to be evaluated in the context of R5-
tropic, primary HIV-1 infection to understand their in vivo significance. However, HIV-1 diversity
is far more extensive than the dichotomy of primary versus lab-adapted strains and CXCR4
versus CCRS5 coreceptor usage. To elucidate the breadth and functionality of a cellular gene, it
is ideal to test its inhibitory activity against several HIV-1 viruses, accounting for differences in

tropism, source (primary/lab-adapted), clade, and geographic region.
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In addition to the selection of virus, many studies investigating HIV-1 restriction factors,
particularly those using high throughput methods, have relied on immortalized or cancer cell line
models, as these tend to be far more experimentally tractable, low maintenance, readily
available, and cost effective. As previously highlighted, the experiments that lead to the
discovery and characterization of a novel HIV-1 restriction factor often require manipulating the
expression of that gene to interrogate its function. These types of experiments have not been
possible to perform in primary cells until recently, as a result of advances will be discussed in
the next section. Though they are easy to experimentally alter, cell lines do not always faithfully
recapitulate their primary cell counterparts. This was even evidenced in the identification of
APOBEC3G — primary T cells could not support Vif-deficient virus but the SupT1 (T cell
lymphoma) cell line could, which was found to be due a lack of APOBEC3G expression in
SupT1s [62]. Similarly, in one of the original MX2 studies, MX2 expression via immunoblot was
barely detectable in Jurkat T cells (T cell leukemia) despite clear expression in primary CD4* T
cells [64]. In fact, the protective effect of type | IFN treatment is substantially weaker in T cell
lines compared to primary CD4" T cells, primary macrophages, and the THP-1 monocytic cell
line (monocytic leukemia) [46]. Many studies have therefore leveraged THP-1 cells to
interrogate 1SGs with activity against HIV-1. Due to the many differences in basal expression
and IFN induction of host genes across various cell types and cell lines, it is the premise of this
thesis that restriction factors that have been described in cell line models must be assessed in

primary CD4" T cells to understand their role during natural HIV-1 infection.

Potential for high throughput studies in primary CD4* T cells

Due to our incomplete understanding of the host genes that inhibit HIV-1 in vivo, there
remains a need to not only determine the potency of previously identified genes in a more
translatable model, but to also evaluate a broader pool of antiviral candidates, which may lead

to the identification of new HIV-1-restricting genes. The experimental system that would most
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efficiently address this would involve interrogating the antiviral function of hundreds or
thousands of genes simultaneously in primary CD4" T cells against a R5 primary virus.
Fortunately, recent advances, namely a high throughput approach for evaluating HIV-1
restriction factors and techniques to manipulate CD4" T cells, have made this system a
possibility.

The techniques utilized by prior HIV-1 restriction factor studies, described previously,
were low throughput, often relying on comparing gene expression between permissive and non-
permissive cells to select a few candidates or using cDNA libraries for ectopic gene expression.
Though some high throughput methods were implemented, overexpression screens [85, 86] do
not capture the function of genes at physiological levels and siRNA screens [87] require
transfection of siRNA pools, which limits the cell types that can be assessed. A 2018 paper
overcame these limitations by developing a CRISPR-Cas9 knockout screening approach, called
HIV-CRISPR, in which a library of guide RNAs are delivered by lentivirus that has a repaired
long terminal repeat region, such that, upon infection with replication-competent HIV-1, guides
are transcribed and packaged into budding HIV-1 virions [69]. By deep sequencing and
comparing the guides present in cells and in the viral supernatant, genes that restrict (over-
represented in the viral supernatant) or promote (depleted from the viral supernatant) HIV-1
infection can be determined. Therefore, this system not only efficiently inactivates thousands of
genes, but it also uses HIV-1 infection as the direct read out, as opposed to screens that use
indirect read outs like cell death, which often introduce experimental noise. Of note, this
approach was developed to evaluate the antiviral function of ISGs and thus utilized IFN-treated
THP-1 cells for robust IFN restriction of HIV-1.

We reasoned that adapting HIV-CRISPR screens to be compatible with primary CD4* T
cells would allow for high throughput assessment of cellular factors in a physiological relevant
context. However, primary CD4" T cells have historically been difficult to manipulate. Lentiviral

transduction to overexpress or ectopically express a gene is often prohibitively inefficient in
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CD4" T cells. This not only prevents primary cells from being used in HIV-CRISPR screens, but
also makes them incompatible with typical, targeted CRISPR-Cas9 approaches, as both
methods deliver Cas9 and the guide RNA(s) by lentivirus to silence the gene(s) of interest.
However, a 2019 Nature Protocol publication offered an invaluable tool to the HIV-1 field — a
step-by-step protocol for the isolation, activation, editing, and infection of primary CD4* T cells
that does not rely on lentiviral transduction [88]. Specifically, CD4" T cells are isolated from
whole blood and are edited by nucleofecting, or electroporating, cells with pre-made CRISPR-
Cas9 complexes as opposed to lentiviral delivery. This editing strategy is not common because,
in cell line models that can be indefinitely propagated, it is advantageous to have constitutive
expression of Cas9 and the guide RNA for continuous editing. Nevertheless, because primary
cells can only be cultured for a few weeks, one round of editing is sufficient. This protocol thus
enabled researchers to perform gene characterization experiments in primary CD4" T cells.

In 2022, this approach was essentially scaled up for the semi-high throughput
assessment of 426 host factors implicated in the HIV-1 replication cycle [89]. CRISPR-Cas9
complexes were arrayed into wells of 96-well plates containing CD4" T cells, for a total of
eighteen 96-well plates. Though this strategy was convincing in its designation of positive and
negative controls, it is limited in the number of genes that can be evaluated due to the amount
of plates that would need to be managed, and it is likely too expensive for most labs to
implement due to the high cost of both Cas9 protein and purified RNA.

Another group experimented with methods to edit primary CD4* T cells on a larger scale
and found that they achieved moderate editing when they combined some of the above
techniques — delivering the guide RNA by lentivirus but nucleofecting in Cas9 protein [90]. For
the scale of high throughput screens, delivering guides by lentivirus as opposed to purchasing
purified RNA dramatically reduces cost. The drawback of this approach, however, is in its
editing efficiency, as it yielded only moderate knockout scores. This is likely due to the

inefficiency of lentiviral delivery of guide RNA.
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The final fundamental technical challenge to overcome in primary CD4* T cells thus
became efficient lentiviral delivery. By significantly modifying the vector commonly used for
lentiviral delivery of guides (lentiGuide), a 2020 paper developed the TOP vector (T cell-
optimized for packaging), a lentiviral vector specifically optimized to deliver guide RNA
sequences to primary T cells [91]. This vector not only improved transduction efficiency, which
is necessary for guide delivery, but also increased the titer of the lentivirus, which is important
for high throughput screens in order to maintain coverage. With this technical advancement, it
thus became conceivable that HIV-CRISPR screens could be performed in primary CD4" T cells
by transducing cells with a library of guides via the TOP vector and nucleofecting in Cas9

protein.

Thesis overview

Overall, the goal of this thesis is to identify cellular factors, those that are IFN-stimulated
or constitutively expressed, that inhibit replication of primary HIV-1 viruses in primary CD4* T
cells, as this may shed light on the host barriers that contribute to the inefficiency and variability
of acute HIV-1 infection in vivo. Chapter 2 will investigate the function of antiviral ISGs by
adapting HIV-CRISPR screens for use in primary CD4" T cells and interrogating the function of
genes specifically IFN-stimulated in this cell type using a custom single guide RNA library. Also
leveraging the primary cell HIV-CRISPR approach, Chapter 3 will describe the identification of
an endogenously expressed host gene, SLC35A2, and will propose an important, previously
underappreciated role for host cell glycosylation on restricting X4 HIV-1 infection while
supporting that of R5 viruses. Finally, Chapter 4 will discuss the implications of these findings

and priorities for future investigations.
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Chapter 2

SEVERAL CELL-INTRINSIC EFFECTORS DRIVE TYPE | INTERFERON-
MEDIATED RESTRICTION OF HIV-1 IN PRIMARY CD4* T CELLS

Sections of text in this chapter have been modified from the following manuscript:

Itell, H.L., Humes, D. & Overbaugh, J. Several cell-intrinsic effectors drive type | interferon-
mediated restriction of HIV-1 in primary CD4(+) T cells. Cell Rep 42, 112556,
doi:10.1016/j.celrep.2023.112556 (2023).

Abstract

Type | IFN upregulates proteins that inhibit HIV-1 within infected cells. Prior studies have
identified ISGs that impede lab-adapted HIV-1 in cell lines, yet the ISG(s) that mediate IFN
restriction in HIV-1 target cells, primary CD4" T cells, are unknown. Here, we interrogate 1ISG
restriction of primary HIV-1 in CD4" T cells by performing CRISPR-knockout screens with a
custom library that specifically targets ISGs expressed in CD4" T cells. Our investigation
identifies previously undescribed HIV-restricting ISGs (HM13, IGFBP2, LAP3) and finds that two
factors characterized in other HIV-1 infection models (IF116, UBE2L6) mediate IFN restriction in
T cells. Inactivation of these five ISGs in combination further diminishes IFN’s protective effect
against diverse HIV-1 strains. This work demonstrates that IFN restriction of HIV-1 is
multifaceted, resulting from several effectors functioning collectively, and establishes a primary

cell ISG screening model to identify both single and combinations of HIV-restricting ISGs.

Introduction

The type | IFN response is one of the first defenses of the host innate immune system
that viruses must overcome during transmission and acute infection. IFN signaling, triggered by
viral infection, upregulates hundreds of ISGs, many of which inhibit viral replication in a cell-

intrinsic manner within infected cells. The ISGs that are effective at preventing viral replication
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vary in their magnitude of restriction as well as by virus, host, and cell type [42]. Like other
viruses, HIV-1 is sensitive to IFN restriction. Cell culture work has extensively characterized
type | IFN-mediated inhibition of HIV-1 replication [43-47] and studies of IFN treatment in
chronically infected patients report reduced viral loads [48-51], demonstrating the efficacy of IFN
restriction in vivo. Because type | IFN is secreted early after natural HIV-1 infection [52, 53] and
inhibits HIV-1 replication in vivo, the IFN response may significantly contribute to HIV-1
transmission barriers, transmission bottlenecks, and early viral load differences, all of which
influence patient outcomes.

Due to this clinical potential, there is considerable interest in identifying the cellular ISGs
that inhibit HIV-1 replication. Numerous studies have pursued this goal and described HIV-1
restriction mediated by ISGs such as TRIM5q, IFITMs, SAMHD1, SLFN11, MX2, Tetherin,
APOBECS3s, and many others (reviewed in [57-59]). This extensive body of research has
informed determinants of species-specificity for HIV-1 and related retroviruses [61, 92-94] and
uncovered diverse mechanisms of cell-intrinsic inhibition of HIV-1. However, two key issues
remain that limit our understanding of the proteins that are clinically relevant to IFN-mediated
HIV-1 restriction. First, the majority of this work was performed in cell lines with lab-adapted
HIV-1 strains or pseudoviruses [63-65, 69, 71, 73, 74, 95-99], and the restrictive capacity of
some ISGs has varied based on these experimental conditions [69, 100-103]. Thus, to
understand the role of these factors in HIV-1 pathogenesis, the antiviral effects of previously
described HIV-restricting ISGs need to be examined in the main cell type that supports HIV-1
replication in vivo, CD4" T cells, against replicating viruses that have not been lab-adapted
(primary viruses) and that best represent globally circulating viruses. Second, the reported
inhibition of known ISGs does not fully account for the overall magnitude of IFN restriction of
HIV. This suggests that the ISGs studied thus far exhibit more pronounced restriction in primary

target cells, additional HIV-restricting ISGs have yet to be identified, and/or full IFN restriction
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results from several ISGs working synergistically to mount an effect greater than that of each
alone.

To determine the ISGs that have relevance restricting HIV-1 in primary target cells, we
inactivated candidate ISGs via CRISPR-Cas9 editing in primary CD4" T cells and infected
edited cells with two diverse replication-competent HIV-1 strains, including a primary virus and a
lab-adapted strain. We first targeted eight ISGs previously studied in other infection systems but
found that only one gene (IF116) contributed to detectable IFN restriction in our model. To
identify additional candidate ISGs, we performed comprehensive CRISPR-knockout (KO)
screens in CD4" T cells using a custom library reported here (CD4-ISG library) that targets ISGs
specifically upregulated in this important cell type. Screens with the CD4-ISG library identified
several candidate ISGs. Half of the eight hits we pursued further (HM13, IGFBP2, LAP3,
UBE2L6) demonstrated IFN-dependent restriction of the primary HIV-1 strain, including three
factors not previously known to inhibit HIV. Because each IFN effector alone did not explain the
entirety of IFN restriction, we inactivated all five ISGs in CD4" T cells and found that IFN
inhibition was more fully ablated as additional genes were targeted. These findings demonstrate
that IFN blocks HIV-1 by upregulating several effector proteins that work collectively. This study
also describes a valuable primary CD4" T cell ISG screening model for the identification of both
single and combinations of antiviral ISGs, including factors that have been overlooked in

culture-adapted models of HIV-1 infection.

Results

Ex vivo CD4" T cell model to define ISG restriction of HIV

To identify effectors of IFN-mediated restriction of HIV-1 in primary target cells, we
interrogated ISGs of interest by inactivating them via CRISPR-Cas9 editing in human CD4* T
cells isolated from whole blood (Figure 2.1A). Activated CD4" T cells were nucleofected with

commercial triple-guide CRISPR-Cas9 ribonucleoproteins (RNPs) to achieve high levels of ISG
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KO. To recapitulate natural infection, we established spreading infections (MOI=0.02) with a
replication-competent, R5-tropic primary HIV-1 strain (Q23.BG505, clade A) [104, 105]. To
better align our results with previous studies, we also infected with a commonly used X4-tropic
lab-adapted HIV-1 strain (LAI, clade B) [106] for comparison. IFN- was chosen as the type |
IFN for this model as it elicits a more robust, prolonged transcriptional response as compared to
IFN-a [107]. To capture the effect of ISGs on any stage of viral replication, we evaluated
infection by measuring reverse transcriptase (RT) activity in the supernatant.

In non-targeting control (NTC)-delivered CD4" T cells from several donors, both viruses
exhibited consistent sensitivity to IFN treatment (Q23.BG505 median: 62-fold reduction; LAI
median: 55-fold reduction; Figure 2.1B and 2.1C). Editing of IRF9, a component of the ISGF3
transcription factor complex that enables expression of ISGs, served as a positive control and
led to high KO levels for all donors (median: 94.5% KO, range: 62-100% KO; Supplementary
Figure 2.1A). As expected, IRF9 KO effectively blocked ISG protein upregulation as measured
by Western blot analysis of the MX2 ISG (Supplementary Figure 2.1B), and completely
ablated the inhibitory effect of IFN for both viruses (Figure 2.1B and 2.1C). Of note, we did not
observe a substantial increase in HIV-1 levels with IRF9 KO in the absence of IFN treatment,
which suggests that infected cells are not endogenously secreting inhibitory levels of type | IFN
in this system (Supplementary Figure 2.1C and 2.1C). This ex vivo model of CD4" T cells
infected with an IFN-sensitive primary HIV-1 strain therefore represents a robust, biologically

tractable approach for measuring the contribution of ISGs to IFN restriction of HIV.
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Figure 2.1. Ex vivo CD4+ T cell model to define ISG restriction of HIV.

(A) Schematic of approach for evaluating ISG function in primary CD4" T cells. (B, C) NTC-
delivered and IRF9-edited CD4" T cells were infected HIV-1 strains Q23.BG505 and LAl,
respectively, at an MOI of 0.02. Reverse transcriptase (RT) activity was measured over the
course of infection. Left, representative infection curves from one donor from infections with and
without IFN treatment (With IFN, No IFN). Right, 6 days post infection (dpi) RT activity from
infections with and without IFN from 10 independent experiments that used 8 unique donors.
Dot plots are paired by experiment and the median IFN sensitivity across experiments is
depicted below (IFN sensitivity = untreated day 6 RT / with IFN day 6 RT). **p<0.002, paired
Wilcoxon rank test. Non-significant (ns) indicates p>0.05. See also Supplementary Figure 2.1.

IF116 contributes to IFN restriction of primary HIV-1 in CD4" T cells

We first interrogated the inhibitory function of eight proteins previously characterized as
possible effectors of IFN restriction of HIV-1 in other systems. IFI16, IFITM1, MX2, and TRIM5a
were selected based on their ability to confer cell-intrinsic restriction of HIV-1 in studies using

lab-adapted viruses, pseudoviruses, or cell line models [61, 63-65, 67, 69, 74, 99, 108, 109]. Of
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note, IFITM1 has been evaluated in primary CD4* T cells in one study that found it contributed
to IFN restriction of one out of two IFN-sensitive primary strains [110]. APOBEC3A (A3A),
BCL2L14, CMPK2, and IF127, as well as the previously selected IFITM1 and MX2, were
targeted because their increased expression in CD4" T cells correlated with decreased plasma
viral loads in people living with HIV-1 treated with IFN [50].

Because of the inherent variability of primary cells from different donors, we performed
KO experiments with 4-5 donors for each of the eight genes of interest. Nucleofection with Cas9
RNPs yielded median gene KO scores ranging from 79% (A3A) to 100% (IF116, IFITM1, MX2),
with all genes and donors exceeding 30% KO, a previously established functional cutoff for
genomic editing [89] (Figure 2.2A). Negative control cells were IFN-treated and infected in
parallel to ISG KOs to contextualize KO results. To determine whether each ISG meaningfully
contributed to IFN inhibition, we applied two criteria based on IFN restriction and HIV-1 infection
phenotypes at 6 days post infection (dpi), as illustrated in Supplementary Figure 2.2A. First, to
assess whether ISG KO is contributing to IFN restriction, we required that ISG KO must
increase HIV levels in the context of IFN treatment by at least two-fold as compared to the intra-
assay negative control. We refer to this metric as “HIV Levels with IFN”. In cases where this
condition was met, we applied a second criterion to eliminate genes whose inhibition is not
specifically associated with IFN. For this, we calculated each KO'’s relative IFN sensitivity, which
is the ratio of gene KO without IFN to gene KO with IFN. We required that the IFN sensitivity of
ISG KO must be at least two-fold lower than that of the negative control. We refer to this metric
as “Relative IFN Sensitivity”. These criteria effectively select for genes that are IFN effector
proteins as opposed to non-ISG restriction factors or genes whose KO impairs HIV infection
(Supplementary Figure 2.2B). For instance, KO of a non-ISG restriction factor would increase
HIV Levels with IFN, but would not decrease Relative IFN Sensitivity, because infection levels
would be increased by the KO independent of IFN treatment. Likewise, if gene KO hinders HIV

replication, such as in cases of diminished cell growth or viability, infection levels both with and
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without IFN would be decreased, which may misleadingly decrease Relative IFN Sensitivity. By
first requiring increased HIV Levels with IFN, this gene would not be categorized as an IFN
effector. Importantly, this analysis was applied in order to capture the biological importance of
ISGs in datasets with limited and variable donor replicates, as statistical analysis is less
informative in this context. This approach was used to make comparisons about ISG restriction
between viruses and ISGs, recognizing that additional donor replicates may be required to
detect small effect sizes and to definitively conclude that an ISG is an IFN effector or not for a
given virus. IRF9 KO appropriately meets the criteria of an IFN effector (Supplementary Figure
2.1E), causing a 160-fold increase in HIV Levels with IFN and a 78-fold decrease in Relative
IFN Sensitivity for Q23.BG505.

As expected for primary CD4" T cells, we observed some variability in infection
phenotypes between donors, such as A3A, BCL2L14, CMPK2, and IFI127 KOs demonstrating
much stronger impacts on Q23.BG505 HIV Levels with IFN in Donor 2 as compared to the four
other donors (Figure 2.2B). We therefore evaluated median fold effects of the 4-5 donors tested
by our two analysis criteria to select ISGs with restrictive activity across donors. Surprisingly,
only IFI16 met both criteria for the primary HIV-1 strain Q23.BG505, with knockout causing a
median 2.3-fold increase in HIV Levels with IFN, which corresponded to a median 4.2-fold
decrease in Relative IFN Sensitivity (Figure 2.2B and 2.2C). IFI16, as well as A3A, CMPK2,
MX2, and TRIM5a,, met both criteria for LAl. MX2 KO had the largest impact on the Relative IFN
Sensitivity for this virus (median 4-fold decrease). These data suggest that IFI16 is a broad
effector of IFN restriction of HIV-1 and that other tested ISGs, most notably MX2, IFITM1, and
TRIMSa, have less relevance in primary target cells against a primary virus than in the models

in which they were previously described.
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Figure 2.2. IFI16 contributes to IFN restriction of primary HIV-1 in CD4" T cells.

(A) Median percent KO in nucleofected CD4" T cells across 4-5 donors. Dotted line denotes
30% KO. Donor color is consistent within the figure but does not correspond with other figures
unless otherwise noted. (B) ISG-edited and NTC-delivered cells were treated with or without IFN
and infected with Q23.BG505 (top) and LAI (bottom). Left, increase in HIV Levels with IFN (6
dpi RT levels) with ISG KO as compared to NTC cells (ISG KO/NTC). The median increase
across donors is depicted at the top of each graph. Dotted line indicates a fold difference of two.
Right, for genes on the left with median increases in HIV Levels with IFN =22-fold, the decrease
in Relative IFN Sensitivity with ISG KO compared to NTC is shown (NTC/ISG KO). (C)
Summary of ISG KO infection phenotypes. See also Supplementary Figures 2.2 and 2.3.
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Custom CRISPR sgRNA library to target ISGs in CD4" T cells

Though IFI16 KO reduced the Relative IFN Sensitivity of Q23.BG505 (median 4.2-fold,
Figure 2.2B), it only captured a fraction of the effect seen with IRF9 KO (median 78-fold,
Supplementary Figure 2.1E). This discrepancy indicates that other ISGs must contribute to
IFN inhibition. To evaluate the restrictive capacity of all ISGs expressed in primary CD4" T cells,
we sought to carry out comprehensive, high throughput CRISPR-KO screens with a customized
CRISPR sgRNA library relevant to these cells. We therefore characterized ISG expression in
our ex vivo model by performing bulk RNA-seq on primary CD4" T cells collected 0, 3-, 6-, 12-,
and 24-hours post IFN treatment (Figure 2.3A, Supplementary Table 2.1). Principle
component analysis revealed separation between IFN-treated and untreated cells and
appreciable differences between collection time points (Figure 2.3B). We therefore assessed
sampling times individually. For results from 6, 12, and 24 hours post-IFN, we selected genes
that were IFN-stimulated by at least two-fold in the majority of donors for a given time point
(Figure 2.3C). Because we only had one donor with cells collected at 3 hours post-IFN, we
applied a more stringent cutoff of four-fold induction for this sample. This approach yielded 261,
449, 261, and 167 genes from the 3-, 6-, 12-, and 24-hour time points, respectively, with many
ISGs overlapping across sampling times (Figure 2.3D). To create the sgRNA library, we
designed eight guides per gene and included 200 NTC guides as controls. The final “CD4-ISG”
library targets 555 ISGs represented across 4,579 guides (Supplementary Table 2.2). We
compared this library to a larger, less focused library used to identify HIV antiviral ISGs in other
studies (PIKA [69]) and found that the majority of genes in the CD4-ISG library (57%) were not
present in the PIKA library (Figure 2.3E). Likewise, only 12.5% of the PIKA library represents
genes that are IFN-stimulated in primary T cells. The CD4-ISG library therefore encompasses a

set of ISGs tailored specifically to primary CD4" T cells.

27



A IFN-B C 3 hrIFN 6 hr IFN

® o \ o e ) ©) 1 donor log,FC>2 2/3 donors log,FC>1
o -t o 2611SGs | | 449 1SGs
Hour post IFN: 6 12 24 ®
# of donors: 1 3 3 5 &1
— 41 1
[2)
o e
AG] v 8 o- -
o
Vv ©
. g 12 hr IFN 24 hr IFN
X0 4 ® 2/3 donors log,FC>1 3/5 donors log,FC>1
S < )
I & ~ 261 I1SGs y : 167 ISGs
~ 84 B <]
8 “ A ELJN (e} o
o Donor v D 67 .
o094 O~ t -
Oes
O c
YANE)
VvV E v
25 0 25
PC1 (37.6%)
D E CD4-ISG Library
6 hr 12 hr (555)

PIKA Library (1906)

Figure 2.3. Custom CRISPR sgRNA library to target ISGs in CD4" T cells.

(A) Schematic describing CD4" T cells evaluated by bulk RNA-seq. (B) Principal component
analysis of RNA-seq data. (C) To select ISGs to include in a new CRISPR library, thresholds
were applied to each RNA-seq time point, as indicated by the solid line. Genes above
thresholds are shown in color. Total ISG counts are included in each plot. (D) Venn diagram
comparing ISGs selected in (C) by collection time. (E) Euler diagram comparing genes
represented in the CD4-ISG libraries to those in the broad PIKA ISG library [69].

Strateqy for HIV-CRISPR screens in primary CD4* T cells

To perform CRISPR-KO screens with the CD4-ISG library in primary CD4" T cells
(Figure 2.4A), we leveraged the HIV-CRISPR approach, a robust strategy developed in the
THP-1 monocytic cell line and reported in Ohainle et al [69]. HIV-CRISPR screens deliver
sgRNA libraries to cells using a lentiviral vector with a repaired, complete HIV long-terminal
repeat (LTR). This repair allows the integrated vector, including the sgRNA sequence, to be

transcribed and packaged into budding virions during replication-competent HIV infection.
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Therefore, guide sequences enriched in the supernatant viral RNA as compared to the cellular
genomic DNA would be expected to target and inactivate genes that restrict HIV.

CRISPR screening in primary CD4" T cells presents three challenges that we had to
overcome. First, lentiviral delivery of sgRNAs to CD4" T cells has been prohibitively inefficient in
the past. To circumvent this issue, we utilized the TOP vector, which yields high-titer lentivirus
with improved transduction of primary T cells and increased packageability as compared to the
widely used lentiGuide construct [91]. To amend the TOP vector for HIV-CRISPR screening in
primary T cells, the HIV LTR was repaired to restore packaging. The tracrRNA sequence was
also optimized for more efficient sgRNA expression [111], an adjustment that was essential to
achieve sufficient editing (data not shown). Second, lentiviral delivery of Cas9 is insufficient for
high levels of editing in primary T cells [112]. We adopted a previously utilized strategy that
delivers Cas9 to primary T cells by nucleofection of NTC Cas9 RNPs after lentiviral transduction
with the guide library [90]. Lastly, most CRISPR screens transduce cells at low MOls followed
by antibiotic selection over several days to generate a pool of cells containing one sgRNA.
Because primary T cells have short ex vivo culture windows, antibiotic selection is not practical.
We therefore transduced cells at a high MOI, aiming to deliver roughly 3 vector copies per cell
to maximize the fraction of cells expressing sgRNAs. These modifications enabled us to perform

HIV-CRISPR screens in primary CD4" T cells.

HIV-CRISPR screens with the CD4-1SG library identify HIV-restricting ISGs

We conducted HIV-CRISPR screens with the custom CD4-ISG library in CD4" T cells
from two donors (Figure 2.4A). Lentiviral transductions delivered 3.0 and 5.2 vector copies per
cell for each donor, respectively, and library coverage was maintained (>1000-fold) at every
stage. We infected transduced cells with HIV-1 at higher MOls (0.1, 1) in screens than in
validation experiments (MOI=0.02) to ensure sufficient read out. Genomic DNA and viral RNA

deep sequencing was analyzed by MAGeCK-Flute [113] (Supplementary Table 2.3) to quantify
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gene-level results and identify guides enriched in the supernatant, which would reflect the
inactivation of restriction factors. Positive control IFN signaling genes (IRF9, STAT1, STAT2,
IFNAR1) were highly enriched in all screens and we observed strong agreement between
donors (Pearson R: 0.83-0.89; Figure 2.4B). A high proportion of genes (20.5-30%) scored
above background for both donors, with LAI screens yielding slightly more hits (Q23.BG505
MOI 0.1: 114/555; Q23.BG505 MOI 1: 134/555; LAl MOI 0.1: 140/555; LAl MOI 1: 166/555).
Overall, 56 ISGs scored above background in all eight screens.

We next aimed to validate genes with the highest likelihood of having broad restrictive
activity in primary CD4" T cells (Figure 2.4C). To select this subset, we rationalized that genes
with consistent robust expression across donors would be less likely to arise as donor-specific
artifacts. Therefore, from the list of 56 top-scoring genes (Supplementary Table 2.4), we
filtered out those with low average counts per million (CPMs). We also removed one long non-
coding RNA, as they are often not amenable to CRISPR approaches, and one ISG that we had
previously interrogated (IFITM1, Figure 2.2). From the remaining candidates, we identified and
removed strain- or donor-specific hits: LAl-specific BST2 (Tetherin), Q23.BG505-specific BATF
and OASL, and donor-specific IRF4 (Supplementary Figure 2.4). We selected eight genes to
validate based on MAGeCK scores and putative function, as we aimed to identify IFN effectors
that directly restrict HIV. Despite being the top-scoring hit, NLRC5 was not chosen for validation

as it is known to regulate, as opposed to mediate, host antiviral responses [114].
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Figure 2.4. HIV-CRISPR screens with the CD4-ISG library identify HIV-restricting ISGs.

(A) Schematic of HIV-CRISPR screens. (B) HIV-CRISPR screens were conducted in CD4™ T
cells from two donors. Gene-level MAGeCK enrichment scores were correlated between donors
for each virus and MOI. Dotted lines indicate the NTC average + 3 standard deviations for
individual screens. Pearson correlation coefficients are included within plots. (C) Strategy for
selecting eight CD4-ISG screen hits to validate. Right, the average MAGeCK score across all
eight screens for the top 18 screen hits. Dotted line denotes the highest background threshold
from panel B plots. See also Supplementary Figure 2.4.

ISG editing exceeded 30% KO for all genes (Figure 2.5A) and did not impact cell growth

(Figure 2.5B), indicating that these ISGs did not artificially arise as screen hits due to their

inactivation causing cell death. Compared to the negative control, inactivation of HM13,

IGFBP2, LAP3, and UBEZ2L6 increased Q23.BG505 HIV Levels with IFN 22-fold, which

corresponded with 22-fold decreased Relative IFN Sensitivity, which results categorized them
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as IFN effectors by our analysis approach (Figure 2.5C). Editing of HM13 and UBE2L6 also met
both IFN effector criteria for LAI, suggesting that these genes may broadly restrict diverse HIV-1
strains. Though IFITM2 KO did not increase Q23.BG505 HIV Levels with IFN, it did demonstrate
IFN-mediated restrictive activity against LAI, though results were variable between donors.
Ultimately, half of the CD4-ISG screen hits we interrogated (4/8) validated as mediators of IFN

restriction of a primary virus (Figure 2.5D).
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Figure 2.5. CD4-ISG HIV-CRISPR screen hits validate as IFN effectors.

ISGs from Figure 4C (in orange) were validated in CD4" T cells from two donors. (A) ICE KO
percentages. Dotted line indicates 30% KO. (B) The number of cells for each ISG KO on the
day of IFN treatment are shown relative to CD19-edited, negative control cells. Dotted line at
100%. (C) Left, increase in HIV Levels with IFN with ISG KO compared to CD19 KO cells (ISG
KO/CD19 KO). Right, for ISG KOs that exceeded a two-fold increase in HIV Levels with IFN, the
decrease in Relative IFN Sensitivity is depicted (CD19 KO/ISG KO). (D) Summary of ISG KO
infection phenotypes.
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IFN restriction of HIV-1 is driven by a combination of IFN effectors

We have thus far identified HM13, IFI16, and UBE2L6 as mediators of IFN restriction of
both tested HIV-1 viruses. Additionally, IGFBP2 and LAP3 demonstrate IFN-dependent
inhibition of the primary HIV-1 strain Q23.BG505. However, the effect of each single knockout
on either virus (Figures 2.2B and 2.5C) is less substantial than IFN’s entire restrictive effect
(Figure 2.1). We therefore hypothesized that IFN inhibition of HIV-1 results from several IFN
effectors functioning collectively. To test this hypothesis, we performed multi-gene knockouts,
targeting two (HM13, IFI16), three (HM13, IFI16, UBE2L6), or all five ISGs (HM13, IFI16,
UBE2L6, IGFPB2, LAP3) within the same cell pool. HM13 and IFI16 were selected for the
double KO condition because they had the largest impacts on Q23.BG505 HIV Levels with IFN
and Relative IFN Sensitivity, respectively. The triple KO includes all three genes that were
classified as IFN effectors for both viruses in single KO experiments. To extend this study and
address whether these factors inhibit diverse HIV-1 strains, we infected cells with a broader
panel of six IFN-sensitive viruses, including both primary-isolated and lab-adapted viruses and
viruses from different HIV-1 clades (Figure 2.6A).

We selected HM13 as the intra-experiment single ISG KO control, as HM13 editing led
to the greatest increase in HIV Levels with IFN for both viruses (Q23.BG505: 3.3-fold; LAI: 4.2-
fold). Like we previously observed with Q23.BG505 and LAI, HM13 met both IFN effector
criteria for all additional HIV-1 strains we tested, with its KO leading to an increase in HIV Levels
with IFN and a decrease in Relative IFN Sensitivity that was generally similar across viruses
(HIV Levels with IFN: 2.5- to 4-fold, Relative IFN Sensitivity: 2.3- to 4.8-fold; Figure 2.6B).
These data confirm that HM13 broadly contributes to IFN restriction of a diverse set of HIV-1
strains and is therefore a stringent single ISG KO control.

Multi-gene knockouts were achieved by nucleofecting primary CD4" T cells with RNPs
targeting multiple ISGs. This strategy was successful, yielding editing efficiencies similar to prior

respective single-gene KOs (Figure 2.6C, Supplementary Figure 2.5C). Though UBE2L6
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editing fell below the 30% threshold for two multi-ISG KOs (Donor 1 triple KO in Figure 2.6C:
25% KO; Donor 2 KO with all five ISGs in Supplementary Figure 2.5C: 24%), this level of
inactivation is similar to one of the previous UBE2L6 single-gene KOs (Donor 3 in Figure 2.5A:
33%), which impacted HIV Levels with IFN and Relative IFN Sensitivity to similar magnitudes as
Donor 2 despite having lower levels of editing. Notably, editing of up to three ISGs in one cell
pool did not impact cell viability (Supplementary Figure 2.5A). We did however observe a 34%
reduction in the number of cells in the five-ISG KO condition, similar to a prior report that tested
a six-gene KO in CD4" T cells [115]. To assess whether multi-gene editing influences HIV-1
infection or IFN restriction non-specifically, we compared the increase in HIV Levels with IFN for
HM13 single KO cells to that of cells edited for both HM13 and the negative control B cell
marker CD19 (Supplementary Figure 2.5C). Double KO cells closely recapitulated the
infection phenotype observed in HM13 single KO cells, and there was no trend in terms of which
KO caused greater effects on HIV Levels with IFN. Therefore, inactivation of two or three ISGs
in the same cell pool does not impact cell viability, HIV-1 infection, nor IFN restriction non-
specifically. Moreover, it is unlikely that the lower cell counts with five-ISG KO would influence
whether this condition is classified as an IFN effector or not, as our analysis criteria account for
such situations (Supplementary Figure 2.2B).

We next evaluated whether inactivation of several ISGs impacts IFN restriction of HIV-1
more potently than HM13 KO alone. We observed that with each additional ISG inactivated, HIV
Levels with IFN increased (Figure 2.6D) and Relative IFN Sensitivities decreased (Figure
2.6E). This trend was consistent not only across six diverse viruses (Figure 2.6D and 2.6E), but
also for Q23.BG505 and LAl in another donor (Supplementary Figure 2.5D), indicating that the
ISGs identified in this report represent broad IFN effectors, likely with independent functions.
Though the multi-ISG KOs do not fully account for IFN’s entire restrictive effect, these data
provide evidence that IFN restriction of HIV-1 is mediated by several individual antiviral ISGs

functioning collectively.
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Figure 2.6. IFN restriction of HIV-1 is driven by a combination of IFN effectors.
CD4" T cells from one donor were nucleofected with 1-5 RNPs to inactivate several ISGs in
combination. (A) HIV-1 viruses used for infections. (B) Fold difference in HIV Levels with IFN
(HM13 KO/CD19 KO) and Relative IFN Sensitivities (CD19 KO/HM13 KO) between HM13
single KO and CD19 single KO cells for each virus tested.

(figure legend continued on next page)

35



Dotted lines indicate a fold difference of two. Colored points indicate results from CD4-ISG
screen hit validation experiments (Figure 6C), which are presented again here to contextualize
results from infecting HM13 single KO cells with the broader viral panel. (C) Percent KO in cells
nucleofected with single (gray) or multiple (blue) RNPs, as denoted along the x-axis. Results are
separated by editing locus, as indicated above each panel. Single KO bars include results from
previous experiments with donors represented as points (n=2-5). Dotted line denotes 30% KO.
(D) The increase in HIV Levels with IFN (ISG KO/CD19 KO) and (E) the decrease in Relative
IFN Sensitivities (CD19 KO/ISG KO) for each multi-ISG KO compared to CD19 KO, for all
viruses tested. Dotted lines indicate a fold difference of two. (F) Schematic of the screening
model established in this report. See also Supplementary Figure 2.5.

Discussion

In this study, we shed light on the multifaceted nature of cell-intrinsic IFN restriction of
HIV-1 and identify effector ISGs with likely relevance in vivo by establishing and employing a
primary CD4" T cell ISG screening system. This strategy involves performing comprehensive
CD4-ISG CRISPR screens to assess all ISG candidates, selecting and validating the factors
most likely to have broad antiviral activity, and evaluating ISG synergy by inactivating several
genes in combination (Figure 2.6F). We found that HM13, IFI16, IGFBP2, LAP3, and UBE2L6
each partially mediate IFN-dependent restriction of HIV-1 in primary CD4" T cells. Most of these
factors (HM13, IGFBP2, LAP3) were not previously known to inhibit HIV, underscoring the
advantage of leveraging unbiased CRISPR screens in primary target cells for ISG candidate
selection. Inactivation of the five ISGs we identified in combination demonstrated that these
factors collectively contribute to the antiviral effect of IFN for a diverse panel of HIV-1 strains,
including several primary isolates. Altogether, this report comprehensively examines ISGs that
inhibit primary HIV-1 in primary target cells and demonstrates that the inhibitory effect of IFN is
the result of several antiviral ISGs working in concert.

Of the five ISGs we found to mediate IFN restriction of HIV-1, most (HM13, IGFBP2, and
LAP3) have not been previously recognized as having anti-HIV activity. HM13 is of particular
interest as it is known to directly interact with HIV-1 gp160 [116, 117] and, in this study,

demonstrated broad antiviral activity against all tested HIV-1 strains both individually and in
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combination with other ISGs. HM13, also referred to as signal peptide peptidase (SPP), cleaves
signal peptides in the endoplasmic reticulum after they have been released from polyproteins
[118], preproteins, and misfolded membrane proteins [119]. It has been implicated as a host
dependency factor for HCV [120, 121] and HSV-1 [122, 123] by mediating HCV core protein
processing and binding to HSV glycoprotein K, respectively. Moreover, it may have dual roles
both promoting and inhibiting DENV replication at different stages [124, 125]. HM13 therefore
interacts with several other viruses, and, in the case of HCV, this interaction relies on HM13’s
peptidase activity. Collectively, these findings suggest that future studies should investigate
whether HM13 cleaves HIV-1 gp160 to inhibit viral replication.

Unlike HM13, the potential function of LAP3 and IGFBP2 during viral replication is less
clear. LAP3 is a aminopeptidase primarily located in the cytosol that catalyzes the removal of N-
terminal hydrophobic amino acids from various peptides and proteins [126]. IGFBP2 is known
for binding insulin-like growth factors when secreted but it has many additional intracellular
ligands and intrinsic roles, typically associated with cell survival [127]. Interestingly, IGFBP2 was
the second highest-scoring hit in a study examining HIV-1 Vpu-mediated suppression of
cytokines, suggesting that its expression may impede viral replication [128]. Because LAP3 and
IGFBP2 have not been studied in the context of infection previously, additional work is required
to elucidate their mechanisms as HIV-1 restriction factors.

In addition to identifying effector proteins not previously known to inhibit HIV-1, our
findings indicate that IFI16 and UBE2L6, which have been studied in other HIV-1 infection
models, mediate IFN restriction of several primary HIV-1 isolates in primary CD4* T cells. IFI16
has two known mechanisms of HIV-1 restriction — it can function as a cytosolic immune sensor
of HIV-1 DNA intermediates, which results in IFN secretion and pyroptosis [129-131] to
indirectly block HIV-1 replication, and it sequesters the transcription factor Sp1 to broadly inhibit
retroviral transcription [74]. If IFI16 was impacting HIV-1 infection in our model via sensing and

IFN production, we would expect to see increased levels of HIV-1 with IFI16 KO in the absence
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of exogenous IFN treatment. Instead, we observed minimal effects, with IFI16 KO causing a
median 1.4- and 1.0-fold decrease in HIV without IFN for Q23.BG505 and LAI, respectively.
Therefore, our findings are likely the result of IFI16 directly restricting HIV-1 by reducing the
availability of Sp1. This mechanism was originally characterized in macrophages, which also
support HIV-1 replication both in vitro and in vivo; thus, our findings support that IFI16 also
directly inhibits HIV-1 infection in primary CD4" T cells. Like IFI16, the mechanism of UBE2L6
restriction has been previous described. UBE2L6 conjugates ubiquitin or the highly IFN-
inducible ISG15 (ISGylation) to other proteins, leading to broad biological impacts [132]
including preventing HIV-1 budding and egress [133]. HIV-1 Vpu targets UBE2L6 for
degradation to impair ISGylation, but this antagonism is incomplete as evidenced by residual
UBE2L6 protein expression and restrictive activity in THP-1 cells [68, 69]. Our data support that
Vpu-mediated antagonism of UBE2L6 is incomplete and UBE2L6 contributes to IFN restriction
of replication-competent virus in primary target cells.

While HM13, IFI16, IGFBP2, LAP3, and UBE2L6 have consistent antiviral activity across
several HIV-1 strains, our results also highlight cell type- and virus-specific trends for other
ISGs. For instance, IFITM1 KO did not meet our criteria as an antiviral ISG for either virus in
primary CD4" T cells, despite its potent restrictive effect in SupT1 [67] and U87 [110] cell line
models. Our findings suggest that IFITM1 does not contribute to IFN restriction of HIV-1 in
primary CD4" T cells as strongly or consistently as other ISGs we tested, unlike in the models
for which it was previously studied. While insufficient protein knockout could be a confounding
factor, this is unlikely to explain the results here given the consistently high editing scores for
IFITM1. In the case of HM13, IGFBP2, and LAP3, which have not been described as HIV-1
inhibitors in cell lines, it remains to be seen whether they are functional in other cell types. The
comprehensive nature of this screen, including the use of the tailored CD4-ISG library, may well

reveal antiviral factors that are active in different cell types.
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Our findings also shed light on trends in the antiviral effects of ISGs between HIV-1
strains, which we were able to capture by infecting with two viruses for all experiments:
Q23.BG505 (clade A, R5-tropic, primary) and LAI (clade B, X4-tropic, lab-adapted). Most
notably, we observed higher levels of restriction for IFITM2, MX2, and TRIM5a against LAI than
Q23.BG505. These results for IFITM2 and TRIM5a are consistent with the existing literature, as
IFITM2 has been shown to preferentially restrict X4 viruses [110, 134] and a previous report
demonstrated that TRIM5a mediates restriction of LAl in a THP-1 monocytic cell line,
overcoming CypA antagonism [69]. We were particularly surprised that MX2 KO did not impact
Q23.BG505 replication to the same extent as LAIl, as MX2 has been shown to mediate IFN
restriction of several HIV-1 strains in cell lines [63-66, 99, 103, 135-137]. This led us to identify
18 amino acids in HIV-1 CA, which is the main viral determinant of MX2 sensitivity, that differ
between Q23-17 and eight MX2-sensitive viruses. Four of the mutations reside in CA sites or
regions known to influence MX2 restriction and thus are most likely to be responsible for
Q23.BG505’s resistance to MX2: V111, E71D, A92P, E187D. Interestingly, these Q23-17 CA
residues are present in many circulating viruses. D71 and P92 are utilized in the group M
consensus sequence, as is 111 for clade A and D187 for clade C [138]. Until the use of clade A
Q23.BG505 in this report, all MX2 studies have solely tested clade B viruses, suggesting the
possibility that MX2 may primarily target clade B viruses in vivo. Our findings thus indicate that
to best understand the impact of MX2, future studies should include additional strains from the
globally dominant clades to investigate whether MX2 restriction is clade-specific in primary
CD4" T cells. Given that TRIM5a. also interacts with the HIV-1 CA, it is possible that CA
differences between Q23-17 and LAl may also contribute to Q23.BG505’s apparent resistance
to TRIMSa restriction.

While our approach identified five IFN effectors with broad antiviral activity, we may have

only scratched the surface on the ISGs that contribute to IFN-mediated inhibition of HIV-1 due to
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the stringency of our analysis and the scope of our investigation. For instance, each CD4-ISG
HIV-CRISPR screen enriched for over 100 ISGs (range: 114-166 hits), which we narrowed
down to 17 candidates based on their consistency of enrichment in screens and RNA
expression across donors. We then selected 8 of the highest-scoring hits to validate. In fact,
IF116 did not meet our filtering criteria despite it scoring above background in half of the screens
and being a validated IFN effector. Therefore, this screen identified many more ISGs that have
yet to be tested, including virus-specific hits that were not pursued in this study. These data also
suggest that our criteria for defining an ISG as an IFN effector was highly stringent because two
genes (IGFBP2, LAP3) that met our criteria as Q23.BG505 IFN effectors did not do so for LAI
(average increase in HIV Levels with IFN: 1.6-fold for IGFBP2 KO and 1.5-fold for LAP3 KO),
yet multi-gene KO experiments demonstrated that editing of these factors in addition to HM13,
IF116, and UBE2L6 further decreased IFN restriction of LAI. The stringency of our IFN effector
classification criteria may have therefore excluded “real” HIV-restricting ISGs. Moving forward,
inactivating factors alone as well as in combination may provide the most robust data to
determine whether ISGs meaningfully contribute to IFN restriction.

Type | IFN upregulates hundreds of ISGs; thus, it is not surprising that we found IFN-
mediated inhibition of HIV-1 to result from many ISG effectors as opposed to one extremely
potent ISG. While nearly all prior reports have inferred this conclusion due to their ISG of
interest not accounting for full IFN restriction, particularly a study based on overexpressed pairs
of ISGs prior to HIV-1 pseudovirus challenge in a cell line [86], none to our knowledge have
inactivated multiple ISGs within the same cell pool to directly support this hypothesis. Our report
therefore establishes that many cell-intrinsic ISGs contribute to IFN restriction of replication-
competent HIV-1 in primary target cells, CD4" T cells. Some of these effectors are genes
targeted by HIV-1 accessory proteins (UBE2L6, IGFBP2), suggesting that their antagonism is
incomplete. Moreover, viral sensitivity to ISGs can vary by clade and tropism/co-receptor use

(MX2, IFITM2, TRIM5a), which is emphasized by the findings presented here. This underscores
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the need to test diverse HIV-1 strains when assessing ISG inhibitory potencies and to consider
the viruses tested when extrapolating in vitro studies to in vivo mechanisms.

There is now considerable interest in identifying the minimal network of ISGs needed to
ablate the majority of IFN restriction and it remains to be determined whether a potent pan-HIV
ISG network exists or if ISG sets would need to be clade-specific. Leveraging the primary CD4*
T cell ISG screening system reported here provides the opportunity to identify additional HIV-1
restriction factors with relevance in the cells that are responsible for the majority of HIV-1
produced in vivo. In addition to the hits from our screens that have yet to be validated, future
iterations of this system could perform HIV-CRISPR screens with the CD4-ISG library with
different HIV-1 strains or in the background of an ISG KO to select for ISGs with synergistic
effects. Resolving the group of ISGs that account for IFN-mediated protection against HIV-1 in
primary CD4" T cells would directly inform the cell-intrinsic barriers that HIV-1 must overcome

during transmission and acute infection.

Limitations

Though we aimed to maximize biological relevance and experimental robustness, our
approach has important caveats to consider. First, primary cell models do not have unlimited
cell availability. This made it impossible to use the same blood donors for all experiments, which
could contribute to experimental variation and make it difficult to detect antiviral genes with
small effects. However, we did not observe notable patterns in editing or KO phenotypes for
specific donors and we controlled for differences in HIV-1 infection across donors by
determining within-assay fold effects of ISG KO relative to negative controls. This allowed for
direct, quantitative comparisons across independent experiments and ISG targets. Second,
despite this analysis strategy, we did observe substantial variability across donors for some
genes. Biological differences between donors are impossible to avoid in primary cell systems

and, to account for this, we evaluated median values to identify IFN effectors. In a primary cell
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system, there are trade-offs between having more donor replicates and testing more gene/virus
combinations. Our approach evaluated 16 ISGs with 2-5 donors, as opposed to interrogating
less ISGs with additional replicates. Lastly, our single KO approach with triple-guide RNPs was
relatively low throughput compared to nucleofections with arrayed single-guide RNPs [88, 89,
139]. Though our approach limited the number of donors and viruses we could test as well as
the number of screen hits we could validate, it also had valuable tradeoffs. Smaller scale
nucleofections allowed us to closely monitor cell counts to ensure all KOs were accurately
infected at a low MOI of 0.02. Moreover, we achieved reliable sequencing and high KO scores
for all sixteen single ISG targets, whereas a recent arrayed CRISPR screen was unable to
assess 18% (77/436) of targets due to incomplete sequencing information or insufficient editing

[89].

Methods
Experimental model and subject details

Primary CD4* T cells

Primary CD4" T cell isolation, activation, single gene editing, and culturing procedures
largely follow a previously published detailed protocol [88]. For primary cell isolation, whole
blood from healthy donors collected in EDTA tubes was obtained from BloodWorks Northwest.
Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation over Ficoll-Paque
Plus (Cytiva #17144002). CD4" T cells were isolated using negative selection (STEMCELL
Technologies #17952). CD4" T cells were immediately cultured in complete RPMI media (RPMI
1640 supplemented with 10% FBS, 2 mM L-glutamine, 1X antibiotic-antimycotic that contains
penicillin, streptomycin, and Amphotericin B) with 100 U/mL recombinant interleukin (IL)-2
(Roche #11147528001) and activated as described below or frozen in freezing media (90%

FBS, 10% DMSO). For all procedures, cell counts were obtained using a hemocytometer.
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Cell lines
HEK293T/17 (ATCC #CRL-11268) and TZM-bl cells (NIH HIV Reagent Program #ARP-
8129) were cultured in DMEM complete media (DMEM supplemented with 10% FBS, 2 mM L-

glutamine, 1X antibiotic-antimycotic that contains penicillin, streptomycin, and Amphotericin B).

Plasmids

pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260) were gifts from Didier
Trono. The TOPmMChAW vector [91] was modified to utilize it in HIV-CRISPR screens. First, the
intact 3’UTR was reconstituted as described for the HIV-CRISPR vector [69]. To do this, a gene
fragment was synthesized (Integrated DNA Technologies (IDT)) and sub-cloned into the Xcml
and Pmel sites using Gibson Assembly. Next, to allow for cloning in an sgRNA library and to
incorporate an optimal tracrRNA sequence [111], a cassette was synthesized and assembled
into the EcoRI and Kpnl sites. In doing this, the spacer region between BsmBI| sites used for
cloning in of the sgRNA library was reduced from the 1885 bp of other commonly used CRISPR
vectors to 355 bp. This modified version of the TOP vector is referred to as HIV-TOP opt

mChAW.

HIV-1 viruses

HIV Q23.BG505 [105] is a clade A, CCR5-tropic HIV-1 chimeric virus derived from a full-
length provirus isolated early in infection (Q23) [104] and bears the BG505.C2 envelope [140] of
a well-studied clade A transmitted/founder virus. HIV LAl is a clade B, CXCR4-tropic HIV-1
strain, as previously described [106]. Q23.BG505 and LAl viral stocks were prepared by

transfection as described below. The following viral stocks were obtained through the NIH HIV
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Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 Ba-L (ARP-510) contributed by Dr.
Suzanne Gartner, Dr. Mikulas Popovic and Dr. Robert Gallo [141]; HIV-1 93/MW/965 (ARP-
2913) contributed by Dr. Paolo Miotti and the UNAIDS Network for HIV Isolation and
Characterization; HIV-1 92/UG/029 (ARP-1650) contributed by UNAIDS Network for HIV
Isolation and Characterization and the DAIDS, NIAID; HIV-1 92/UG/024 (ARP-1649) contributed

by UNAIDS Network for HIV Isolation and Characterization.

Method Details

Primary CD4" T cell activation and culture

CD4" T cells were used directly after isolation for the first set of single KO experiments
(Figure 2.2) and for bulk RNA-seq experiments (Figure 2.3) and were thawed from frozen
aliquots for all other experiments. After isolation or thawing, cells were resuspended at 2.5e10°
cells/mL in 48-well flat-bottom plates with complete RPMI media and 100 U/mL IL-2. Cells were
activated with plate-bound anti-CD3 (Tonbo Biosciences #40-0038) at a concentration of 10
pug/mL and anti-CD28 (Tonbo Biosciences #40-0289) supplemented to the media at a

concentration of 5 pg/mL.

RNP assembly for single- and multi-gene KOs

NTC RNPs utilized a single sgRNA from IDT, whereas RNPs for all other single gene
KOs were assembled using a mixture of three sgRNAs from Synthego (Synthego Gene KO Kit
v2). NTC RNPs were prepared in advance by preincubating 1 pL of 160 nM CRISPR-RNA
(crRNA, IDT) with 1 pL of 160 nM tracrRNA (IDT) at 37C for 30 min. The crRNA/tracrRNA
complex was then incubated for 15 min at 37C with 2 uL of 40 nM Cas9-NLS protein (UC
Berkeley QB3 MacroLab) for a final molar ratio of 4:1 RNA:Cas9. Complexes were frozen at -
80C until ready for use. For all other single gene KOs, RNPs were assembled on the day of

nucleofection by combining 6 pL of 30 pmol/uL sgRNAs (Synthego), 18 uL of P3 Primary Cell
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Nucleofector solution (Lonza #V4SP-3096), and 1 pL of 20 yM Cas9-NLS protein (UC Berkeley
QB3 MacroLab). Complexes were gently mixed, incubated for 10 min at room temperature, and
then stored on ice until ready for same-day use.

For multi-gene KOs, RNPs for each gene were prepared separately and respective to
the number of genes being targeted. For each gene, 1.5 uL of 60 pmol/uL sgRNAs (Synthego)
was combined with 1 pL of 20 uM Cas9-NLS protein (UC Berkeley QB3 MacroLab) and the
following volume of P3 Primary Cell Nucleofector solution: 8.75 uL for two-gene KOs, 5.67 pL
for three-gene KOs, and 3.2 pL for five-gene KOs. Complexes were gently mixed, incubated for
10 min at room temperature, and then stored on ice until ready for same-day use. Immediately

prior to nucleofection, RNPs for different genes were combined.

RNP nucleofection of CD4" T cells

Three days after activation, 1€6 CD4" T cells per nucleofection were pelleted at 100xg
for 10 min and washed once with PBS. For nucleofections with NTC RNPs, cells were
resuspended in 20 yL of P3 Primary Cell Nucleofector solution (Lonza #V4SP-3096) and mixed
gently with 4 uL of the complexes described above. For RNPs with Synthego guides (both
single and multi-gene KO), cells were gently resuspended with 25 pL of the complexes
described above. Cells and complexes were incubated for 5 min at room temperature before
nucleofection in a 16-well Nucleocuvette (Lonza #V4SP-3096) in an Amaxa Nucleofector
(Lonza) using pulse code EH-115. Cells were supplemented with 80 uL of RPMI complete
media with 125 U/mL IL-2 and allowed to recover in the cuvette for 30 min to 2 h at 37C. Cells
were then brought to 2.5e6 cells/mL in RPMI complete media with 100 U/mL IL-2 and plated in
96-well flat-bottom plates at a 1:1 ratio with activation beads (Miltenyi Biotec #130-091-441).
Two days later, 200 pyL of RPMI complete media with 100 U/mL IL-2 was added to each
nucleofection. At four days post nucleofection, fresh media was added to each nucleofection by

pelleting cells at 300xg for 10 min, removing 250 pL of supernatant (roughly half of the total
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culture volume), and adding RPMI complete media with 100 U/mL IL-2 to bring cells to 1e6
cells/mL. Starting the following day, cells were counted and resuspended to 1e6 cells/mL in
RPMI complete media with 100 U/mL IL-2 every other day. As needed, cells were transferred
from 96-well plates (working volume: 100-300 pL/well) to 48-well plates (400-600 uL/well) or 24-

well plates (1-2 mL/well).

HIV-1 and lentivirus production and concentration

HIV-1 and lentiviral stocks were prepared by transfecting HEK293T/17 cells (ATCC
#CRL-11268) in a six-well format. Twenty hours prior to transfection, 5e5 cells/well were plated
in 2 mL of DMEM complete. On the day of transfection, serum-free DMEM media, transfection
reagents, and plasmids were equilibrated to room temperature. For each HIV-1 transfection
well, 1 ug of proviral DNA and 200 uL serum-free DMEM were combined, prior to the addition of
18 pL of FUGENE (Promega #E2692). For each lentiviral transfection well, 667 ng of transfer
plasmid, 500 ng of psPAX2 packing vector (Addgene #12260), 333 ng of the pMD2.G VSV-G
expression vector (Addgene #12259), and 200 pL serum-free DMEM were combined, prior to
the addition of 4.5 pyL TransIT-LT1 transfection reagent (Mirus Bio #MIR-2305). Transfection
complexes were gently mixed, incubated for 15-30 minutes at room temperature, and added to
each well in a drop-wise manner. At 20 h post-transfection, media was replaced with 1.5 mL of
DMEM complete per well. Supernatants were harvested two days post-transfection, removed of
debris using a 0.2 M filter (Millipore Sigma #SCGP00525), and concentrated as described
below.

For HIV-1 transfections, supernatants were passed through Amicon 100 KDa
concentrators (Millipore Sigma #UFC910024) until concentrated ~100-fold. Concentrated virus
was aliquoted and stored at -80C. HIV-1 stocks were titered on TZM-bl cells (NIH HIV Reagent

Program #ARP-8129). Infections were carried out in the presence of 10 ug/mL DEAE-dextran
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and viral titer was determined by staining fixed cells for -galactosidase activity at 48 h post-
infection and counting blue, infected cells.

For lentiviral transfections, ice-cold PBS was added to supernatants to bring the volume
to 35 mL. Diluted supernatants were concentrated over 2 mL of cold 20% sucrose by ultra-
centrifugation at 23,000 rpm for 1 h at 4C. After pouring the supernatant off, the sucrose pellet
was resuspended in RPMI complete media, such that the virus was concentrated ~100-fold.
Pellets were resuspended by periodically vortexing at a low intensity and were left at 4C
overnight before aliquoting and freezing at -80C. Lentiviral stocks were titered by copy number

as described below.

IFN treatment and HIV-1 infection of CD4* T cells

Nucleofected CD4" T cells were treated with 1000 U/mL IFN-B1a (PBL Assay Science
#11410) 24 h prior to HIV infection. For the first set of single KO experiments (Figure 2.2) and
bulk RNA-seq experiments (Figure 2.3), cells were IFN-treated six days post nucleofection.
Otherwise, cells were IFN-treated nine days post nucleofection to allow for additional recovery.
For targeted KO experiments, half of each nucleofection was IFN-treated, whereas all cells were
IFN-treated for CRISPR screens. For ISG KO spreading infections, cells were resuspended to
1e6 cells/mL in RPMI complete media with 100 U/mL IL-2 and 100 yL was added in duplicate
for each virus to 96-well flat-bottom plates. Cells were infected with 10 uL of virus at an MOI of
0.02 in the presence of 8 ug/mL polybrene (Millipore Sigma #TR-1003-G) by spinoculation at
1100xg for 90 min at 30C. After infection, cells were transferred to 96-well V-bottom plates,
pelleted at 300xg for 10 min, and resuspended in 100 pL of fresh RPMI complete with 100 U/mL
IL-2 that contained 1000 U/mL IFN as necessary. Cells were then transferred back to the 96-
well flat-bottom infection plates and were incubated at 37C. Viral supernatants were harvested
2,4, 6, and 8 days post-infection (dpi), stored at -80C, and replaced with RPMI complete media

with 100 U/mL IL-2 containing 1000 U/mL IFN as needed.
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Reverse transcriptase (RT) activity gPCR assay

HIV infection levels were assessed by measuring RT activity in viral supernatants using
the previously described RT activity gPCR assay [142]. Upon thawing, 5 uL of viral supernatant
was incubated with 5 pL lysis buffer (0.25% Triton X-100, 50 mM KCI, 100 mM Tris HCI, 40%
glycerol, 0.8 U/uL RNAse Inhibitor (ThermoFisher #£00381)) for 10 min at room temperature.
This mixture was then diluted with 90 uL of ultrapure water and 9.6 yL was transferred to a 384-
well MicroAmp Optical plate (Applied Biosystems #4309849) as input for the assay. Per well,
10.4 L of the following reaction mix was used: 10 yL ROX SYBR 2X MasterMix (Eurogentec
#UF-RSMT-B0701), 0.1 yL 10-fold diluted RNase Inhibitor (ThermoFisher #200381), 0.1 pL of
MS2 RNA (Roche #10165948001), and 0.1 uL of each 100 uM primer (MS2-F:
TCCTGCTCAACTTCCTGTCGAG, MS2-R: CACAGGTCAAACCTCCTAGGAATG). Plates were
read on an Applied Biosystems QuantStudio 7 Real Time PCR machine.

To quantify the RT activity (mU/mL) of viral supernatants, the RT units of a concentrated
stock of HIV-1 Q23.BG505 virus were determined multiple times using a standard curve of
purified HIV RT enzyme (Worthington Biochemical Corp. #LS05003). Aliquots of this titered

stock of Q23.BG505 were then used as the quantitative standard curve in all assays.

Genomic editing analysis

On the day of HIV-1 infection, 2.5e5 nucleofected cells were harvested by pelleting at
300xg for 10 min in PBS. Cell pellets were either frozen at -80C or immediately used for
genomic DNA extraction (QIAGEN #51104). Edited loci were amplified from genomic DNA from
edited and control cells using 10 uM primers specific to each targeted locus (Supplementary
Table 2.5), Herculase Il Fusion DNA Polymerase (Agilent #600679), and the thermocycler
program detailed in Supplementary Table 2.5. PCR amplicons were purified (QIAGEN #28104)

and Sanger sequenced (Fred Hutch Shared Resources Genomics Core). Chromatograms were
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analyzed by ICE analysis tool v3 (Synthego) to determine the rate of editing predicted to cause

KO at each genomic locus in the cell population.

Bulk RNA-seq of IFN-treated CD4" T cells

CD4" T cells were isolated and immediately activated on the same day, as described
above. Three days later, cells were brought to 2.5e6 cells/mL in RPMI complete media with 100
U/mL IL-2 and plated in 96-well flat-bottom plates at a 1:1 ratio with activation beads (Miltenyi
Biotec #130-091-441). Cells were maintained thereafter as usual. Six days after bead activation,
CD4" T cells were treated with 1000 U/mL IFN-B1a (PBL Assay Science #11410) as described
above. Cells were collected prior to IFN treatment and 3, 6, 12, and 24 h thereafter, depending
on the donor (Figure 2.3A). During collection, 0.5-1e6 cells were washed with PBS, pelleted,
lysed in 350 uL Buffer RLT Plus (QIAGEN #74134) supplemented with 1% B-mercaptoethanol,
and stored at -80C. This procedure was repeated for five donors.

For RNA extractions, thawed cell lysates were homogenized using a QlAshredder
column (QIAGEN #79654) and genomic DNA was removed on a gDNA Eliminator column. Total
RNA was then extracted using the RNeasy Plus Mini Kit (QIAGEN #74134) and eluted in 30 pL
RNase-free water. The quality and concentration of RNA preps was assessed by Agilent High
Sensitivity RNA ScreenTape (Fred Hutch Shared Resources Genomics Core). After samples
were found to have high RNA Integrity scores (RIN = 9.4), they were sequenced on an lllumina
HiSeq 2500 (Fred Hutch Shared Resources Genomics Core) with a sequencing depth of

roughly 20 million reads per sample.

CD4-1SG sgRNA library construction
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An oligo pool containing the CD4-ISG sgRNA library was synthesized (Twist
Biosciences) and cloned into HIV-TOP opt mChAW, as previously described in detail [69]. The
library pool was amplified (Array-F primer:
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG,
optTracr-Array-R primer:
GTTGATAACGGACTAGCCTTATTTCAACTTGCTATGCTGTTTCCAGCATAGCTCTGAAAC),
gel-purified (QIAGEN #28704), and cloned into the HIV-TOP opt mChAW following digestion
with BsmBI (NEB #R0739L) using Gibson Assembly (NEB #E2611S) with a 5:1 molar ratio of
insert to vector. Gibson reactions were transformed into Endura electrocompetent cells (Lucigen
#60242-2) at a large scale, such that there was 230-fold coverage of the CD4-ISG library.
Transformed bacteria were scraped from plates and plasmid DNA was isolated using the
Endotoxin-Free Nucleobond Plasmid Midiprep Kit (Takara Bio #740422.10). The CD4-ISG
library was sequenced and contains 4,574 of the 4,759 guides (99.9%) initially included in

library design.

Titration of lentivirus stocks by copies per cell

CD4" T cells were isolated, thawed, and activated as described above but were plated in
a 96-well plate. The next day (20-24 h), cells were transduced with a dilution series of the
concentrated CD4-ISG library lentivirus. Each well was transduced with 10 yL of viral inoculum
supplemented with protamine sulfate (Millipore Sigma #P3369) for a final concentration of 8
pug/mL. Cells were spinoculated at 1100xg for 90 min at 30C and maintained at 37C afterwards.
Four days after transduction, roughly 1e5 cells were collected, pelleted in PBS, and subjected to
genomic DNA isolation (QIAGEN #51104). Genomic DNA was digested with Bgll (NEB
#R0143L) and diluted 1:3 for droplet digital PCR (ddPCR) amplification to measure vector

copies per cell. Per well of a 96-well ddPCR plate (Bio-Rad, #12001925), 3 uL of diluted
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template DNA was used as input, along with 1.8 pL of each 10 uM vector-specific primer
(ddPCR-cPPT-F: GTACAGTGCAGGGGAAAG, ddPCR-U6-R: ATGGGAAATAGGCCCTCG),
0.5 yL FAM probe (6-FAM/ZEN - AGACATAATAGCAACAGACATACAAAC -IBFQ), 1 uL
RPP30 ddPCR copy number variation HEX assay mix (Bio-Rad, #100-31243), and 10 pL
SuperMix with no dUTPs (Bio-Rad #1863024). The volume per well was brought to 20 uL with
water, followed by droplet generation, PCR amplification, and reading of the plate on an Applied
Biosystems QuantStudio 7 Real Time PCR machine. Vector copies per cell were calculated by
dividing vector copies/uL by RPP30 copies/uL, and then dividing this value by two to correct for
two RRP30 copies per cell. Titrations were performed in CD4" T cells from two unique donors
during independent experiments. Cumulative results determined that 0.06 uL of CD4-ISG library

lentivirus per 1e6 cells yielded an average of 2.7 vector copies per cell.

CD4-1SG HIV-CRISPR screening

CD4" T cells were isolated, thawed, and activated as described above. The next day
(20-24 h), roughly 20e6 cells were transduced with the CD4-ISG library lentivirus, aiming to
deliver 3 vector copies per cell as described in titration experiments above. Each well was
transduced with 10 uL of diluted viral inoculum supplemented with protamine sulfate (Millipore
Sigma #P3369) for a final concentration of 8 ug/mL. Cells were spinoculated at 1100xg for 90
min at 30C and maintained at 37C afterwards. Two days later, Cas9 was delivered to cells by
nucleofection with NTC RNPs, as described above. This approach utilizes a guide-swap
strategy [90] that replaces the nucleofected NTC guide with the library guides delivered by
lentiviral transduction. Cells were maintained thereafter as usual. Nine days after nucleofection,
all library cells were treated with 1000 U/mL IFN-B1a (PBL Assay Science #11410). On the
following day, HIV-1 infections were established.

For infections, 2.5e5 CD4" T cells in 100 pL of RPMI complete media with 100 U/mL IL-2

and 1000 U/mL IFN were added to wells of a 96-well flat-bottom plate for each virus and MOI. In
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total, 10e6 IFN-treated CD4" T cells were used for each CRISPR screen to maintain high library
coverage. Cells were infected with 10 pL of virus at an MOI of 0.1 and 1 in the presence of 8
pg/mL polybrene (Millipore Sigma #TR-1003-G) by spinoculation at 1100xg for 90 min at 30C.
After infection, 150 puL of RPMI complete media with 100 U/mL IL-2 and 1000 U/mL IFN was
added to each well to bring cells to 1e6 cells/mL and plates were incubated at 37C. Three days
post infection, all cells were split 1:2 with fresh RPMI complete media with 100 U/mL IL-2 and
1000 U/mL IFN. For high MOI screens (HIV MOI=1), viral supernatants were harvested 3 and 5
dpi and cells were collected 5 dpi. For low MOI screens (HIV MOI=0.1), viral supernatants were
harvested 4 and 7 dpi and cells were collected 7 dpi. All viral supernatants were filtered to
remove cell debris (Millipore Sigma #SCGP00525) and stored at 4C. Within four days of
collection, viral supernatants were concentrated over a sucrose gradient as described above,
resuspended in 100 uL PBS, and stored at 4C. Viruses harvested on different days were kept
separate throughout this process. Cells were washed in PBS, pelleted, and stored at -80C.
CRISPR screen samples were prepared for lllumina sequencing as previously described
[69]. Genomic DNA was extracted from thawed cell pellets using the QIAamp DNA Blood Midi
Kit (QIAGEN #51185) and digested with Bgll (NEB #R0143L). Viral RNA was isolated from viral
pellets one day after concentration (QIAGEN #52904). RNA extracts were then treated with
DNase | (Roche #04716728001) and reverse transcribed to generate cDNA with Superscript IlI
(Invitrogen #18080044) and a primer specific to the HIV-TOP opt mChAW vector (SeqMSCV-
R1-R: CTTGCTAAACCTACAGGTGG). Guide sequences were amplified from 20 ug of
prepared genomic DNA (~400-fold coverage) and viral cDNA using Herculase Il Fusion DNA
Polymerase (Agilent #600679) and 10 uM primers specific to the HIV-TOP opt mChAW vector
(PLC-seq-R1-F: GAGGGCCTATTTCCCATGATTCCTTCA, SeqMSCV-R1-R:
CTTGCTAAACCTACAGGTGG). Amplicons were purified and concentrated (QIAGEN #28104).

A second-round PCR was performed to add identifier sequences to each sample using indexing
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primers (Table S5) and the PLC-Seq-R2-RS primer
(CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTG
CCACTTTTTCAAGTTGATAACGGACT). PCR products were gel isolated (QIAGEN #28704)
and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen #P7589). Samples
were pooled at an equimolar ratio to generate a 2 nM pool. Pooled libraries were sequenced on
an lllumina NextSeq 2000 with 2500-fold coverage (Fred Hutch Shared Resources Genomics

Shared Resource).

Western blotting

Cells collected on the day of HIV-1 infection were lysed in RIPA buffer (50 mM Tris pH
8.0, 0.1% SDS, 1% Triton-X, 150 mM NaCl, 1% deoxycholic acid, 2 mM PMSF). Cell extracts
were prepared in 4X LDS Buffer (Invitrogen #NP007) and 2X MES SDS Running Buffer
(Invitrogen #NP002). After boiling at 100C for 5 min, 20 ug of the prepared samples were
loaded into a NUPAGE 4-12% Bis-Tris Gel (Invitrogen #NP0321) and resolved. Following
transfer onto a nitrocellulose membrane (Invitrogen #LC2001), blots were blocked in blocking
buffer (PBS, 0.1% Tween, 5% milk) for 1 h, incubated with the MX2 primary antibody (Santa
Cruz Biotech #sc-271527; 1:100) overnight, probed with secondary antibody (Cytiva #NA931,
1:1000) for 1 h, and visualized by chemiluminescence (Cytiva #RPN2232) on a Bio-Rad
ChemiDoc Touch. Membranes were washed in PBST (PBS, 0.1% Tween) in between each
step. After imaging the MX2 stain, membranes were stripped (ThemoFisher #46430), washed,
probed with GAPDH:HRP (Bio-Rad #MCA4739P, 1:1000) for 1 h, and imaged with

chemiluminescence.

HIV-1 CA sequence alignments

CA sequences were obtained via http://www.hiv.lanl.gov/ in September 2022. Global

alignments were performed using Geneious Prime version 2022.2 (RRID:SCR_010519).
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Quantification and Statistical Analysis

RT activity gqPCR assay analysis

The RT activity (mU/mL) of experimental wells was interpolated from a standard curve
(concentrated Q23.BG505 stock, as described above) using the Im function in the R stats
package. RT values from duplicate experimental wells were then averaged prior to analysis. To
compare RT activity across donors for KO experiments, the following were determined for each
KO, virus, and donor using day 6 RT activity: Relative IFN Sensitivity (no IFN RT / IFN RT), the
fold increase in HIV Levels with IFN due to ISG KO as compared to the negative control (ISG
KO / negative control), and the fold decrease in Relative IFN Sensitivity due to ISG KO as
compared to the negative control (negative control / ISG KO). NTC-delivered cells were used as
the negative control for the first set of single KOs (Figure 2.2). For all other KO experiments
(Figures 2.5 and 2.6), we inactivated the B cell marker CD19 as the negative control because
nucleofection with CD19 RNPs generates double-stranded DNA breaks, making it an even more
robust negative control, and does not impact HIV-1 replication, which we verified
(Supplementary Figure 2.6). Standard curve interpolation and statistical comparisons were

performed in RStudio.

Bulk RNA-seq analysis and CD4-ISG library design

lllumina sequencing reads (SRA accession number: PRINA921704) were aligned to the
GRCh38 reference genome to generate raw counts (Fred Hutch Shared Resources
Bioinformatics Core). Counts per million (CPM) were then calculated using the cpm function in
the Bioconductor edgeR package [143] (Supplementary Table 2.1). For principal component
analysis (PCA) of all 17 samples, data from genes with sufficient expression (CPM>1 in at least
8 of the samples) were corrected for donor variation with the combat_seq function [144] in the

Bioconductor sva package prior to PCA generation.
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Prior to calculating IFN induction, raw counts equal to O were adjusted to 1 and CPMs
were re-generated. With roughly 20 million reads per sample, cases originally with zero counts
ultimately had ~0.05 CPM, which allowed for fold change calculations but should not skew
downstream analyses. After CPM generation, long intergenic non-coding RNAs genes
(GeneName contains “LINC”) were removed as were mitochondrial genes (Chr = MT). ISG
designation was then performed for each time point independently. For data from 6, 12, and 24
hours after IFN treatment, CPMs from IFN-treated samples from a given time point and their
donor-matched untreated controls were aggregated and genes with low expression were filtered
out (required CPM>1 in half of the samples). IFN fold induction was calculated from CPMs for
each treated/untreated donor pair (Supplementary Table 2.1). Genes with a fold change (FC)
=2 in the majority of donors for that time point were considered ISGs. This yielded 449, 261, and
167 ISGs for the 6, 12, and 24 h post IFN time points, respectively. For data from 3 hours after
IFN treatment, we implemented a more stringent strategy for ISG designation because we only
had data from one donor for this time point. IFN fold induction was calculated for the 3 h
treated/untreated donor pair for genes that passed the CPM cutoff for any of the prior time point
analyses. Genes with a FC=4 were considered ISGs, yielding 261 ISGs. These analyses
identified 573 genes in total (Figure 2.3D). Finally, to capture genes with high IFN stimulation in
any donor or time point, we also included genes with FC=5 in any sample, which added 27
genes for a total of 600 ISGs.

To design the CD4-ISG library, we generated four guides with two different tools,
CHOPCHORP [145] and GUIDES [146], for a total of eight guides per gene. Of the 600 ISGs
identified via bulk RNA-seq, we were unable to design guides for 107 due to transcripts
encoding pseudogenes, RNA genes, or read-through regions. To complete the CD4-ISG sgRNA
library, we added 21 control genes, 2 genes from the first set of single KOs, 38 top-scoring hits

from preliminary CRISPR screens in CD4" T cells with the PIKA ISG library [69] (data not
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shown), and 200 NTC guides for a total of 555 genes represented across 4,579 guides

(Supplementary Table 2.2).

CD4-1SG HIV-CRISPR screen analysis

lllumina sequencing reads (SRA accession number: PRINA919035) were analyzed by
MAGeCK-Flute [113] to generate guide counts and gene-level enrichment data
(Supplementary Table 2.3; Fred Hutch Center for Data Visualization). As opposed to using all
200 NTC guides to inform data for one NTC “gene”, NTC guide sequences were iteratively
binned to create a number of NTC “genes” (synthetic NTCs, synNTCs) with eight guides per
gene to match the number of genes in the CD4-ISG library (554) (Supplementary Table 2.2).
This approach captures variation across NTC guides when analyzing gene-level data more
accurately than aggregating all 200 guides into one NTC gene-level data point. Results from
viral supernatants collected 3 dpi for high MOI screens and 4 dpi for low MOI screens were
used for the analyses presented in this report, as these collection days had higher donor
correlation coefficients compared to the later collection time points (5 and 7 dpi, respectively by
MOI; data not shown). Pearson R correlations between MAGeCK scores from different donors
were determined using the stat_cor function in the ggpubr package [147]. Screen background

was calculated as the average of the synNTC MAGeCK scores + 3 standard deviations.

Additional quantification and statistical analysis

The graphical abstract and Figures 2.1A, 2.3A, and 2.4A were generated with

BioRender.

Addendum
The initial HIV-CRISPR screens for this study were performed with the established PIKA

ISG sgRNA library, which targets 1,906 genes included in previous ISG libraries and those found
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to be IFN-stimulated in a variety of cell types and lines [69]. These screens were conducted before
we understood that 87.5% of the PIKA library targets (1667 out of 1906) are not IFN-stimulated
in our CD4" T cell model (Figure 2.3E), which prompted the design and construction of the tailored
CD4-ISG library. This addendum will describe results from the HIV-CRISPR screens with the
PIKA library, which data were not included in the manuscript for this project. Of note, Chapter 3
reports these same HIV-CRISPR screens with the PIKA library but focuses on just one gene
(SLC35A2), which will not be discussed in this section.

To identify ISGs that restrict HIV-1 in the main target cells of infection, we performed HIV-
CRISPR screens with the PIKA library in primary CD4" T cells from two independent donors in
the context of IFN treatment (Figure 2.4A). Positive control IFN signaling genes (IRF9, STAT1,
STAT2, IFNAR1) and negative control dependency factors (CCR5, CXCR4) were enriched or
depleted as expected for all screens (Figure 2.7A and 2.7B, Supplementary Figure 2.7A). We
observed strong agreement between donors and identified 152 and 151 genes scoring above
background for both donors for Q23.BG505 and LAI, respectively (top right quadrant in Figure
2.7A and 2.7B). Therefore, our screening approach successfully categorized control genes and
identified numerous possible antiviral hits for each virus.

We next selected top-scoring hits with consistent enrichment between donors to validate
by single KO. Specifically, we chose three Q23.BG505-specific hits (ADAR, CISH, PARS2) and
two hits shared by both viruses (BATF, TAPBP) (Figure 2.7A and 2.7B, Supplementary Figure
2.7B). We employed the same editing approach and analysis criteria described earlier (Figure
2.1A, Supplementary Figure 2.2), using Synthego Gene KO v2 Kits, which guide sequences are
detailed in Supplementary Table 2.6. ADAR was the only knockout that met both IFN effector
criteria for Q23.BG505, whereas editing of ADAR and BATF impacted IFN restriction of LAI
(Figure 2.7C and 2.7D). However, on the day of IFN treatment, after the editing and culture
period, we noticed that the populations of ADAR- and BATF-edited cells were much smaller than

the rest, with cell counts that were 61% and 42%, respectively, lower than the average of the
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other KOs (Supplementary Figure 2.7C). Notably, ADAR KO is lethal in mice and causes toxicity
in other in vitro systems [148, 149], consistent with our findings. We were thus unable to determine
whether ADAR and BATF directly restrict HIV-1 or if the infection results were a byproduct of a
cell growth phenotype. Excluding ADAR and BATF as hits, our validation experiments ultimately

did not identify any ISGs that contribute to IFN restriction of HIV-1 (Figure 2.7D).

A Q23.BG505 B LAl

201 Hit to validate IFNAR1 104 : IFNAR1 @
@ |Control ¢ Ry ° : STAT1 g STAT2@
s . |NTC - £ ;- :
c% 15 . STAT2 (% IRF9 @
N4 x BATF
S STAT1 g o 7
g1 BA;F @ 1Y
= . S 44 \

4 TAPBP

o . PARS2/ADAR o
S 5 s}
c SEPEY - ) o
Q S
o a

] i@ | 7/ TAPBP
@ ° ]
® 'R-063,p<220-16

0+ =0.63, p<2. 0-

R=0.74, p<2.2e-16
0 3 6 9 12 0 3 6 9 12

Donor 1 MAGeCK Scores Donor 1 MAGeCK Scores
C Q23.BG505: HIV Levels with IFN Relative IFN Sensitivity
5
3 ° e , o Donor 1 IFN Effector Criteria
® 2 47
a o @ Donor 2 22-fold increase in
o510, B e... £ 31 HIV Levels with IFN?
2 (0] (©) ° 8 5
el o R Y 22-fold decrease in
Q1 24l I_Q_I Rel. IFN sensitivity?

o
o

ADAR BATF CISH PARS2 TAPBP ADAR BATF  CISH

LAI: HIV Levels with IFN Relative IFN Sensitivity
5

o

081 © o 0 4-
@ o a2 o
L4 03
=} [

o) o
= o e ° [ L e B TP
o e) o
S 2+ - |l el---O - .. = o
w |.E1 6]

o
o

ADAR BATF  CISH PARS2 TAPBP ADAR  BATF  CISH PARS2  TAPBP

D Summary of IFN Effectors

ADAR BATF CISH PARS2 TAPBP
Q23.BG505 hit? v Impaired cell growth with
LAl hit? N4 N4 ADAR and BATF KO
E IFN Induction F Q23.BG505: HIV without IFN LAI: HIV without IFN
6hr 12hr 24hr 5
ADAR[TBO T 19 15 6 e
[} o 4
BATF| 10 13 12 @ 2
CiSH| 14 10 1.1 54 5% o
PARS2| 11 12 141 = e |o o =1 SUPRI o..f ..o Tol"
TAPBP| 12 09 09 2216 ol e Tl e, o [e 0
GAPDH| 10 09 11 [o] ITI ITI
ACTB| 07 08 10 O"ADAR BATF CISH PARS2 TAPBP O""ADAR BATF CISH PARS2 TAPBP

(figure legend on next page)

58



Figure 2.7. HIV-CRISPR screens with PIKA library enrich for many genes that are not IFN-
stimulated in primary CD4" T cells.

(A, B) HIV-CRISPR screens with the PIKA library were conducted using CD4" T cells from two
donors, infecting cells at an MOI of 1. Dotted lines indicate NTC average + 3 standard
deviations. Pearson correlation coefficients are included within plots. (C) Five CRISPR screen
hits (orange in Panels A and B) were validated via targeted gene KO in CD4" T cells from two
donors. Left, increase in HIV Levels with IFN with ISG KO compared to CD19 KO cells (ISG
KO/CD19 KO). Right, for ISG KOs that exceeded a two-fold increase in HIV Levels with IFN, the
decrease in Relative IFN Sensitivity is depicted (CD19 KO/ISG KO). (D) Summary of ISG KO
infection phenotypes. (E) Heatmap of average IFN-induced fold changes in RNA expression for
screen hits and housekeeping genes (GAPDH, ACTB) in primary CD4" T cells at 6-, 12-, and
24-hours post-IFN treatment (n = 3, 3, and 5 donors, respectively by time point). (F) Increase in
HIV Levels without IFN with ISG KO compared to CD19 KO cells (ISG KO/CD19 KO). See also
Supplementary Figure 2.7.

We are now able to contextualize these validation results with our bulk RNA-seq dataset
on IFN-treated CD4" T cells (Supplementary Table 2.1). Of the genes selected as hits in the
PIKA HIV-CRISPR screens, ADAR is the only gene considered an ISG in CD4" T cells (Figure
2.7E). Given ADAR’s IFN inducibility (3-fold induction at 6 hours post IFN treatment) and
consistent, robust effect on IFN-mediated restriction of both viruses (Figure 2.7C), it is possible
that ADAR represents an IFN effector. ADAR, which stands for adenosine deaminase RNA-
specific, is an enzyme that mutates and consequently destabilizes double-stranded RNA by
deaminating adenosine to inosine [150]. ADAR has also been shown to suppress the activity of
PKR, which is a kinase that blocks the initiation of viral translation. Counter to our findings, some
previous studies have found a proviral role for ADAR on HIV-1 infection at the level of protein
translation, likely due to ADAR’s effect on PKR [151-155]. However, other publications have
reported the opposite trend, which we also observed, that ADAR inhibits HIV-1 replication [156,
157]. There is also evidence that ADAR is packaged into budding HIV-1 virions [158], thus it is
possible that ADAR has different effects in producer versus target cells. Elucidating the nuances
of the effect(s) of ADAR on HIV-1 infection will likely require controlling for cell growth phenotypes,
performing ADAR and PKR double-knockouts, and assessing the impact of ADAR KO in producer

and target cells with and without IFN treatment.
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Despite suggesting a potential role for ADAR, the bulk RNA-seq results highlight that the
rest of the PIKA screen hits we followed up on (BATF, CISH, PARS2, TAPBP) are not ISGs in
CD4" T cells (IFN inductions of 0.9-1.3; Figure 2.7E) and thus explain why these genes did not
validate as IFN effectors. We therefore assessed whether any of these genes impact HIV-1 in the
absence of IFN treatment, as these genes could represent endogenously expressed restriction
factors. Notably, CISH KO substantially increased infection levels of both viruses in the absence
of IFN (Figure 2.7F), causing a 4.8-fold and 4.6-fold increase in Q23.BG505 and LAl infection,
respectively. CISH, which stands for cytokine-inducible SH-2 domain protein, is a member of the
suppressor of cytokine signaling (SOCS) family of protein and inhibits JAK-STAT and T cell
receptor (TCR) signaling, with its inactivation in T cells leading to enhanced sensitivity to TCR
and cytokine stimulation, longer survival, and higher cytokine secretion [159]. Consistent with our
findings of CISH as an antiviral factor, polymorphisms in CISH are associated with susceptibility
to bacteremia, malaria, and tuberculosis [160]. The mechanism of CISH protection against HIV-1
or other infectious diseases has not been explored. Such investigations would likely be informed
by performing bulk RNA-seq on CISH-inactivated cells before and after infection, as it is likely that
CISH indirectly impacts infection by regulating the expression of other genes.

Ultimately, the initial HIV-CRISPR screens with the PIKA library demonstrated the
reliability of this screening approach in primary cells and shed light on two host factors that may
broadly inhibit HIV-1 infection and warrant further investigation — the IFN-inducible ADAR and
constitutively expressed CISH. Nevertheless, in a screen intended to identify antiviral ISGs, only
one of the chosen hits was actually IFN-stimulated in CD4" T cells. This discrepancy underscores
the importance of using a tailored guide library customized for ISGs expressed in the cell type of

interest and demonstrates the utility of the bulk RNA-seq dataset reported here.
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Chapter 3

HOST CELL GLYCOSYLATION SELECTS FOR INFECTION WITH
CCR5- VERSUS CXCR4-TROPIC HIV-1

Sections of text in this chapter have been modified from the following manuscript:

Itell, H.L., Humes, D., Baumgarten, N.E., & Overbaugh, J. Host cell glycosylation selects for
infection with CCR5- versus CXCR4-tropic HIV-1. bioRxiv, doi:10.1101/2023.09.05.556399
(2023).

Abstract

HIV-1 infection involves a selection bottleneck that leads to transmission of one or a few
variants, which nearly always use CCRS5 as the coreceptor for viral entry rather than CXCR4. The
host properties that drive this selection are not well understood and may hold keys to factors that
govern HIV-1 susceptibility. In this report, we identified SLC35A2, a transporter of UDP-galactose,
as a potent CXCR4-tropic-specific restriction factor in primary target CD4" T cells. SLC35A2
inactivation, which resulted in truncated glycans, not only increased CXCR4-tropic infection
levels, but also consistently decreased those of CCR5-tropic strains. Single cycle infections
demonstrated that the effect is cell-intrinsic. These data support a role for a host protein that
influences glycan structure on HIV-1 infection, with reduced CXCR4-tropic infection associated
with SLC35A2-mediated glycosylation. Because SLC35A2 is expressed in target cells in both the

blood and mucosa, it may also contribute to CCR5-tropic selection during HIV-1 transmission.

Main text
HIV-1 undergoes a severe viral population bottleneck during transmission. HIV-1’s high
mutation rate coupled with host selective pressures leads to a large diversity of viral variants

circulating during chronic infection, yet only one or a few viral variants are detected soon after
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infection [6, 7, 9-13]. While transmitted viruses are thought to be successful in part due to their
high replicative fitness [21, 22] and reduced susceptibility to interferon (IFN)-mediated inhibition
[23, 25], the most consistent, defining feature of transmitted variants is their strong coreceptor
tropism preferences. HIV-1 can use either CCR5 or CXCR4 as a coreceptor for viral entry [15],
yet transmitted variants nearly always use CCR5 [13, 16] despite broad expression of CXCR4 at
transmission sites [20], with CXCR4-tropic (X4) viruses typically arising in the months to years
after primary infection in a subset of individuals [39]. While R5 viruses are, overall, more common
during natural infection, the consistency of CCR5-tropic (R5) virus selection across transmission
settings suggests that the HIV-1 transmission bottleneck is not solely stochastic. It has thus
remained a longstanding question in the HIV-1 field why R5-tropic variants, but not X4 viruses,
can more successfully navigate this bottleneck, leading to new infections.

Given that CD4" T cells are thought to be the first cells that HIV-1 productively infects after
transmission [6, 7], host factors that inhibit HIV-1 in this important cell type may impose selective
pressures that favor transmission of R5 over X4 HIV-1. Because we have previously found that
genes that restrict HIV-1 in cell lines do not always have appreciable activity against HIV-1 isolates
in CD4" T cells [161] (HIV-1 restriction factors reviewed in [55, 57-60]), here we sought to identify
host genes that preferentially inhibit X4 HIV-1 specifically in primary CD4* T cells. By performing
comprehensive CRISPR screens and inactivation experiments in primary target cells, we
discovered SLC35A2, a host protein involved in glycosylation, as an X4-specific restriction factor
that has an opposite, proviral role during R5 infection. This study sheds light on the robust,
tropism-dependent effects of host cell glycosylation on HIV-1 and suggests that target cell

glycosylation may contribute to R5 selection during HIV-1 transmission.
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Results

CRISPR screening in primary CD4" T cells identifies a candidate X4-specific restriction factor.

To identify X4-specific restriction factors, we performed CRISPR-knockout (KO) screens
in primary CD4" T cells and infected with an X4 strain (LAl [106]) and an R5 virus (Q23.BG505
[105]) for comparison. We leveraged the HIV-CRISPR screening strategy [69], which we recently
adapted for use in primary T cells [161]. Unlike the smaller tailored library utilized in our previous
study (555 genes), here we interrogated ~2,000 host genes, including many IFN-stimulated genes
(ISGs) as they are a major driver of antiviral immunity (Figure 3.1A; Supplementary Table 3.1).
Screens were therefore performed in the context of type | IFN treatment. Genes required for IFN
signaling were enriched for all screens and we observed strong agreement between screens
using primary T cells from different donors (Figure 3.1B; Supplementary Table 3.2). By
comparing R5 Q23.BG505 and X4 LAl screens and selecting LAl-specific hits, we identified 81
candidate X4-specific restriction factors, of which the top-scoring hit was SLC35A2 (Figure 3.1C).
This gene was of particular interest because it was highly enriched for both LAl screens and
conversely scored below background for both Q23.BG505 screens (Figure 3.1D). SLC35A2 was
not upregulated by IFN in primary CD4" T cells (Figure 3.1E). These data support SLC35A2’s

candidacy as a non-ISG host factor that may preferentially inhibit X4 HIV-1.
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Figure 3.1. SLC35A2 is an X4-specific hit in a CRISPR-KO screen for HIV-1 restriction
factors in primary CD4" T cells.

(A) Schematic of HIV-CRISPR screening approach in primary CD4" T cells. (B) Correlation of
positive MAGeCK scores between CD4" T cell donors in Q23.BG505 (left) and LAI (right)
screens. Pearson correlation results are included within each plot. Dotted lines denote
background for each screen based on non-targeting control (NTC) results (background =
average NTC + 3 standard deviations). (C) Left, Euler diagram comparing hits between
Q23.BG505 and LAl screens. Screen hits are defined as gene targets that scored above
background for both donors (top right quadrants from Panel B). Right, top 10 scoring LAI-
specific hits, ordered by their average MAGeCK score in LAl screens. Dotted line reflects
average background from LAl screens. (D) MAGeCK scores for SLC35A2 in each HIV-CRISPR
screen. Dotted line indicates average background for all screens. (E) Heatmap of average IFN-
induced fold changes in RNA expression for SLC35A2, housekeeping genes (GAPDH, ACTB),
and canonical ISGs (MX2, ISG15, OAS1, IFITM1) in primary CD4" T cells at 6-, 12-, and 24-
hours post-IFN treatment (n = 3, 3, and 5 donors, respectively by timepoint).

SLC35A2 KO differentially impacts CXCR4-tropic and CCR5-tropic HIV-1.

To validate our HIV-CRISPR screen findings, we performed single gene knockouts in
primary CD4" T cells, inactivating SLC35A2 and the B cell marker CD19 as a negative control.
SLC35A2 editing led to consistently high levels of gene inactivation (average 82% KO) based on
genomic DNA assessment (range: 52-96%; Figure 3.2A). Across several unique donors and
independent experiments, we found that SLC35A2 KO not only significantly increased infection
levels of X4-tropic LAl (5.9-fold decrease, p=0.004), but, surprisingly, it also significantly

decreased those of R5-tropic Q23.BG505 (4.8-fold increase, p<0.0001) (Figure 3.2B). These
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findings were consistent for two separate assays of HIV-1 infection: quantifying reverse
transcriptase (RT) activity in infection supernatants (Figure 3.2B, Supplementary Figure 3.1A)
and measuring the percentage of cells staining positive for HIV-Gag (Figure 3.2C,
Supplementary Figure 3.1B). Notably, based on HIV-Gag staining, an average of 73% of
SLC35A2 KO cells across four unique donors (range: 64.8-83.2%) were infected with LAl
compared to 13% in CD19 KO control cells (range: 9.6-16%) (5.9-fold decrease, p=0.001) (Figure
3.2C, Supplementary Figure 3.1C). The opposite was true for Q23.BG505, with 1.8% of
SLC35A2 KO cells (range: 1-2.8%) staining positive for HIV-Gag compared to 11% of CD19 KO
cells (range: 7.8-16.4%) (7.6-fold increase, p=0.03). SLC35A2 KO therefore causes substantial,
opposing phenotypes for these two HIV-1 strains that differ in their coreceptor usage.

To determine whether the observed phenotypes were specific to SLC35A2 inactivation,
we exogenously expressed SLC35A2 cDNA in SLC35A2 KO CD4" T cells. Complementation led
to full or partial rescue of wildtype HIV-1 infection levels (Figure 3.2D). Cases of partial rescue
are likely due to the polyclonal nature of both SLC35A2 KO and complementation, as these
primary cell culture experiments are not amenable to antibiotic or clonal selection. These data
support the specificity of SLC35A2 KO.

Though the opposing SLC35A2 KO phenotypes for Q23.BG505 and LAl were consistent
across experimental platforms, donors, and infection metrics, it is unclear what biological viral
characteristics are driving these effects. One major difference between these viruses is their
coreceptor usage; however, they are also from different HIV-1 clades and LAl is lab-adapted
whereas Q23.BG505 is not. To understand which viral features represent determinants of
SLC35A2 KQO’s impact on HIV-1 infection, we infected SLC35A2 KO and CD19 KO CD4" T cells
with five X4 and five R5 full-length HIV-1 strains from various clades and consisting of both
primary and lab-adapted viruses. We observed a strikingly consistent pattern — SLC35A2 KO
increased infection levels for all X4 strains whereas all R5 viruses exhibited lower levels of

infection (Figure 3.2E, Supplementary Figure 3.2A). Coreceptor tropism for each strain was
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confirmed by individually inactivating CXCR4 and CCR5 in CD4" T cells (Supplementary Figure
3.2B). Notably, the effects of SLC35A2 KO were intermediate to those of coreceptor inactivation,

suggesting that SLC35A2 partially inhibits, but does fully ablate, HIV-1 infection.
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Figure 3.2. SLC35A2 KO differentially impacts CXCR4-tropic and CCR5-tropic HIV-1.

(A) Percentage of SLC35A2 knockout based on evaluating genomic DNA editing by Synthego
ICE. Knockouts were performed in CD4" T cells from five donors across single or replicate
knockout and infection experiments for a total of 8 independent experiments. (B) Reverse
transcriptase (RT) activity relative to CD19 KO at 2 days post infection (dpi) (MOI=0.02) for the
8 independent experiments depicted in Panel A. Two-tailed paired t-test, asterisk indicates
p<0.05. (C) (Top) Percentage of CD4" T cells staining positive for HIV-Gag at 3 dpi (MOI=1)
(n=4 donors). Two-tailed paired t-test, asterisk indicates p<0.05. (Bottom) Representative flow
plots from one donor. (D) Percentage of CD4" T cells staining positive for HIV-Gag at 3 dpi
(MOI=1), relative to CD19 KO. Data are shown as mean * standard deviation of 2-3 replicate
infections. € RT activity over time from spreading infections (MOI=0.02) in primary CD4" T cells
from two donors. Results are separated based on coreceptor tropism. Bottom right table,
characteristics of the HIV-1 strains used for infections.

In addition to X4 and R5 HIV-1, we investigated the effect of SLC35A2 KO on two viruses
considered dual-tropic (93BR020 [162] and 89.6 [163]). These results closely recapitulated those
of X4 HIV-1 (Figure 3.2E, Supplementary Figure 3.2A), which agrees with our findings from
coreceptor KO cells that indicated that both 93BR020 and 89.6 rely on CXCR4 substantially more
than CCR5 (Supplementary Figure 3.2B). Inactivation of SLC35A2 therefore differentially

impacts HIV-1 based on whether viruses use CXCR4 or CCR5 as a coreceptor for viral entry.

Host cell glycosylation impacts HIV-1 infection within a single round of infection.

SLC35A2 is a multichannel membrane protein that transports UDP-galactose from the
cytosol into the Golgi [164-166]. This process is critical for normal glycosylation as galactose is a
common residue on both N- and O-glycans. Therefore, SLC35A2 inactivation results in truncated
glycans that lack galactose. Naturally occurring polymorphisms in SLC35A2 are associated with
a congenital disorder of glycosylation characterized by epileptic encephalopathy.

To determine whether SLC35A2 KO disrupts glycosylation in our primary cell system, we
stained SLC35A2 KO CD4" T cells with two lectins that bind terminal glycan residues that would
be expected to be exposed with the loss of galactose (Figure 3.3A). Specifically, Griffonia
Simplicifolia lectin 1l (GSL-II) preferentially binds terminal GIcNAcs on N-glycans and Vicia Villosa

lectin (VVL) recognizes terminal GalNAcs, which are residues are specific to O-glycans [167]. We
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found that, on average, 92% and 90% of SLC35A2 KO cells were positive for GSL-Il and VVL
binding, respectively, compared to 3% and 2% of CD19 KO cells (Figure 3.3B). Complementation
of SLC35A2 KO cells dramatically reduced lectin binding, demonstrating the specificity of this
phenotype to SLC35A2 and further supporting the magnitude of SLC35A2 KO in our system
(Figure 3.3C). Therefore, multiple lines of evidence indicate that editing of SLC35A2 in this cell

type substantially disrupts host cell surface glycosylation by causing the truncation of both N- and

O-glycans.
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Figure 3.3. SLC35A2 inactivation causes truncated glycans on host cells and impacts
HIV-1 infection within a single round of infection.

(A) General schematic of glycans, including the expected truncation when SLC35A2 is
inactivated. The terminal residue binding sites of GSL-Il and VVL lectins are indicated with
arrows. (B) Percentage of cells staining positive for GSL-Il and VVL lectins in CD4" T cells from
three donors across single or replicate KO experiments for a total of four independent
experiments. (C) Percentage of cells staining positive for GSL-Il and VVL lectins in CD4" T cells
in SLC35A2 KO cells delivered exogenous SLC35A2 cDNA (SLC Rescue). Data are shown as
mean * standard deviation of 3 replicate stains. (D) Percentage of GFP+ CD4" T cells, relative
to CD19 KO, after 2 days of infection with GFP-expressing HIV-1 pseudoviruses (MOI=1) (n=4
unique donors). Two-tailed paired t-test, asterisk indicates p<0.05. (E) Percentage of CD4* T
cells staining positive for HIV-Gag at 3 dpi (MOI=1) after infection with or without the use of
spinoculation and polybrene. Data are shown as mean * standard deviation of triplicate
infections.
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Though lectin staining demonstrates altered glycosylation on target cells, HIV-1 itself is
heavily glycosylated. For instance, the envelope proteins (Envs) of the X4 and R5 viruses used
in our study thus far (Figure 3.2E) contain a median of 28 putative N-glycan sites (X4 range: 28-
34, R5 range: 25-30; p=0.14, two-tailed unpaired t-test). These viral glycans are likely similarly
altered upon replication in SLC35A2 KO cells. Because our infections have utilized replication-
competent HIV-1, the observed tropism-specific SLC35A2 KO HIV-1 phenotypes may be driven
by altered glycans either on host cells or on HIV-1 virions after passaging in SLC35A2 KO cells.
To distinguish these possibilities, we made X4 and R5 HIV-1 pseudoviruses, which are capable
of infection but not making infectious progeny virions. We found that SLC35A2 KO impacted these
HIV-1 pseudoviruses within a single infection cycle in the same manner as replication-competent
virus, with reduced R5 infection (10.8-fold decrease, p<0.0001) and enhanced X4 virus infection
(2.6-fold increase, p=0.049) (Figure 3.3D, Supplementary Figure 3.1C). The magnitudes of
these effects were similar to those from replication-competent infection (Figure 3.2C) and
consistent across four unique donors. Because single-cycle infections eliminate the possibility
that SLC35A2 KO is acting on glycosylation of the virus, these results indicate that the effect of
SLC35A2 KO on HIV-1 is driven by changes to glycans on target cells, not on progeny virus.

Our infections have utilized spinoculation and polybrene treatment, which are commonly
used to increase infection efficiency by promoting viral attachment [168]. In their absence,
SLC35A2 KO still conferred a robust X4 restriction phenotype — inactivation of SLC35A2
increased LAl infection by 52-fold (0.5% to 28% HIV-Gag+) and 24-fold (0.9% to 21% HIV-Gag+)
in two donors (Figure 3.3E). In fact, this impact exceeded that of spinoculation and polybrene,
which increased LAl infection by 38-fold and 13-fold for the two donors. Thus, SLC35A2 KO cells
without the enhancement of infection by spinoculation and polybrene had higher infection levels
than wildtype, CD19 KO cells with these interventions (Donor 1: 28% versus 20% HIV-Gag+,
Donor 2: 21% versus 11% HIV-Gag+). These data not only demonstrate that SLC35A2

phenotypes are not dependent on in vitro techniques to promote viral infection, but they also
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suggest that the impact of SLC35A2 KO on X4 HIV-1 infection exceeds that of the infection-

enhancing methods of spinoculation and polybrene combined.

Changes to HIV-1 coreceptor levels do not reflect the pronounced SLC35A2 KO phenotypes.

Due to the tropism-dependent nature of SLC35A2’s impact on HIV-1, we next investigated
whether receptor (CD4) or coreceptor (CXCR4, CCR5) expression is impacted by SLC35A2. We
assessed surface protein expression on wildtype and SLC35A2 KO cells on the day of HIV-1
infection by flow cytometry and found that essentially all cells expressed CD4 (Figure 3.4A). To
capture relative protein levels, we examined the median fluorescence intensity (MFI) of cells
expressing a given surface protein. Though SLC35A2 KO cells had a significantly elevated CD4
MFI in one donor (p=0.04), this effect was weak (increase of 12%) and not reproducible. SLC35A2
KO therefore does not alter CD4 expression in a magnitude or manner that would suggest an
impact on HIV-1 infection.

Like CD4, there were also no significant differences in the percentage of cells staining
positive for CXCR4 and CCRS5, although modest effects were observed (Figure 3.4B and 3.4C).
SLC35A2 KO cells displayed a slightly higher frequency of CXCR4+ cells than CD19 KO (average
98.3% and 96.5% CXCR4+, respectively; p=0.08) and less CCR5+ cells (average 17.9% and
24 .5% CCRb5+, respectively; p=0.09). The same trends were observed when MF| was examined,
with an average 22.9% increase in CXCR4 MFI (p=0.16) and a 10.7% decrease in CCR5 MFI
(p=0.03). These data suggest that SLC35A2 differentially impacts the expression of the HIV-1
coreceptors in the same direction as its effect on X4 and R5 HIV-1. However, the differences in
expression based on SLC35A2 KO were modest and, notably, less pronounced than overall
donor-specific differences in CCR5 expression. Because the effect sizes were low and not
consistently significant, our results suggest that, while SLC35A2 KO’s impact on coreceptor
expression could be contributing to its effect on HIV-1 infection, it does not likely represent the

dominant mechanism.
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Figure 3.4. Changes to HIV-1 coreceptor levels do not reflect the pronounced SLC35A2
KO phenotypes.

(A, B, C) Surface protein expression of CD4, CXCR4, and CCR5, respectively, on CD4" T cells
analyzed by flow cytometry. (Top) Percentage of cells staining positive for each surface protein.
(Bottom) The median fluorescence intensity (MFI) of the positive population, relative to CD19
KO. The number of donors evaluated for CXCR4 and CCR5 are depicted within each paired dot
plot. Data are shown as mean * standard deviation of 3 replicate stains in bar plots. Two-tailed
unpaired t-tests for Panel A, two-tailed paired t-tests for Panels B and C. Asterisk indicates
p<0.05. Ns, not significant.
Discussion

In this study, we identify SLC35A2, a host protein involved in glycosylation, as a potent
X4-specific cellular restriction factor of HIV-1 in the main target cells of HIV-1 infection, primary
CD4" T cells. Interestingly, the presence of SLC35A2 has an opposite, enhancing effect on R5
infection. Our findings thus uncover an opposing role for CD4* T cell glycans on R5 and X4 HIV-
1 infection, whereby R5 HIV-1 prefers wildtype target cell glycosylation and X4 viruses are more
successful when host glycans are truncated, such as in the setting of SLC35A2 KO (Figure 3.5).
Notably, the antiviral effect of SLC35A2 on X4 HIV-1 remained robust even in the absence of in

vitro techniques commonly used to promote HIV-1 infection, further supporting the in vivo

relevance of this restriction factor.
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Figure 3.5. Working model of the impact of CD4" T cell glycosylation on HIV-1 infection.

The results from our study uniquely demonstrate that the composition of glycans on host
cells differentially impacts HIV-1 infection based on coreceptor tropism. Because this work was
performed in a physiologically relevant, primary target cell model, it is plausible that SLC35A2-
driven glycan features may contribute to R5 selection during natural HIV-1 transmission. In fact,
mucosal CD4" T cells in the vaginal tract, a common site of HIV-1 transmission, express
SLC35A2, CXCR4, and CCR5 RNA at levels comparable to or higher than those in the blood,
which is the CD4" T cell population used in our study (Supplementary Figure 3.3) [169]. These
data indicate that SLC35A2 is present at functional levels in target cells at an important HIV-1
transmission site. This supports the possibility that this X4 restriction factor may contribute to R5
selection during transmission, which can be seeded by infection of blood and/or mucosal-derived
CD4" T cells depending on the transmission route and context of exposure. Future experiments
using CD4" T cells isolated from the mucosa or in ex vivo tissue explants will help address the
role of SLC35A2 and host glycosylation on mucosal HIV-1 transmission suggested by this work.
Notably, SLC35A2 KO reduces the efficiency of X4 infection but does not ablate it in the same
way as coreceptor inactivation. These data are consistent with the fact that X4 viruses do evolve

in the host, perhaps at times when the viral evolution pressures of adaptive immunity and host
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cell availability outweigh that of SLC35A2-mediated restriction, resulting in the emergence of X4
viruses.

By uncovering a tropism-dependent role for target cell glycosylation on HIV-1, our study
adds to recent evidence highlighting the importance of virus-glycan interactions during infection.
Until now, the impact of host glycans on HIV-1 infection was singularly investigated in the context
of R5 viruses. For instance, a recent study by Ma et al [170] showed that memory CD4" T cells
from the blood and tonsils that have higher levels of binding to WGA, a lectin that binds sialic acid
and GIcNAc, are more susceptible to R5 HIV-1 infection [170]. Further, removal of sialic acid
directly reduced R5 infection. Because sialic acids are absent in the setting of SLC35A2 KO, our
findings uncover a potential cellular driver for these findings. In addition to HIV-1, other viruses
are also impacted by SLC35A2 and host glycans. SLC35A2 has been identified as a proviral
factor for influenza A, which uses host sialic acids as receptors for entry [171, 172]. Additionally,
in a CRISPR screen with VSV-G-pseudotyped HIV, SLC35A2 was a top antiviral hit [69],
suggesting a possible role for this gene in VSV-G-mediated entry, which relies on the low-density
lipoprotein receptor, a glycoprotein with extended O-glycans [173]. SLC35A2 may therefore
broadly impact infection by viruses that rely on glycan interactions.

While our study highlights a fundamental role for host glycans on HIV-1, the precise
mechanism(s) driving the tropism-dependent effect of SLC35A2 KO remain to be determined.
Our single-cycle infection data point to a cell-intrinsic mechanism for the opposing effects of
SLC35A2 on HIV-1 infection, as the magnitude of the effect of SLC35A2 inactivation on
pseudovirus infection was similar to that observed using replicating viruses. Interestingly,
SLC35A2 KO does differentially impact the prevalence and magnitude of CXCR4 and CCR5
protein expression in the same direction its effect on X4 and R5 infection. CXCR4 and CCRS5 are
both glycosylated [174-176], thus it is plausible that altering these glycans influences protein
stability and/or trafficking to and expression on the cell surface. Nevertheless, the magnitude of

the changes in coreceptor expression is weak, with SLC35A2 KO only increasing the frequency

73



of CXCR4+ cells from 96.5% to 98.3% (Figure 3.4B). It is therefore likely that SLC35A2’s impact
on HIV-1 is driven by another mechanism, although modulating coreceptor expression could
contribute.

Investigating the interactions between HIV-1 and host surface glycans may provide
insights into additional cell-intrinsic mechanisms contributing to SLC35A2’s phenotypes. For
instance, the glycans on both CXCR4 and CCRS5 are on their extracellular N-termini [174-176]
and this region of CCR5 is known to interact with HIV-1 [177]. It is therefore possible that the
composition and structure of glycans on the coreceptors directly impact HIV-1 binding and/or
fusion. However, CD4" T cells express a variety of glycoproteins and a recent study concluded
that general glycan-glycan interactions between HIV-1 and the host cell may enhance attachment
[178]. If broad glycan-glycan interactions were driving SLC35A2’s tropism-specific effects, viral
glycosylation levels would likely need to vary based on coreceptor usage. Because the X4 and
R5 Envs in our study did not vary in their levels of glycosylation, general glycan-glycan interactions
are unlikely to be driving SLC35A2’s phenotypes. Finally, though our data support a cell-intrinsic
mechanism for SLC35A2, glycans on viruses produced in SLC35A2 KO cells are also likely
truncated. These changes may impact HIV-1 virion infectivity and compound the tropism-
dependent effects on HIV-1 infection.

Elucidating the mechanisms driving the SLC35A2 KO phenotypes would be expedited by
working in a cell line model. However, cancer cells, which are often used to establish cell lines,
have a high prevalence of altered glycans [179]. In fact, Jurkat T cells, a T cell line commonly
used in HIV-1 studies, have truncated O-glycans due to a mutation in a chaperone required for
O-glycan synthesis, C1GALT1C1/Cosmc [180]. Efforts to study the impact of host cell glycans on
HIV-1 in cell lines must therefore evaluate the suitability of the cell line and ensure that it
recapitulates wildtype glycosylation of primary CD4" T cells.

We identified SLC35A2 by performing comprehensive HIV-CRISPR screens in primary

CD4" T cells. This robust screening approach, coupled with the relevance of a primary cell model,
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represents a powerful tool for identifying cellular factors that impact HIV-1 and likely influence
natural infection. Though we focused on SLC35A2 in this study, there are additional candidate
restriction factors that could be pursued. For instance, B2M, SYNGR2, and BST2 were the next
top-scoring X4-specific hits in our screens. B2M is a component of major histocompatibility
complex (MHC) class | molecules, which may suggest a previously unexplored, cell-intrinsic role
for MHC 1 in inhibiting HIV-1 infection, perhaps X4 HIV-1 in particular. Of note, B2M has recently
been found to facilitate Vaccinia virus entry, providing evidence for a role for MHC | during viral
replication [181]. SYNGR2, a membrane protein implicated in regulating membrane trafficking,
was identified as a proviral factor for bunyavirus infection and is hypothesized to promote the
formation of bunyavirus replication complexes [182]. Unlike B2M and SYNGR2, BST2/Tetherin,
is a well-studied HIV-1 restriction factor that prevents viral egress and is antagonized by the HIV-
1 accessory protein Vpu (reviewed in [59]). Tetherin has now been classified as an X4 LAl-specific
hit in three independent HIV-CRISPR screens — those reported here, our previous screens with
a different library [161], and HIV-CRISPR screens in THP-1 cells [69]. Because Tetherin is more
sensitive to antagonism by Vpu proteins from primary HIV-1 isolates [100], which are general R5
viruses, these screen results may be driven by Vpu differences or coreceptor tropism. Our findings
thus identify additional candidate X4-specific restriction factors in CD4" T cells that can be
validated against a broad panel of X4 and R5 viruses to understand whether they confer tropism-
specific effects.

Overall, our findings identify SLC35A2 as a cell-intrinsic, X4-specfic restriction factor and
reveal a tropism-dependent impact of target cell glycosylation on HIV-1. These results provide
new insights and a promising avenue of investigation to address a long-standing question in the
field regarding HIV-1 transmission. Understanding the interactions between host glycans and HIV-
1 that confer differential impacts on R5 and X4 HIV-1 may inform the development of new
prophylactic approaches to specifically target viral variants that are successful in the HIV-1

transmission bottleneck.
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Methods

Cell lines

HEK293T/17 (ATCC #CRL-11268) and TZM-bl cells (NIH HIV Reagent Program #ARP-8129)
were cultured in DMEM complete media (DMEM (Gibco #11965092) supplemented with 10%
FBS (Gibco #26140079), 2 mM L-glutamine (Gibco #25030081), 1X antibiotic-antimycotic

(Gibco #15240062) that contains penicillin, streptomycin, and Amphotericin B).

HIV-1 viruses

HIV Q23.BG505 [105] is a clade A, CCR5-tropic HIV chimeric virus derived from a full-length
provirus isolated early in infection (Q23 [104]) and bears the BG505.C2 envelope [140] of a
well-studied clade A transmitted/founder virus. HIV LAl is a clade B, CXCR4-tropic HIV strain,
as previously described [106]. Infectious molecular clones (IMCs) of Q23.BG505 [105] and LAI
[106], as well as Q23 [104], SF162 [183], and NL4-3 [184] (NIH HIV Reagent Program ARP-
2852, contributed by Dr. M. Martin) were generated by transfection using proviral plasmids. The
remaining viruses were obtained as viral stocks through the NIH HIV Reagent Program, Division
of AIDS, NIAID, NIH: HIV 92/UG/021 (ARP-1648), HIV 92/UG/029 (ARP-1650), HIV 92/UG/024
(ARP-1649), and HIV 93/BR/020 (ARP-2329) contributed by UNAIDS Network for HIV Isolation
and Characterization; HIV Ba-L (ARP-510) contributed by Dr. Suzanne Gartner, Dr. Mikulas
Popovic, and Dr. Robert Gallo [141]; HIV 93/MW/965 (ARP-2913) contributed by Dr. Paolo
Miotti and the UNAIDS Network for HIV Isolation and Characterization; HIV 89.6 (ARP-1966)

contributed by Dr. Ronald Collman [185].

HIV-1 production

HIV IMCs and pseudoviruses were prepared by transfecting HEK293T/17 cells in a six-well
format. Twenty hours prior to transfection, 5e5 cells/well were plated in 2 mL of DMEM

complete. For each HIV IMC transfection well, 1 ug of proviral DNA and 200 yL serum-free
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DMEM were combined, prior to the addition of 18 yL of FUGENE (Promega #E2692).
Pseudoviruses were also made by transfections using plasmids expressing the envelope of
BG505.C2 [140] or LAI (gift from Dr. Michael Emerman) and Q23AEnv.GFP [186] (NIH HIV
Reagent Program ARP-12647). For each HIV pseudovirus transfection well, 667 pg of envelope
DNA, 1.334 ug of Q23AEnv.GFP, and 200 uL serum-free DMEM were combined, prior to the
addition of 36 puL of FUGENE. Transfection complexes were gently mixed, incubated for 15-30
minutes at room temperature, and added to each well in a drop-wise manner. At 20 h post-
transfection, media was replaced with 1.5 mL of DMEM complete per well. Supernatants were
harvested two days post-transfection and clarified using a 0.2 pM filter (Millipore Sigma
#SCGP00525). Transfection supernatants were concentrated using Amicon 100 KDa
concentrators (Millipore Sigma #UFC910024) and titered on TZM-bl cells, as previously

described [161].

Lentiviral plasmids

Lentiviruses were used to deliver the CRISPR guide library to CD4" T cells for HIV-CRISPR
screens and SLC35A2 cDNA to SLC35A2 KO CD4" T cells for rescue experiments. To generate
the lentiviral vector for HIV-CRISPR screens, the PIKA guide library was amplified from the HIV-
CRISPR PIKA library plasmid [69] and cloned into the HIV-TOP opt mChAW [16] plasmid for
primary CD4" T cell screens, as previously described [161]. To generate the lentiviral vector for
SLC35A2 rescue experiments, SLC35A2 cDNA (393 aa, NCBI Reference Sequence:
NP_001035963.1) was codon-optimized and synthesized by Twist Bioscience, amplified, and
cloned into the TOP-CAR expression vector [91]. Specifically, the codon-optimized SLC35A2
fragment, WPRE-LTR from the HIV-CRISPR PIKA plasmid [69], and Agel- and Pmel-digested
TOP-CAR were assembled using HiFi DNA Assembly Master Mix (NEB #E2621L) to generate

the TOP-SLC35A2 expression plasmid.
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Lentivirus production

Lentiviruses were transfected as described above for HIV production, using the following
transfection reagents per well: 667 ng of transfer vector (HIV-TOP opt mChAW with the PIKA
guide library or TOP-SLC35A2), 500 ng of psPAX2 packing vector (Addgene #12260), 333 ng of
the pMD2.G VSV-G expression vector (Addgene #12259), 200 uL serum-free DMEM, and 4.5
uL TransIT-LT1 transfection reagent (Mirus Bio #MIR-2305). Lentiviral transfections were

concentrated over a sucrose gradient, as previously described [161].

Preparation of ribonucleoproteins (RNPs)

Non-targeting control (NTC) RNPs utilized a single sgRNA from IDT, whereas RNPs for all other
single gene KOs were assembled using a mixture of three sgRNAs from Synthego (Synthego
Gene KO Kit v2). Guide sequences are available in Supplementary Table 3.3. RNPs were

prepared with Cas9-NLS protein (UC Berkeley QB3 MacroLab) as described previously [161].

Overview of primary CD4" T cell experiments

In brief, this study reports three types of primary CD4" T cell editing and infection experiments:
(1) single gene editing, (2) HIV-CRISPR screens, and (3) SLC35A2 rescue experiments. All
primary CD4" T cell experiments utilize the following methods and timeline, with additional
methods for specific experiments as indicated: CD4" T cell isolation on Day 1, CD4" T cell
activation on Day 1, transduction of CD4" T cells with lentivirus on Day 2 (CRISPR screens and
SLC35A2 rescue experiments only), Cas9 delivery and genomic editing of CD4" T cells by
nucleofection on Day 4, and HIV infection on Day 14. This experimental timeline and all related
methods were recently described in detail by our group for different KOs and HIV-CRISPR
screens than those reported here [161]. General protocols, as well as methods specific to
CRISPR screens and SLC35A2 rescue experiments, are described in the following five

sections.
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Primary CD4" T cell isolation and activation

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood from healthy
donors by centrifugation over Ficoll-Paque Plus (Cytiva #17144002). CD4" T cells were isolated
using negative selection (STEMCELL Technologies #17952) and were immediately cultured in
complete RPMI media (RPMI 1640 (Gibco #22400089) supplemented with 10% FBS, 2 mM L-
glutamine, 1X antibiotic-antimycotic) with 100 U/mL recombinant interleukin (IL)-2 (Roche
#11147528001) and activated or frozen in freezing media (90% FBS, 10% DMSO). CD4" T cells
were used directly after isolation for HIV-CRISPR screens and were thawed from frozen aliquots
for all other experiments. After isolation or thawing, cells were resuspended at 2.5e6 cells/mL in
48-well flat-bottom plates with complete RPMI media and 100 U/mL IL-2. Cells were activated
with plate-bound anti-CD3 (Tonbo Biosciences #40-0038) at a concentration of 10 ug/mL and
anti-CD28 (Tonbo Biosciences #40-0289) supplemented to the media at a concentration of 5

pg/mL.

RNP nucleofection of CD4" T cells

Three days after activation (Experiment Day 4), nucleofections were performed using 1e6 CD4"
T cells per nucleofection as previously described [161]. For nucleofections with NTC RNPs,
cells were resuspended in 20 uL of P3 Primary Cell Nucleofector solution (Lonza #V4SP-3096)
and mixed gently with 4 uL of NTC complexes. For RNPs with Synthego guides, cells were
gently resuspended with 25 pL of RNPs. Nucleofections were carried out in a 16-well
Nucleocuvette (Lonza #V4SP-3096) using an Amaxa Nucleofector (Lonza) and pulse code EH-
115. Cells were allowed to recover for 30 min to 2 h at 37C and were then brought to 2.5e6
cells/mL in RPMI complete media with 100 U/mL IL-2 and at a 1:1 ratio with activation beads
(Miltenyi Biotec #130-091-441). Two days later, 200 yL of RPMI complete media with 100 U/mL
IL-2 was added to each nucleofection. At four days post nucleofection, half of the culture media

was replaced with fresh RPMI complete media with 100 U/mL IL-2 and cells were brought to
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1e6 cells/mL. Starting the following day, cells were counted and resuspended to 1e6 cells/mL in

RPMI complete media with 100 U/mL IL-2 every other day.

HIV infection of CD4" T cells

Ten days post-nucleofection (Experiment Day 14), HIV infections were established via
spinoculation at 1100xg for 90 min at 30C in the presence of 8 ug/mL polybrene (Millipore
Sigma #TR-1003-G) as previously described [161]. After spinoculation, infection inoculum was
replaced with fresh RPMI complete with 100 U/mL IL-2. Viral supernatants were harvested at

various days post infection as indicated in figure legends and stored at -80C.

HIV-CRISPR screening

On the day after CD4" T cell isolation and activation (Experiment Day 2), cells were transduced
with HIV-TOP opt mChAW lentivirus containing the PIKA library by spinoculation in the
presence of 8 ug/mL protamine sulfate (Millipore Sigma #P3369). Two days later (Experiment
Day 4), Cas9 was delivered to cells by nucleofection with NTC RNPs. Nine days after
nucleofection (Experiment Day 4), all library cells were treated with 1000 U/mL IFN-B1a (PBL
Assay Science #11410). On the following day, infections with HIV IMCs (MOI=1) were
established. Cells were split 1:2 three days post infection with fresh RPMI complete media with
100 U/mL IL-2 and 1000 U/mL IFN. Viral supernatants were harvested 3, 4, and 5 dpi and cells
were collected 5 dpi. All viral supernatants were filtered to remove cellular debris (Millipore
Sigma #SCGP00525) and stored at 4C up to four days post collection. Viral supernatants
across collection days were combined and concentrated over a sucrose gradient, resuspended

in 100 puL PBS, and stored at 4C. Cells were washed in PBS, pelleted, and stored at -80C.
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Guide sequences were amplified from genomic DNA extracted from cell pellets and viral RNA
extracted from concentrated viral pellets and were prepared for lllumina sequencing as
previously described[161]. Pooled libraries were sequenced on an lllumina HiSeq 2500 (Fred
Hutch Shared Resources Genomics Shared Resource). lllumina sequencing reads were
analyzed by MAGeCK-Flute [113] to generate guide counts and gene-level enrichment data
(Supplementary Table 3.2; Fred Hutch Center for Data Visualization). NTC guide sequences
were iteratively binned to create a number of NTC “genes” (synthetic NTCs, synNTCs) with
eight guides per gene to match the number of genes in the PIKA library (1906 synNTCs total;
Supplementary Table 3.1). This approach captures variation across NTC guides when
analyzing gene-level data more accurately than aggregating all 200 guides into one NTC gene-
level data point. Pearson R correlations between MAGeCK scores from different donors were
determined using the stat_cor function in the ggpubr package. Screen background was

calculated as the average synNTC MAGeCK score + 3 standard deviations.

SLC35A2 rescue experiments

Primary CD4" T cells were transduced with TOP-SLC35A2 lentivirus on the day after cells were
initially thawed and activated. Transductions were performed via spinoculation at 1100xg for 90
min at 30C in the presence of 8 ug/mL protamine sulfate (Millipore Sigma #P3369). Cells were
nucleofected with SLC35A2 RNPs two days later, following the normal timeline of all other gene
editing and HIV infection experiments. Importantly, SLC35A2 RNPs are unable to target and
edit the exogenous codon-optimized SLC35A2 cDNA delivered via transduction with TOP-

SLC35A2 lentivirus.

Reverse transcriptase (RT) activity gPCR assay

HIV infection levels were assessed by measuring RT activity (mU/mL) in viral supernatants

using the previously described RT activity qPCR assay [142, 161]. The RT units of a
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concentrated stock of HIV Q23.BG505 virus were determined multiple times using a standard
curve of purified HIV RT enzyme (Worthington Biochemical Corp. #LS05003). Aliquots of this
titered stock of Q23.BG505 were used as the quantitative standard curve in all assays. The RT
activity (mU/mL) of experimental wells was interpolated from the quantitative standard curve

using the Im function in the R stats package.

HIV-Gag staining

For high MOl infections (MOI=1), cells were collected for HIV-Gag staining 3 dpi (Fig, 3.2C, 3.2D,
3.3E; Supplementary Figure 3.1B). For low MOl infections (MOI=0.02), infections were allowed
to proceed for 6 days before harvesting due to the slower nature of viral infection and spread
(Supplementary Figure 3.2A). HIV-Gag staining is less optimal for evaluating low MOI infections
due to reduced signal and therefore serves as a secondary read out for this experiment,

supporting measurements of RT activity (Figure 3.2E).

After collection, cells were fixed in 4% paraformaldehyde (Santa Cruz Biotechnology #sc-281692)
for 10 min and either stored at 4C for up to two days or immediately prepared for staining. Cell
pellets were permeabilized for intracellular staining via resuspension in 0.5% Triton X-100 in PBS
for 10 min and were subsequently resuspended in a 1:500 dilution of anti-p24-FITC KC57
antibody (Beckman Coulter #6604665) in 1% BSA in PBS for 1 h at room temperature in the dark.
Washed cells were analyzed by flow cytometry on a BD LSRFortessa X-50 or BD FACSymphony

AS5.

Genomic editing analysis

SLC35A2 KO CD4" T cells were collected on the day of HIV infection to assess for genomic
editing as previously described in detail [161]. In brief, regions containing SLC35A2 guide cut

sites were amplified from genomic DNA (forward primer: 5 AAGCTGCCCACAAATAGCCT;
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reverse primer: 5 AAGCTGCCCACAAATAGCCT) and sequenced (sequencing primer: 5°
AAGCTGCCCACAAATAGCCT) by Sanger sequencing (Fred Hutch Shared Resources
Genomics Core). Chromatograms were analyzed by ICE analysis tool v3 (Synthego) to

determine the rate of editing predicted to cause SLC35A2 KO.

Lectin staining

On the day of HIV infection, 2e5 edited CD4" T cells per stain replicate were collected, fixed in
4% paraformaldehyde for 10 min, and resuspended in 20 ug/mL VVL-FITC (Vector Laboratories
#FL-1231-2) and 10 pg/mL GSL-II-AF647 (ThermoFisher #L.32451) in 2% FBS in PBS for 1 h at
room temperature in the dark. Cells were washed, resuspended in 2% FBS in PBS, and were

analyzed by flow cytometry on a BD LSRFortessa X-50 or BD FACSymphony A5.

Surface protein staining

On the day of HIV-1 infection, 2e5 edited CD4" T cells per stain replicate were collected and
resuspended in 20 uL FACS buffer with either 2 uL anti-CD4-APC antibody (BD Biosciences
#555349) or 1 uL anti-CXCR4-APC 12G5 antibody (BD Biosciences #555976) and 2.5 uL anti-
CCR5-PE 2D7 antibody (BD Biosciences #555993). Cell-antibody mixtures were incubated for 1
h at room temperature in the dark. Cells were then resuspended in 1% paraformaldehyde in FACS
buffer and were analyzed by flow cytometry on a BD LSRFortessa X-50 or BD FACSymphony

AS5.

Analysis of IFN-inducibility

We previously reported a bulk RNA-seq dataset of primary CD4" T cells treated with IFN-B1a
(SRA: PRJNA921704) [161]. Here, we analyzed this dataset to determine the fold induction of a
subset of genes at various times post IFN treatment. Fold inductions were averaged across

unique donors (3 donors for 6 and 12 h timepoints, 5 donors for 24 h timepoint).
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Analysis of gene expression at HIV transmission sites

To determine expression levels of SLC35A2 and the HIV coreceptors at different anatomical
compartments, we analyzed a previously published bulk RNA-seq dataset that assessed CD4*
T cell populations isolated from the blood, endocervix, ectocervix, and vaginal tract of four
individuals [169]. Specifically, this study gated on Live, CD45+CD3+CD4+CCR?7- cells to isolate
CD4" T cells and further separated cells into CD103-CD69-, CD103-CD69+, and
CD103+CD69+ populations before performing RNA-seq, as CD103 and CD69 are markers of
resident memory T cells. We accessed raw counts from this dataset via GEO (GSE163260) and
calculated counts per million (CPM) using the cpm function in the Bioconductor edgeR
package[143]. CPMs were averaged across CD4" T cell populations within a tissue site for each
donor to determine gene expression levels in bulk CD4" T cells at each site. SLC35A2

expression levels did not vary between T cell subsets within anatomical sites.

Analysis of HIV-1 Env glycosylation

Env protein sequences for the X4 and R5 viruses used in Figure 3.2E were obtained via

http://www.hiv.lanl.gov/ in October 2023. Putative N-glycan sites were considered sites with

asparagine-X-serine/threonine, where X is any amino acid except proline.

Statistical analysis

The number of technical and biological replicates for each experiment are described in the figure
legends. Paired dot plots and two-tailed paired t-tests were used to evaluate comparisons
between CD19 KO and SLC35A2 KO cells in experiments with a least three donor replicates,
pairing by donor (Figure 3.2B, 3.2C, 3.3D, 3.4B, 3.4C). For experiments with less than three
donor replicates, bar plots and two-tailed unpaired t-tests were applied to evaluate within-donor
differences (Figure 3.3A). All of these datasets were found to be normally distributed by Shapiro-

Wilk tests. Prism 9 was utilized for statistical analyses.
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Data availability

lllumina sequencing reads from HIV-CRISPR screens can be accessed via SRA (SRA number
will be available in published manuscript). Any additional information required to reanalyze the

data reported in this paper is available upon request.

Addendum
This section will describe results from experiments that are not part of the published

manuscript for this project. They provide some preliminary data to guide future studies.

Removing CCR5 glycans does not reproduce SLC35A2 KO effect on R5 HIV-1

Given the tropism-dependent effect of SLC35A2 KO and SLC35A2’s role in
glycosylation, we hypothesized that the changes to the glycans on the coreceptors are
responsible for SLC35A2 KO’s impact on HIV-1. CXCR4 has one N-glycosylation site (N11)
[174] and CCRS has two possible O-glycans (S6, S7) [175]. To test our hypothesis, we
delivered wildtype and glycan-mutated versions of the coreceptors to primary CD4" T cells that
had their endogenous coreceptors inactivated. The following mutations were chosen to remove
glycans sites: CXCR4 N11Q, CXCR4 T13A, and CCR5 S6A S7A. Codon-optimized coreceptor
cDNA was synthesized as gene fragments from Twist and cloned into the TOP-CAR vector,
which was used for lentiviral transfections [91]. To test these constructs, primary CD4" T cells
were transduced with lentivirus delivering the codon-optimized coreceptors and then were
subsequently edited for their endogenous coreceptors by nucleofection, using the same
lentiviral transduction and single-gene editing methods and experimental timeline described in
the main manuscript.

We first examined whether transduction with the wildtype and glycan-mutated
coreceptors led to similar protein levels, which is necessary to be able to accurately compare

infection phenotypes. The percentage of cells expressing CCRS5 in wildtype CCR5-transduced
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and CCR5 S6A S7A-transduced cells were comparable (67% and 58%, Figure 3.6A). These
results indicate that complementation was successful and provided cells with similar levels of
CCRS5 for comparative studies of wildtype and mutant receptors. However, CXCR4 levels were
low in all CXCR4-transduced conditions, with levels that matched the staining pattern of CXCR4
KO cells. These data indicated that there was an unknown issue with the CXCR4 constructs. To
further investigate, we performed droplet digital PCR on transduced cells to measure the
number of integrated vector copies per cell (Figure 3.6B) and, in a separate transduction
experiment, we used qPCR to detect whether the constructs were being transcribed (data not
shown). Both demonstrated that the CXCR4 constructs were effectively delivered to cells,
integrated, and transcribed. Of note, CXCR4-transduced cells were not permissive of X4 LAl
infection, another indication that the coreceptor was not being expressed and that the lack of
expression observed by flow cytometry was not due to technical issues with the stain or
antibody (data not shown). Therefore, for an unknown reason, the CXCR4 constructs did not
yield protein expression at the cell surface of primary CD4" T cells. It is worth noting that the
CXCR4 cDNA used here began with the start codon and did not contain the 5" untranslated
region. Theoretically, | would not expect this to be an issue, but the pPBABE.CXCR4 vector (HIV
Reagent Program #ARP-3332), which is commonly used for CXCR4 expression, does contain
this region. Therefore, it could be worth cloning the exact sequence in the pBABE.CXCR4
vector into the TOP-CAR plasmid.

Because the CCR5-transduced cells displayed similar levels of CCR5 expression, we
were able to directly compare their infection phenotypes. Interestingly, we observed no
difference in R5 Q23.BG505 infection between the cells with wildtype CCR5 and the glycan-
mutated CCR5, despite observing the expected phenotype with SLC35A2 KO within the same
experiment (Figure 3.6C). These data suggest that completely removing the glycans on CCR5

does not impact HIV-1 infection nor recapitulate the effect of SLC35A2 KO.
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Figure 3.6. Removing CCRS5 glycans does not reproduce SLC35A2 KO effect on R5 HIV-1.
(A) CXCR4 and CCRS5 surface protein expressed as measured by flow cytometry. (B) The
number of integrated lentiviral vector copies per cell in CXCR4-transduced cells. (C) The
percentage of cells staining positive for HIV-Gag at 3 dpi (MOI=1). All figures depict data from
one donor, 2-3 technical replicates. WT, wildtype.

While informative, this experiment unfortunately does not directly test our original
hypothesis that changes to the glycans on the coreceptors are driving the effects of SLC35A2
KO on HIV-1. Glycans on SLC35A2 KO cells are truncated, not absent, and this difference may
be a critical determinant in the interactions between HIV-1 and the coreceptor. Because it is not
possible to selectively truncate the glycans on just the coreceptors without globally impacting
glycan structures on all host proteins, understanding the importance of the coreceptor glycans

may require extracting these proteins from cells and performing biochemical binding assays.

These potential approaches are discussed in Chapter 4.

Establishing a cell line model for SLC35A2 KO

The optimization and performance of mechanistic experiments would be much faster,
convenient, and less resource intensive in a cell line as opposed to primary cells. Before
adopting a cell line model, it is first necessary to demonstrate that SLC35A2 KO in the cell line
recapitulates the phenotypes we observe in primary cells — truncation of glycans and an
opposing effect of R5 and X4 HIV-1. We first evaluated whether Jurkat T cells would be a
suitable cell line. We inactivated SLC35A2 in Jurkat cells by nucleofection using the same

approach as in primary cells and assessed the status of glycosylation by lectin staining. Control
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and SLC35A2-edited cells displayed the same striking trends in GSL-II binding as in primary
cells, with 3% and 86% cells staining GSL-II+ for CD19 and SLC35A2 KO, respectively (Figure
3.7A). To our surprise, we found that wildtype Jurkat T cells were 100% VVL+, indicating that all
of the O-glycans on these cells were already truncated prior to SLC35A2 KO. Indeed, we later
found that Jurkat cells are known to have truncated O-glycans due to a mutation in a chaperone
called C1GALT1C1 (also called Cosmc) that is required for O-glycan synthesis [180]. Due to

this underlying abnormality in glycosylation, Jurkat cells are not a suitable cell line for SLC35A2

studies.
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Figure 3.7. Establishing a cell line model for SLC35A2 KO.

(A) Percentage of cells staining positive for GSL-Il and VVL lectins in Jurkat T cells.

(B) Percentage of cells staining positive for HIV-Gag at 3 dpi (MOI=1). Paired t-test, ***p<0.001.
(C) Percentage of cells staining positive for GSL-Il and VVL lectins in SupT1 cells.

Despite Jurkat cells having atypical glycosylation, we were still interested in infecting
these cells with HIV-1. We found that R5 Q23.BG505 infection was not significantly impacted by
SLC35A2 KO in Jurkat cells and that both CD19 KO and SLC35A2 KO had very low levels of
Q23.BG505 infection (average overall 1.5%) (Figure 3.7B), which is comparable that of
SLC35A2 KO primary cells (1.8%, Figure 3.2C). Because CCRS5 harbors O-glycans, these
results are consistent with our hypothesis that the glycans on the coreceptors are driving
SLC35A2 KO phenotypes. Unlike the lack of impact on Q23.BG505, SLC35A2 KO in Jurkat
cells led to increased levels of LAl infection, in line with the trends we observed in primary cells

(Figure 3.7B). Because CXCR4 has an N-glycan, this result is, again, consistent with our
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hypothesis. It is worth noting, however, that the magnitude of SLC35A2 KO’s impact on LAl
(1.5-fold) is much less potent than that in primary cells (5.9-fold, Figure 3.7B). Whether this is
due to aberrant O glycosylation in Jurkat cells or something else remains unclear.

Though Jurkat cells are not a suitable cell line for studies into the mechanism of
SLC35A2’s impact on HIV-1, the trends of these results are consistent with our hypothesis that
the glycans on the coreceptors are driving the effects of SLC35A2 KO. Moreover, they offer a
potential experimental approach — it may be informative to inactivate the C1GALT1C1/comsc
chaperone in primary cells to specifically capture the impact of O-glycans on HIV-1.

We next evaluated whether the SupT1 cell line recapitulated SLC35A2 KO trends in
primary cells. Though we found a clear increase in lectin binding in SLC35A2 KO SupT1 cells,
the magnitude of this effect was very small (Figure 3.7C). SLC35A2 KO led to 7.5% and 4.6%
of cells staining positive for GSL-Il and VVL, respectively, compared to roughly 90% in primary
cells (Figure 3.3B). Importantly, this difference cannot be explained by a lack of editing, as
these SLC35A2 KO cells displayed 87% KO according to ICE analysis. These data demonstrate
that SLC35A2 KO in SupT1 cells does not lead to the same level of truncated glycans as we

see in primary cells and is therefore not a suitable model for SLC35A2 KO mechanistic studies.
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Chapter 4

CONCLUSIONS AND FUTURE DIRECTIONS

For years, the HIV-1 field has relied on studying virus-host interactions using relatively
low throughput approaches, immortalized or cancer cell lines, and lab-adapted viruses. These
technical aspects have limited our understanding of the complex web of host factors that impact
the course of natural HIV-1 infection. In the projects presented in this thesis, we describe the
adaptation of the HIV-CRISPR screening approach [69] for use in the main target cells of HIV-1
infection, primary CD4" T cells, and the implementation of these screens, which uncover
previously undescribed HIV-1 restriction factors. In Chapter 2, we identified three ISGs that had
not been known to inhibit HIV-1 in other models of infection (HM13, LAP3, IGFBP2). Our
targeted knockout experiments with multiple ISGs also demonstrated that IFN restriction of HIV-
1 is the result of many antiviral genes working collectively, which is a model that have been
proposed but not directly shown in prior studies as they tended to focus on singular ISGs. In
Chapter 3, we identified an X4-specific restriction factor, SLC35A2, and uncovered an opposing
role for host cell glycosylation on X4 and R5 HIV-1 infection by infecting cells with a broad range
of HIV-1 strains. These studies highlight the value of utilizing primary cells, a diverse range of
HIV-1 strains, and high throughput screens by providing new insights on the restriction factors

that likely influence HIV-1 during transmission and early infection.

HIV-CRISPR screens in primary CD4* T cells

In addition to the biological findings reported in this thesis, the technical advancement of
optimizing HIV-CRISPR screens for primary CD4" T cells also represents a major contribution to
the HIV-1 field. We demonstrate that HIV-CRISPR screens in primary cells reliably enrich for
positive control genes and demonstrate high reproducibility between independent screens with

guide libraries targeting up to roughly 2,000 genes (15,414 guides), though we expect that
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larger library sizes would be suitable as long as sufficient cell coverage is maintained. We
performed HIV-CRISPR screens in primary cells with two libraries — a custom library that was
designed based on in-house bulk RNA-seq data (CD4-ISG library, 555 genes) and a larger, pre-
existing library informed by other ISG libraries and transcriptomic analyses of various cell lines
(PIKA library, 1906 genes [69]). Interestingly, screens with the tailored CD4-1SG library yielded
stronger agreement between donors (CD4-ISG screens Pearson R: 0.83-0.89; PIKA screens
Pearson R: 0.63-0.74) and proportionally more hits (20.5-30% of genes were hits in CD4-ISG
screens; 8% for PIKA screens) than those with the PIKA library (Figure 2.4B, Figure 3.1B).
These trends may be the result of increased experimental noise in PIKA screens due to the
PIKA library targeting a large proportion of genes that are not expressed in CD4" T cells. It may
therefore be advantageous for future investigations to either use the CD4-ISG library or
leverage the bulk RNA-seq dataset reported in Chapter 2 to inform the design of new custom
libraries targeting genes expressed in CD4" T cells.

The unbiased nature of HIV-CRISPR screens allowed us to identify antiviral genes that
had not been previously described (HM13, IGFBP2, LAP3, SLC35A2). To understand the genes
that may work in concert with these new factors, it may be informative to perform HIV-CRISPR
screens in, for instance, HM13 KO cells. Genes enriched in screens carried out in HM13 KO
cells should represent factors that have non-redundant functions with HM13. This selection
strategy would be particularly useful in identifying potent networks of antiviral ISGs. Future
iterations of HIV-CRISPR screens in primary cells could also augment screen characteristics,
such as IFN dose, viral MOI, length of infection, and viral strains, or analysis strategy, such as
validating shared or virus-specific hits, to address particular research questions.

Though we performed HIV-CRISPR screens in activated bulk CD4" T cells to identify
antiviral genes, future investigations could modify this system for other research purposes. For
instance, the original HIV-CRISPR screening approach, which was developed in the THP-1

monocytic cell line for identifying HIV-restricting genes [69], has now been adapted for use in
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the Jurkat T cell line to screen for proviral, dependency factors [187] and in J-Lat cell lines to
select for latency maintenance factors [188]. Similarly, HIV-CRISPR screens in primary T cells
could be adapted to select for proviral factors. Our screening approach should also be
amenable to using specific subsets of CD4" T cells, as long the cells are activated and dividing
for efficient CRISPR-Cas9 editing.

As with all screening platforms, HIV-CRISPR screens in primary cells have several
important limitations. Screen results should always be validated by individually inactivating
genes, ideally with different guides than those in the library, to verify that hits are not false
positives. Such false positives may arise due to experimental noise, library guides having off-
target effects, and gene KO impacting cell growth. Just as positive hits must be validated, genes
that are not enriched cannot be assumed to not impact HIV-1 infection. Experimental design
(virus, length of infection, viral MOI, donor, cell activation state, IFN/drug dosage) and the
editing efficiency of library guides can vastly influence screen results, particularly in primary
cells as they are highly sensitive to external stimuli. Therefore, one cannot definitively assert
that a gene does not impact HIV-1 infection in primary T cells based on one or a few HIV-
CRISPR screens. Rather, the HIV-CRISPR screening approach in primary target cells is a
powerful tool for the unbiased screening of large gene libraries and for the selection of genes
that impact HIV-1 replication. Screen hits can then be validated and mechanistically explored to

understand new aspects of HIV-host interactions.

IFN-mediated restriction of HIV-1

In Chapter 2, we identified three previously undescribed cellular effectors of IFN
restriction of HIV-1 (HM13, LAP3, IGFBP2) and found that two ISGs studied in other models of
infection (IF116, UBE2L6) inhibit primary HIV-1 in primary target cells. HM13, UBE2L6, and

IFI16 stand out among this set of genes, as these factors impacted both Q23.BG505 and LAl in
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single KO experiments. Furthermore, HM13 met our IFN effector criteria for four other diverse
HIV-1 strains. HM13 thus represents a newly identified, broadly acting HIV-1 restriction factor.

Because the nature of HM13 restriction of HIV-1 remains unknown, HM13 is a high
priority candidate for future mechanistic evaluation. HM13 is a peptidase that localizes to the
endoplasmic reticulum and is known to physically interact with HIV-1 gp160 [116, 117]. HM13
may therefore inhibit HIV-1 by interfering with Env processing to reduce the amount and/or
infectivity of virus produced during HIV-1 replication. While many experiments could inform this
mechanism, it would first be helpful to determine the timing of HM13 restriction during the HIV-1
replication cycle by infecting HM13 KO and control cells with single-cycle HIV-1 pseudotyped-
virus. With the hypothesis that HM13 impacts HIV-1 after viral translation, we would not expect
HM13 to impact pseudotyped-virus infection. Next, HM13’s impact on Env and virion infectivity
should be examined. Virus passaged in HM13 KO and controls cells could be assessed by p24
ELISA to quantify the amount of virus produced, titered to measure relative infectivity, and
utilized in a Western blot to stain for Env, using Gag staining as a loading control (similar to that
in [73]). If HM13 is impacting gp160 processing, we would expect Env staining by Western blot
to either be faint in virus collected from control versus HM13 KO cells due to less protein overall
or skewed towards existing as unprocessed gp160. Results from these experiments should
begin to uncover how HM13 inhibits HIV-1 in primary target cells.

Additional results reported in Chapter 2 warrant future investigation. For example, we
were particularly surprised by the finding that MX2 KO did not substantially impact Q23.BG505,
despite it increasing replication of LAl, and that all prior reports on MX2 and HIV-1 had
exclusively used clade B viruses. It is therefore unclear whether Q23.BG505 is an outlier strain
not impacted by MX2 or if MX2 is less effective against non-clade B HIV-1. Future work should
infect MX2 KO and control primary cells with a broad panel of viruses, like that in Chapter 3, to
understand the breadth of MX2 restriction and whether there are naturally occurring CA

residues that impact HIV-1 sensitivity to MX2 restriction. In addition to following up on specific
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genes like HM13 and MX2, there are also many more screen hits that we did not validate that
could represent novel HIV-1 restriction factors. Finally, as more HIV-restricting ISGs are
identified, it will be important to perform additional combinations of multi-ISG KOs to determine
sets of ISGs that confer potent restriction of HIV-1, as these genes likely represent selection
pressures on HIV-1 during acute infection.

Our multi-gene KO results support a model in which several ISGs contribute to IFN
restriction of HIV-1. Accordingly, we find that the effect size of each individual ISG KO (2.1-4.2-
fold) is much smaller than the overall impact of IFN treatment (55-62-fold). It is therefore
important to note that single KO experiments could lead to false negatives when categorizing
IFN effectors due to the low relative signal of individual ISGs. A possible approach to combat
this issue could be to treat cells with a lower dose of IFN in KO experiments. To test this
approach, one could perform bulk RNA-seq on primary cells treated with different doses of IFN,
determine ISGs expressed at lower doses, identify those that are screen hits, and then perform
validation experiments with various doses of IFN. | would expect that the relative contribution of
these ISGs would be greater at lower IFN doses. Because of this challenge, studies evaluating
many ISG candidates, like ours, must apply the same analysis criteria to all gene KOs to fairly
compare antiviral potencies between genes and across viruses. Our IFN effector analysis
criteria described in Supplementary Figure 2.2 can thus serve as an example for future ISG
studies.

Overall, Chapter 2 supports the feasibility of comprehensively interrogating ISG
restriction of HIV-1 in primary target cells and demonstrates that such efforts can uncover
previously unknown HIV-1 restriction factors. We hope future work will leverage these
techniques, mechanistically explore the newly identified antiviral ISGs, and pursue the
experiments we propose here to gain a better understanding of the cellular ISGs that inhibit

HIV-1.
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The role of glycosylation on HIV-1 infection

In Chapter 3, we identify an X4-specific restriction factor, SLC35A2, that influences host
cell glycosylation and impacts HIV-1 infection in a tropism-dependent manner during early viral
replication. Though host sialic acid residues have been previously shown to facilitate R5
infection [170], our study was able to uniquely capture the tropism-specific effect of host glycans
by infecting with many X4 and R5 viruses. This differential effect is critical to the implications of
our findings, as we are unaware of any cellular factors besides CD4 and the coreceptors
themselves that influence HIV-1 infection according to tropism.

The findings reported in Chapter 3 represent just the beginning of our understanding of
how host cell glycans impact HIV-1 infection. Many important mechanistic questions remain,
including understanding what stage of the viral replication cycle is impacted by SLC35A2 KO,
whether specific glycoproteins or the overall glycan landscape are causing these effects, how
altered glycosylation impacts viral infectivity, and what precise virus-host interface is impacted
with SLC35A2 KO. It is likely that SLC35A2 KO is impacting viral fusion due to the role of the
coreceptors in this stage of HIV-1 infection and the early effect of SLC35A2 KO based on
pseudotyped-virus infections. Future work could use the BlaM-Vpr fusion assay [189] with X4
and R5 viruses to address this. If fusion is impacted by SLC35A2 KO, it will be necessary to
investigate the specific interactions between HIV-1 Env and the coreceptors. Such
investigations could include binding assays between X4 and R5 Env with CXCR4 and CCRS5,
respectively, pulled down from wildtype and SLC35A2 KO cells. If SLC35A2 KO leads to
increased binding between R5 Env and CCRS and decreased binding between X4 Env and
CXCR4, it would be informative to perform mass spectrometry on the coreceptors purified from
wildtype and SLC35A2 KO cells. This approach would not only detail the composition of glycans
on the coreceptors in wildtype cells, which has not previously been described, but it would also
reveal the specific changes in glycosylation that confer the effects on HIV-1 observed with

SLC35A2 KO.
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Despite the relevance of a primary cell model, it would take a considerable amount of
time to optimize and perform mechanistic studies in primary CD4" T cells. It would therefore be
advantageous to develop a cell line model to perform initial mechanistic studies of the impact of
SLC35A2 KO on HIV-1. While cell line systems are typically considered easier to implement
than primary cell models, we have experienced obstacles in the context of this study (see
Addendum for Chapter 4). Unfortunately, many cancer cells have altered glycosylation [179].
This includes the commonly used Jurkat T cell line, which has truncated O-glycans due to a
mutation in a chaperone required for O-glycan synthesis [180]. We have also found that
SLC35A2 KO in SupT1.CCRS5 cells did not yield the same levels of truncated glycans as in
primary cells. A transformed, immortalized cell line may therefore be more promising than a
cancer cell line for studies concerning host cell glycosylation.

In addition to elucidating the mechanism of SLC35A2’s impact on HIV-1, there is an
immediate interest to understand the significance of these interactions in vivo. SLC35A2 inhibits
infection of X4 viruses and is known to be expressed in CD4* T cells at common HIV-1
transmission sites. Therefore, it is plausible that SLC35A2 and consequently host cell
glycosylation contribute to RS selection during the HIV-1 transmission bottleneck. Though our
data in primary target cells from the blood are consistent with this hypothesis, additional
experiments are needed to directly support a role for host glycans on mucosal transmission of
HIV-1. This work would require isolating CD4" T cells from human FGT tissue samples, such as
from biopsies or elective hysterectomies, and inactivating SLC35A2. One could then perform
competition experiments with reporter viruses, which would involve infecting wildtype and
SLC35A2 KO tissue cells with an equal mixture of, for instance, X4.GFP and R5.RFP viruses. If
SLC35A2 impacts mucosal transmission of HIV-1, we would expect the ratio of R5 to X4
infection in wildtype cells to be higher than that in SLC35A2 KO cells. These data would provide

a direct role for SLC35A2 in the first target cells that HIV-1 encounters in the mucosa.
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The critical next steps in this project are therefore to define the mechanism of
SLC35A2’s effect on HIV-1 and to understand its impact on mucosal HIV-1 transmission.
Together, this work could inform the nature of one of the selection pressures influencing HIV-1
transmission and reveal features of T/F viruses that could be targeted for HIV-1 prevention

strategies.

Conclusions

The projects described in this thesis provide new insights into the complex network of
cellular factors that impact HIV-1 transmission and acute infection. The novelty and significance
of these findings also emphasize the benefit of utilizing a primary cell system. There are likely
more antiviral genes and unique mechanisms of HIV-1 restriction that remain to be discovered.
Future studies that implement HIV-CRISPR screens in primary cells and continue the
investigations described here will bring us closer to a more comprehensive understanding of the

many ways host genes impact HIV-1 infection.
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Supplementary Table 2.6. Guide RNAs used in PIKA screen validation experiments.

Gene Target Guide ID Guide Sequence
ADAR ADAR_g1 UUAGCACAGCAUUUAUAUCU
ADAR ADAR_g2 UGACUCCUCUGCCCUGAAUU
ADAR ADAR_g3 UUUAGACAUGGCCGAGAUCA
BATF BATF_g1 GCUGUCGGAGCUGUGAGGCA
BATF BATF_g2 GGACUCUACCUGUUUGCCAG
BATF BATF_g3 UUGUCCUGCCCAGGGAGCUG
CISH CISH_g1 UCCUCUGGGUCCAGCACCUU
CISH CISH_g2 CAAGGGCUGCAUGACUGGCU
CISH CISH_g3 UUCUAGACCUCGUCCUUUGC
PARS2 PARS2_g1 GCCGCUGGCUCUUACAGGUC
PARS2 PARS2_g2 GGAACACACGAGACAGCAGC
PARS2 PARS2_ g3 AAGGAACAUACCCAGAGAGC
TAPBP TAPBP_g1 GCUCAGGGUCGAGGUCCGGC
TAPBP TAPBP_g2 AAGGGCCUGGCCAAGAGACC
TAPBP TAPBP_g3 CUGCUGAGACGGCGGUCGCC
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Supplementary Figure 2.1. IRF9 editing ablates the antiviral ISG response in primary

CD4* T cells.

(A) IRF9 RNP-delivered CD4" T cells were collected on the day of infection and assessed for
genomic editing by Sanger sequencing. Synthego ICE analysis was applied to sequencing
results to determine percent knockout. (B) Western blot with lysates from NTC and IRF9-edited
CD4" T cells from one donor to evaluate protein levels of the highly induced ISG MX2. (C, D)
Paired data from Figure 2.1B and 2.1C, reformatted to compare infection results between NTC
and IRF9-edited cells with and without IFN treatment. (E) HIV-1 infection levels according to the
metrics used to evaluate whether ISGs are IFN effectors.
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Left, paired data from panel B reformatted to compare "HIV Levels with IFN” and “Relative IFN
Sensitivity” between NTC and IRF9-edited cells. Right, fold impact of IRF9 KO on these metrics,
with bars depicting independent experiments. The median fold difference is denoted in the top
right corner. The dotted line indicates a fold difference of two. **p<0.002, paired Wilcoxon rank
test. Non-significant (ns) indicates p>0.05.
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Supplementary Figure 2.2. Schematic of IFN effector criteria.

(A) Hypothetical HIV-1 infection curves illustrate how ISG KO data was compared to negative
control results to categorize genes as IFN effectors. RT activity measured on 6 dpi are used to
calculate fold changes compared to an intra-assay negative control. (B) Example of an IFN
effector and two types of genes that might impact these criteria but would not be classified as
IFN effectors.
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D HIV CA amino acid conservation
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Supplementary Figure 2.3. HIV-1 Capsid amino acid residues differ between Q23-17 and
MX2-sensitive viruses.

(A) Increase in HIV Levels with IFN as a result of MX2 KO compared to NTC (n=5 donors, data
also in Figure 2.2). Donor colors correspond to those in Figure 2.2. (B) HIV-1 strains assessed
for MX2 sensitivity in the current report and previous studies. (C) Alignment of HIV-1 CA protein
sequences from viruses in panel B. HIV-1 strains are colored according to MX2 sensitivity
(black: MX2-resistant, gray: MX2-sensitive). Amino acids are colored based on polarity.
Locations in which the Q23-17 residue differs from all MX2-sensitive strains are boxed. Black,
starred boxes indicate the four residues most likely to contribute to Q23-17’s MX2 resistance.
YU-2 and REJO.c are depicted together as their capsid sequences are identical. (D)
Conservation of amino acids (aa) at sites likely to drive Q23.BG505'’s resistance to MX2
restriction. HIV-1 group and clade consensus sequences are based on Troyano-Hernaez et al,
2022 [138].
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Top enriched genes in CD4-ISG screens, by virus
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Supplementary Figure 2.4. Few hits from CD4-ISG screens are donor- or virus-specific.
CD4-ISG screen hits were determined by selecting the genes that scored above background for
every screen (56 genes, see Figure 2.4C). One long non-coding RNA, one previous ISG target
(IFITM1), and genes with low expression in CD4" T cells (32 genes) were removed. MAGeCK
scores for the remaining 22 genes are presented here. Graphs include data from all eight
screens, separated by virus. Dotted line denotes the highest background threshold from Figure
2.4B plots. *p<0.05 by Wilcoxon rank test.




A Cell Count on day of IFN treatment (Donor 1, Figure 2.6)

125 [ Single gene KO
100- ......... CRCEEE PR .

= [ Multi-gene KOs

Q 751

(@]

B 50+

(]
254

HMi3  HM13  HM13  HMi3  HM13
CD19  IFl6  IFI16  IFI16
UBE2L6 UBE2L6

IGFBP2
LAP3
B  HIV Levels with IFN
Q23.BG505 Bal 93MW965 LAI 92UG024 92UG029
1.6-fold
1.3-fold 1.4-fold 1.1-fold

1.2-fold

Pl

HM13 HM13  HM13 HM13  HM13 HM13  HM13 HMi3  HM13 HMi3  HM13 HM13
CD19 CD19 cD19 CD19 cD19 CD19

Fold Increase
o N ES » o]

C  Genomic editing for multi-ISG knockouts (Donor 2)
HM13 IFI16 UBE2L6 | IGFBP2 LAP3

-

o

o
L

~
o
L

Knockout (%)
3

N
(&)
L

HM13 HM13 HM13 HM13

CD19 IFI16 IFI16 IFI16 IFI16 IFI16
UBE2L6 UBE2L6 UBE2L6 UBE2L6 UBE2L6
|IGFBP2 IGFBP2 IGFBP2 IGFBP2 |IGFBP2
LAP3 LAP3 LAP3 LAP3 LAP3
D Q23.BG505 LAI
HIV Levels with IFN  Rel. IFN Sensitivity HIV Levels with IFN  Rel. IFN Sensitivity
8 12 80
2 8
S 6 91 © 60 1
o So
£ 41 6 £ 40
S 3 Ty
Llc_> 2 L(I:_> 201
| T Nty NE— |}
HM13 HM13 HM13 HM13 HM13 HM13 HM13 HM13
CD19 IFI16 CcD19 IFI16 CD19 IFI16 CcD19 IFI16
UBE2L6 UBE2L6 UBE2L6 UBE2L6
IGFBP2 IGFBP2 IGFBP2 IGFBP2
LAP3 LAP3 LAP3 LAP3

Supplementary Figure 2.5. Supporting data for multi-gene knockout experiment.
(A) The number of cells for each ISG KO on the day of IFN treatment are shown relative to

CD19-edited cells for the Donor 1 multi-ISG KO experiment (related to Figure 2.6).
(figure legend continued on next page)

119



(B) The increase in HIV Levels with IFN (ISG KO/CD19 KO) for HM13 single or double KO as
compared to CD19 KO for Donor 1. The fold difference between HM13 single and double KO is
depicted within each plot. (C) Percent KO in cells nucleofected with multiple RNPs, as denoted
along the x-axis, for the Donor 2 multi-ISG KO experiment. Results are separated by editing
locus, as indicated above each panel. Dotted line denotes 30% KO. (D) The increase in HIV
Levels with IFN (ISG KO/CD19 KO) and the decrease in Relative IFN Sensitivities (CD19
KO/ISG KO) for each multi-ISG KO compared to CD19 KO. Dotted lines indicate a fold
difference of two.
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Supplementary Figure 2.6. CD19 editing does not impact HIV-1 infection.

To determine whether CD19 editing impacts HIV-1 infection, we edited CD19 and HIV-1 co-
receptors, CXCR4 and CCRS, in CD4" T cells from two donors. CXCR4 editing should not
impact CCR5-tropic infection (Q23.BG505), and vice-versa for LAl infection. Spreading infection
(MOI=0.02) data is shown for all treatments.
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Supplementary Figure 2.7. Supporting data for PIKA HIV-CRISPR screens and validation
experiments.

(A) Log2 fold changes (LFC) for guides targeting control genes in PIKA HIV-CRISPR screens.
Middle line of box-whisker plots indicates median of eight guides per gene (200 guides for
NTC). (B) Knockout percentages for PIKA screen validation experiments. Donor colors in this
figure correspond to those in Figure 2.7C. (C) The same number of cells were nucleofected for
each ISG KO during PIKA screen validation (1e6). On the day of IFN treatment (9 days post
nucleofection) each cell pool was counted. Results from Donor 1 are shown.
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Appendix B:

SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Supplementary Tables

Supplementary Table 3.1. PIKA guide library with synthetic NTC gene assignments.

URL accession:
https://www.biorxiv.org/content/biorxiv/early/2023/09/05/2023.09.05.556399/DC1/embed/media-
1.xIsx?download=true

Supplementary Table 3.2. HIV-CRISPR screen results with the PIKA guide library.

URL accession:
https://www.biorxiv.org/content/biorxiv/early/2023/09/05/2023.09.05.556399/DC2/embed/media-
2.xIsx?download=true

Supplementary Table 3.3. Guide sequences for single-gene editing experiments.

URL accession:
https://www.biorxiv.org/content/biorxiv/early/2023/09/05/2023.09.05.556399/DC3/embed/media-
3.xIsx?download=true
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Supplementary Figure 3.1. SLC35A2 KO has opposite effects on two HIV-1 strains that
utilize different coreceptors, related to Figures 2B, 2C, and 3D.

(A) Technical and donor replicates for data depicted in Figure 3.2B. Reverse transcriptase (RT)
activity, relative to CD19 KO for each primary CD4" T cell donor/experiment, at 2 dpi
(MOI=0.02). Knockouts were performed in five donors across independent replicate KO and
infection experiments as indicated. (B) Technical and donor replicates for data depicted in
Figure 3.2C. Percentage of CD4" T cells staining positive for HIV-Gag at 3 dpi (MOI=1). Donor
letters correspond with those in Panel A. (C) Technical and donor replicates for data depicted in
Figure 3.3D. Percentage of GFP+ CD4" T cells, relative to CD19 KO, after 2 days of infection
with GFP-expressing HIV-1 pseudoviruses (MOI=1). All data are shown as mean * standard
deviation of 2-3 replicate infections.
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Supplementary Figure 3.2. SLC35A2 KO differentially impacts CXCR4-tropic and CCR5-
tropic HIV-1, related to Figure 2.2E.

(A) Percentage of CD4" T cells staining positive for HIV-Gag, relative to CD19 KO, at 6 dpi
(MOI=0.02, same infections as depicted in Figure 3.2E, different measurement of HIV-1
infection). Donor numbering is consistent with Figure 3.2E. (B) RT activity over time from
spreading infections (MOI=0.02) in primary CD4" T cells from two donors to determine
coreceptor tropism. Results are separated by expected coreceptor tropism based on prior
literature. Donor numbering is consistent with Panel A and Figure 3.2E.
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Supplementary Figure 3.3. Expression of SLC35A2 and the HIV-1 coreceptors in CD4* T
cells from the blood and common HIV-1 transmission sites.

(A) SLC35A2, (B) CXCR4, and (C) CCR5 expression in CD4" T cells isolated from different
anatomical compartments from four donors. Shapes denote donors.
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