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ABSTRACT
INVESTIGATIONS INTO THE IMMUNOMODULATORY PROPERTIES OF SLAMF7 AND ERAP1
By
Patrick O’Connell

Autoimmune diseases represent one of the most complex pathological conditions recognized by
modern medicine; however, through investigations of these conditions we not only gain a
deeper understanding of these diseases, but also of the immune system as a whole. In this
regard, we have used autoimmunity, and Multiple Sclerosis (MS) in particular, as a lens through
which to better understand how the proteins SLAMF7 and ERAP1 regulate the immune system.
Both of these genes have been linked to increased MS susceptibility, yet the underlying
mechanisms remain a mystery. Our efforts have shown that these highly disparate proteins,
with vastly differing functions, both modulate CNS autoimmunity via alteration of B cell
responses. We also expand our investigations of how SLAMF7 modulates the immune system to
other diseases and cell types, greatly broadening the known biological roles of this fascinating

immune cell receptor.

In summary, our efforts here both expand our knowledge by identifying underlying mechanisms
as to why certain genes are linked to increased MS susceptibility, and also broaden the known
biological roles of these immunoregulatory proteins. Armed with this new knowledge, the
puzzle that is MS becomes just a little bit clearer, and new potential therapeutic targets for MS

and a number of other diseases, start to emerge.



This work is dedicated to all those whose immune systems have turned against them; may we
one day have the ability to give every man, woman, and child mastery over our body’s
microscopic sentinels.
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CHAPTER: 1 Introduction

Portions of this chapter are reproduced from: O’Connell, P., et al. “SLAM Family Receptor

Signaling in Viral Infections HIV and Beyond”. Vaccines 2019.



Overview of Multiple Sclerosis
MS is a chronic, degenerative, inflammatory autoimmune disease affecting the CNS and is most
common in women of child-bearing age with a 3:1 female:male affected ratio [1]. Along with
various symptoms presenting across time and space, MS is first and foremost characterized by
the presence of plaques of demyelination across the CNS, characteristically diagnosed by the
finding of gadolinium-enhancing lesions on MRI [1]. The array of MS symptoms is vast, but
some common ones include: limb weakness, movement issues, vision issues, tremors, altered
skin sensation, numbness, vertigo, neuropathic pain, and dysphagia [2]. There are five subtypes
of MS: clinically isolated syndrome, RRMS, SPMS, PPMS, and radiologically isolated syndrome
[2]. Clinically isolated syndrome is diagnosed when an individual has a single episode yet
improves without treatment; this however can progress to full MS in some cases [2]. RRMS, or
relapsing remitting MS, is the most common form of MS and involves acute episodes of
symptoms separated by periods of remission [2]. PPMS, or primary progressive MS, is the most
severe form of the disease and is charactered by a constant decline in patient function without
periods of remission [2]. SPMS, or secondary progressive MS, occurs when RRMS develops into
PPMS [2]. Finally, a newly defined subtype exists, radiologically isolated syndrome, which is

defined as a positive MRI diagnosis of MS in the absence of any symptoms [3].

The precise mechanism(s) underlying MS pathogenesis remains a mystery, but decades of
research have confirmed that both genetic and environmental elements contribute to MS
susceptibility [1]. On the environmental side, individuals living farther from the equator and/or

who receive low levels of Vitamin D/sunlight have an increased risk for MS [1]. On the genetics



side, numerous large GWAS studies have identified over 500 genomic regions linked to MS [4],
yet most of these associations have not been investigated in depth. Many of the strongest
genetic associations to MS are with genes involved in immune regulation including: various
MHC isoforms (including HLA-DR15 which represents the strongest association), IL4, IL6, IL2RA,
IL17R, and more [2]. Sibling studies have determined that both monozygotic and dizygotic twins
have an increased risk of co-occurrence of MS; more so in monozygotic twins, as would be
expected for a disease with a strong genetic component [1]. Together, these findings paint MS
as a highly complex autoimmune disease, with no currently identifiable central mechanism. The
evidence does point to some defect(s) in the immune system as being the most likely culprit
though [1, 4]. What precisely causes the immune system to enter a state rendering individuals
susceptible to CNS autoimmunity, and what sets this off, are currently the most pressing

guestions in the field.

Early research into the immunological mechanism(s) of MS pointed to a purely T cell-based
model of autoimmunity [1]. More recent work has shown that many different immune cell
types contribute to MS pathogenesis, in different ways, at differing stages of the disease course
[1]. It is also appreciated that the CNS resident myeloid cell type, microglia, play an important
role in MS [1]. Other CNS infiltrating myeloid cells tend to have proinflammatory roles in MS
and can contribute to disease progression [1]. But perhaps the most intriguing immune cell type
implicated in MS pathogenesis now is the B cell [5]. This came after the surprising discovery
that MS patients treated with a B cell-depleting antibody, rituximab, in an effort to ablate

production of CNS antibodies, often went into sustained remission [6]. Subsequent studies



however found that the remission was not dependent upon loss of antibody production, as
rituximab does not deplete terminally differentiated plasma cells [7]. This finding spurred the
development of more effective B cell depleting antibodies (ie. ocrelizumab), which are now a
mainstay MS therapy showing some of the best efficacy of all MS disease modifying agents [1].
However, why depleting B cells leads to remission in MS is a highly investigated topic of great
importance to the field, as this may lead to more targeted therapies lacking the side effects that
ensue with the current strategies that results in non-discriminate, pan-B cell depletion [1]. Such
targeted B cell therapies may also spare beneficial B cell subsets thus offering better disease
control. This could be especially important for PPMS and SPMS since these do not respond well

to current, pan-B cell depleting therapies [8].

SLAMF7 is a member of the SLAM Family of Receptors
The signaling lymphocytic activation molecule [SLAM] family of receptors are a set of nine
conserved cell-surface glycoproteins present on the cell surface of immune cells (Table 1). SLAM
family receptors are special in that most of them (SLAMF1, 3, 5, 6, and 7) are self ligands [9].
SLAMF2 and SLAMF4 serve as ligands for each other, and the ligands of SLAMF8 and SLAMF9 are
unknown. SLAM family receptors are generally understood to function as both adhesion
molecules and immuno-modulators [9]. Most SLAM family members (except SLAMF2, 8, and 9)
contain immunoreceptor tyrosine-based switch motifs (ITSMs) in their cytoplasmic domain,
which become phosphorylated upon receptor ligation, and serve as docking stations to recruit
various SH2-domain-containing proteins. Tyrosine-phosphorylated SLAM family ITSMs recruit a

number of well-characterized inhibitory phosphatases (SHP-1, SHP-2, SHIP-1), in addition to the



two SLAM family unique adaptor proteins, SLAM-associated protein (SAP, also known as SH2D1A)

and EAT-2 (also known as SH2D1B) [10].

Decades ago, it was discovered that inactivating mutations in the SAP protein, rendering it
inactive, caused the rare genetic disease X-linked lymphoproliferative disorder (XLP) [11]. XLP is
characterized by alterations of cellular and humoral immune responses, thus predisposing young
males to Epstein—Barr virus [12]-associated morbidity and mortality. The discovery of this genetic
association spurred research into the function of SAP, its ligands—the SLAM family of receptors—

and what role these molecules play in immune regulation and response to infection.

As SLAM receptors are present on most immune cells, but in varying amounts and combinations,
they comprise a complex immuno-regulatory network that plays an important role in maintaining
balanced immune responses. Efforts to distill the basic elements of this system have revealed
that SLAM family receptors can have both activating or inhibitory functions on immune cells.
Whether or not they function to promote immune cell activation typically depends on the
presence of their adaptors, SAP and/or EAT-2. In the presence of these adaptors, ligation of SLAM
family receptors often results in cellular activation, and in their absence, vice-versa [10]. This
simple regulatory mechanism is most conserved and apparent in SLAMF7 and SLAMF7 regulated

networks.



For more detailed information on the specifics of SLAM family receptor signaling and the various
adaptors capable of binding SLAM family members, please refer to any of these reviews [9, 10,

13, 14).

Immune Responses to Viral Infections
Host responses to viral infections comprise a complex interplay between the innate and adaptive
arms of the immune system [15]. Initial responses by the innate immune system serve to quickly
combat the offending pathogen and begin to prime and train the adaptive immune system to
commence generation of long-lasting immunity [16]. Infection with HIV follows this paradigm,
but notably, the innate immune system is not able to prevent long term infection due to some
unique characteristics of HIV [17]. Here we will provide a brief summary of host anti-viral
responses, using HIV as an example, and highlighting distinct ways in which HIV causes disruption
of these processes, and identifying points in this process where SLAM family receptors play a

role.

Initial infection with HIV typically occurs in the vaginal or rectal mucosa, where virions infect local
CD4* memory T cells and macrophages. HIV infected cells eventually migrate out of the mucosa
and reach draining lymph nodes where the virus is further spread to other memory CD4* T cells,
macrophages, and dendritic cells [18, 19]. Peak viremia occurs around the third to fourth week
following infection [20]. During this time the innate immune system mounts an acute anti-viral
response to HIV and HIV-infected cells through the use of pattern recognition receptors (PRRs).

PRRs, specifically toll-like receptors (TLRs), on macrophages, monocytes, dendritic cells (DCs), and



other immune cells recognize virion glycoproteins, viral dsRNA, and viral ssRNA [21, 22]. This in
turn triggers signaling through NFxB, IRF3/7, and MAPK pathways among others. Signaling
through these well-studied pathways produces a host of pro-inflammatory cytokines,
chemokines, and viral restriction factors to help combat early infection [23]. Importantly, myeloid
cell responses to PRR activation can be tuned based on signaling from SLAMF1, SLAMF5, SLAMF?7,
SLAMF8, and SLAMF9 [24-30]. Therefore, the specific microenvironment, including other
immune cells interacting with PRR-responding myeloid cells, is essential for tuning myeloid cell
responses by SLAMF family-dependent mechanisms. This suggests that modulating SLAM family
signaling might impact host anti-viral immune responses. Indeed, we have shown previously that
altering SLAM family signaling by overexpressing EAT-2 enhanced both innate and adaptive
immune responses to antigens such as HIV-Gag [31]. HIV infection is notable in that it also causes
breakdown of the gastrointestinal mucosal barrier allowing for translocation of bacteria and their
products into the circulation [32]. Elevated levels of bacteria in the circulation trigger different
TLRs contributing to broad activation of the innate immune system. Additionally, SLAM receptors
[such as SLAMF1 [33], SLAMF6 [34], and SLAMF8 [29]] have also been shown to modulate innate
immune responses following infection with both gram-negative and positive bacteria. Therefore,

SLAM receptors may indirectly modulate HIV-induced bacterial translocation.

One of the most important anti-viral cytokines produced is IFNa which is primarily produced by
activated plasmacytoid dendritic cells (pDCs) [17, 35, 36]. pDC stimulation through TLR7/8/9
triggers production of high levels of IFNa which orchestrates global anti-viral responses across

nearly all cell types [37]. It has been shown recently that SLAMF9 signaling contributes to proper



migration and function of pDCs [38], indicating a potential role for SLAMF9 in pDC-mediated
antiviral responses. Following the acute phase of HIV infection, plasma viremia drops
significantly, and circulating CD4* T cell levels return to normal levels. During this time activated
DCs are also able to present peptides derived from HIV-specific antigens and interact with T cells
to begin to develop long-term (adaptive) immunity [16]. DC—CD8* T cell interactions result in
clonal expansion of virus specific memory CD8* T cells, which recognize and destroy HIV infected
cells presenting HIV-specific antigens [39]. SLAMF2-SLAMF4 interactions between DCs and CD8*
T cells, respectively, are necessary to ensure survival of DCs effectively presenting HIV-1 antigens
[40]. In tandem, CD4* T cells in lymph nodes activate B cells to generate HIV-specific antibody
responses, a process also regulated by SLAMF5 interactions between these cell types [41, 42].
For the vast majority of viral infections, this complex process is successful in fighting off the
current infection and generating humoral and cell-mediated immunity (CMI) for prevention of
future infections by the same pathogen. However, HIV has a number of ways to circumvent this

(43, 44].

Because the body is not able to fully clear HIV, the virus is able to create a state of chronicimmune
activation believed to underlie many of the secondary pathologies associated with HIV (HIV-
associated neurocognitive disorder (HAND), atherosclerosis, insulin resistance, renal failure,
osteoporosis, and hepatitis), and be a major cause of disease progression to AIDS [21, 43].
Sustained IFNa production by pDCs is implicated in this progression, a state potentially
exacerbated by the presence of HIV-specific antibodies [45]. Chronic translocation of bacteria

and bacterial products into the circulation from the gut, termed the “leaky gut hypothesis”, has
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Table 1: Signaling lymphocytic activation molecule [SLAM] family members and their known
roles during viral infection. Cytomegalovirus, CMV; dendritic cells, DCs; hepatitis C virus, HCV;
innate lymphoid cells, ILCs; hematopoietic stem cells, HLCs; NK cells, Natural Killer cells.
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also been suggested to contribute to these sustained responses [32]. HIV is also able to interfere
with proper development of the adaptive immune response by interfering with B cell antibody
production. It has been observed that gp120 can induce chronic activation of B cells through
CD40-independent pathways, thus preventing the generation of powerful, broadly-neutralizing
antibodies [61]. These are just a few of the many ways HIV has been shown to dysregulate the

immune system; for a more detailed summary please refer to the following references [17, 21].

SLAMF1 (SLAM, CD150)
The first identified member of the SLAM family, SLAMF1 was initially discovered as the binding
partner of SAP [62]. It is expressed on T cells, B cells, macrophages, DCs, platelets, and
hematopoietic stem cells (HSCs), and is characterized by its flexible structure and high degree of
glycosylation [14]. It functions on immune cells to modulate their activation states, milieu of
secreted cytokines, and phagocytic ability. With regard to phagocytosis, it has been shown that
SLAMF1 is able to bind to escherichia coli via OmpC and OmpF, and upon ligation, recruits Beclin-

1 to its intracellular domain allowing for enhancement of bacterial phagocytosis [5].

Of all the SLAM family members, SLAMF1 has arguably been the most well-known association
with viral infections, as it was discovered to be one of the receptors used by the measles virus to
gain entry into cells [46]. In fact, it was later found that the measles virus binds to SLAMF1 via
interactions with hemagglutinin MH-V, and that SLAMF1 is a universal receptor for all
morbilliviruses (of which measles is a member). This genus-level receptor tropism likely stems

from a few highly conserved domains on the extracellular region of SLAMF1 [63].
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In addition to serving as a direct viral receptor on immune cells, SLAMF1 has various immune-
modulatory roles in the immune cells it is expressed on. On cells of myeloid lineage, including
macrophages and DCs, SLAMF1 is typically expressed at a low level, but becomes up-regulated in
response to pro-inflammatory stimuli such as LPS, IL-1B, TNF«a, and IL-6 [24, 34]. The precise
function of SLAMF1 on activated DCs has been debated in the literature. Bleharski et al. initially
described SLAMF1 activation on CD40L-stimulated DCs as being pro-inflammatory, noting
increased levels of IL-8 and IL-12 [25]. However, a later paper by Rethi et al. demonstrated that
SLAMF1 signaling on CD40L-stimulated DCs was in fact inhibitory, with decreased IL-12 secretion
and impaired ability to induce naive T cells into Thl cells [24]. The difference in results was
attributed to the mode of SLAMF1 activation, with the initial report using soluble anti-SLAMF1
antibodies, and the latter paper using L929 cells stably expressing SLAMF1 as the mode of
receptor ligation [24]. The discrepancy in the results obtained using these different methods
suggests that the first report, using a soluble anti-SLAMF1 antibody, may be blocking the SLAMF1
receptor, as most soluble antibodies perform blocking functions unless they have been

specifically designed as agonistic antibodies.

Complicating matters further is a study demonstrating that SLAMF1 knockout macrophages have
impaired production of IL-12p70, IL-12p40, TNFa, and nitric oxide [26], suggesting SLAMF1 may
be an activating receptor. It is hard to compare this study to the two previously mentioned
studies, as those were performed using primary human cells and this study used a murine model.
Differences inimmune responses to signaling from various members of the SLAM family has been

noted between human and murine immune cells [27, 51].
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SLAMF1 has also been described to have a specific role in T cells. SLAMF1 was noted to be
necessary for optimal production of IL-4 and IL-13, classical Th2 polarizing cytokines [26, 51]. This
suggests that SLAMF1 plays a role in regulating the production of antibodies during infections.
Altogether, the role of SLAMF1 in infection is interesting in that it both acts directly as a viral cell
surface receptor, and modulates signaling on immune cells key to combating viral and bacterial

infections.

SLAMF2 (CD48)
SLAMF2 is unique among SLAM family members in that it is expressed on most lymphocytes,
contains a Glycosylphosphatidylinositol (GPI) anchor, and is not a homotypic receptor. SLAMF2
is the ligand for SLAMF4 (2B4), and vice-versa. Additionally, in rodents, SLAMF2 is also able to
bind CD2, but this binding is not conserved in humans which can make translating discoveries in
murine models regarding SLAMF2 function difficult [64]. On immune cells it has been observed

to generally function as an adhesion molecule and co-stimulator of NK and T cells.

SLAMF2 was initially believed to play an indirect role in regulating CMI during viral infections, as
SLAMF4 is a well described modulator of NK and CD8* T responses during viral infections [40, 65-
67]. In support of this indirect role it was shown that SLAMF2 ligation on free DNA-activated DCs
(mimics viral infection) prolonged their survival [40]. The mechanism underlying this effect was
shown to be due to decreased apoptosis via impaired production of DC-generated IFNB [40].
Furthermore, SLAMF2 ligation on activated DCs induced the production of granzyme B inhibitor

protease inhibitor-9 (SERPINB9), which prevented T cell-mediated lysis of DCs (Figure 1A) [40].
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FIGURE 1: Role of SLAMF2 in orchestrating DC-T cell interactions

(A) Ligation of SLAMF2 on DCs (or other antigen presenting cells) via
interactions with SLAMF4 on an interacting CD8 T cell results in
increased expression of SERPINB9. SERPINB9 protects DCs from lysis
granzyme B-dependent T cell lysis. (B) Interactions between DCs and
CD8 T cells when SLAMF2-SLAMF4 interactions are absent on DCs,
which renders DCs susceptible to apoptosis, both from autocrine IFN
production and by granzyme B produced by CD8 T cells.

This led to the proposition of an intriguing model where proper SLAMF2-SLAMF4 interaction
between DCs and activated T cells (express high levels of SLAMF4) allows for enhanced DC
survival and antigen presentation to assist in clearing infections. In scenarios where there was an
absence of CD8* T cell-DC interactions (i.e., no SLAMF2—SLAMF4 interaction), the DC undergoes
apoptosis via production of its own pro-inflammatory cytokine, IFNB (Figure 1B). This regulatory
mechanism helps to ensure that only DCs presenting useful antigens to CD8* T cells persist, and
other DCs that are inducing non-specific, background inflammation do not persist [40]. This

complex model describing SLAM family receptor interactions between various immune cells in
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the context of viral infection shows how SLAM family receptors are important maestros

orchestrating immune responses.

Furthermore, SLAMF2 has been identified as being a direct modulator of CD4* T cell and
macrophage inflammatory responses [68, 69]. Studies utilizing SLAMF2 deficient mice revealed
that SLAMF2 is necessary for proper CD4* T cell activation and proliferation [68, 69]. Additionally,
it was determined that SLAMF2 expression on macrophages was necessary for optimal TNFa and

IL-12 production in response to innate stimuli [69].

Due to SLAMF2’s importance in regulating CMI, it was theorized that some viruses may attempt
to modulate SLAMF2 to circumvent its role in combating viral infections. Indeed, it was found
that cytomegalovirus (CMV), HIV, and potentially, human T cell leukemia virus type 1 (HTLV-1),
have evolved to do just this [48, 50, 66, 67]. CMV is able to evade SLAMF2-mediated immune
responses via two independent mechanisms: down-regulation of SLAMF2 on infected cells via
the viral protein m154 [48] and by producing a soluble SLAMF2 decoy receptor [50]. The CMV
viral protein m154 was shown to directly down-regulate SLAMF2 in infected macrophages via
proteolytic degradation (Figure 2A) [48]. This led to impaired NK cell cytotoxicity against CMV
infected cells and, critically, infection with a m154 deficient CMV virus displayed an attenuated
phenotype in vivo [48]. Certain strains of CMV, notably Owl Monkey CMV, encode a decoy
SLAMF2 protein in their genome [50]. Infection of cells with these viruses was observed to secret
high levels of a soluble SLAMF2 decoy protein [50]. These SLAMF2 decoy proteins were able to

bind with high affinity to SLAMF4 on host immune cells and could prevent NK cell adhesion and
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cytotoxicity against infected cells (Figure 2B) [50]. A similar, but less well understood, method of
SLAMF2 modulation occurs during HIV infection [66]. In vitro cell culture experiments using
primary human T cells and HIV-1 showed that HIV-1 infected T cells down-regulated a number of
important NK cell ligands including SLAMF2 [66]. This prevented optimal NK cell-mediated lysis
of HIV-1 infected T cells [66]. Additionally, there is preliminary evidence that the tax protein from
HTLV-1 is able to down-regulate SLAMF2 in infected cells and prevent CD8* T cell-mediated

cytotoxicity [67].

A
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FIGURE 2: Viral manipulation of SLAMF2 to evade host immunity

(A) Following infection, the CMV viral protein m154 proteolytically degrades SLAMF2 in
order to decrease receptor expression on the cell surface. (B) Owl Monkey CMV produces
a decoy SLAMF2 receptor following infection of a cell. The SLAMF2 decoy protein is
secreted and, once soluble, prevents proper SLAMF2—SLAMF4 interactions from occurring
between CMV infected cells and cytotoxic lymphocytes, respectively.

However, not all viruses display the ability to interfere with host immunity through SLAMF2-
specific mechanisms. Epstein—Barr virus [12] infection of B cells is known to induce up-regulation
of SLAMF2, which has been suggested to assist in CMI towards infected cells [65]. Such a
mechanism would in theory allow for better adhesion and cytotoxicity (via SLAMF4 signaling on

CD8* T cells and NK cells). It is clear that SLAMF2 plays an important role in controlling cell-
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mediated immunity in the setting of viral infections, and we are only just beginning to understand

the breadth of evasion strategies used by viruses to undermine it

SLAMF3 (Ly-9, CD229)
The third member of the SLAM family of receptors, SLAMF3, is widely expressed on lymphocytes,
notably on CD4* T cells, CD8* T cells, B cells, plasma cells, NK cells, NKT cells, innate lymphoid
cells (ILCs), DCs, monocytes, macrophages, and hematopoietic stem cells (HSCs). Interestingly, it
is also known to be expressed on hepatocytes [49]. SLAMF3 is a relatively understudied member
of the SLAM family, and to date, studies have only revealed roles for SLAMF3 in control of T cell

inflammatory responses and NKT cell development [14].

SLAMF3 may play a role in adenovirus (Ad) infections, as a large-scale interactome study using
the E3 protein from Ad revealed binding to SLAMF3, in addition to a number of other SLAM family
members [70]. The importance and consequences of this interaction are not yet known and this

represents an interesting area of future study.

Compared to other SLAM family members, many of which modulate DC and macrophage
function in some manner, loss of SLAMF3 on macrophages was not observed to affect immune
responses [71]. While loss of SLAMF3 on T cells was shown to impair Th2 responses [71], mice
with global loss of SLAMF3 did not display enhanced susceptibility to LCMV infection in the same

manner as SAP knockout mice do [71]. This suggest that while SLAMF3 does play some role in
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modulating immune cell function, the effects are not as important as that of other SLAM family

members and may be redundant.

SLAMF3’s expression on hepatocytes is its only known direct link to viral infections. A single
report has shown that HCV is able to bind directly to the first N-terminal domain of SLAMF3 and
use this as a cellular entry mechanism [49]. More specifically, they noted that the HCV envelope
protein, E2, was responsible for this interaction. In further support of this important interaction
for HCV pathogenesis, it was observed that SLAMF3 expression on hepatocytes correlated with

their susceptibility to HCV infection [49].

SLAMF4 (2B4, CD244)
SLAMF4 is arguably the most well studied member of the SLAM family of receptors, with
extensively-characterized functions on multiple lymphoid cell types [72]. SLAMF4 is expressed on
NK cells, CD8* T cells, NKT cells, Y8 T cells, monocytes, basophils, eosinophils, DCs, and mast cells
[9, 14]. Deciphering the underlying signaling mechanisms of SLAMF4 have been complicated by
the fact that it can bind both SAP and EAT-2 adaptors, in addition to numerous inhibitory
phosphatases. Furthermore, studies have shown that the antigen density of SLAMF4 on CD8* T
cells differentially determines its function, with ligation of SLAMF4 when it is present at low levels
inducting activating signals, and ligation of SLAMF4 when it is present at high levels producing
inhibitory signals [52, 73, 74]. A further difference between SLAMF4 and other SLAM family

members is that it is not a homotypic receptor and functions via ligation to SLAMF2.
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To data, SLAMF4 is best known for its function on CD8* T cells as an exhaustion marker and
inhibitory receptor. This fact, combined with our current knowledge that chronic viral infections
induce large numbers of exhausted CD8" T cells, has contributed to a significant body of
knowledge regarding SLAMF4 in the setting of chronic viral infections. Studies of SLAMF4 on CD8*
T cells of patients with chronic hepatitis B virus (HBV) infection have shown that chronic HBV
infection increases the number of SLAMF4* CD8* T cells both in the peripheral circulation and in
the liver, often with co-expression of PD-1 [53]. Clearance of viral infection decreased the
numbers of SLAMF4* CD8* T cells, and blocking of SLAMF4 ex vivo allowed for improved T cell
proliferation, cytokine production, and cytotoxicity [53]. Very similar effects were noted in
patients with chronic hepatitis C virus (HCV) infection [54]. In the setting of chronic HCV infection,
SLAMF4 was observed to be up-regulated on virus-specific CD8" T cells, functioned as an
inhibitory receptor on these cells, and prevented virus-specific CD8" T cell proliferation [54]. A
separate report, studying the role of SLAMF4 in HIV infection, noted that respiratory syncytial
virus (RSV)-specific CD8* T cells in HIV* patients responded differentially to SLAMF4 ligation. The
subset of RSV-specific CD8* T cells that had the capability to down-regulate SLAMF4 were able to
respond best to stimulation and those that retained high levels of SLAMF4 showed impaired IFNy

production [55].

The role of SLAMF4 directly on HIV-specific CD8* T cells has also been studied [75]. During HIV
infection, patients with elevated SLAMF4* CD8* T cells showed marked disease progression in
comparison to those with low levels of SLAMF4* CD8* T cells [75]. This suggested that SLAMF4

may be a marker of dysfunctional CD8* T cells or activated CD8* T cells that preferentially destroy
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host CD4* T cells; both of which could lead to disease progression in HIV. Support for the former
hypothesis came from a study looking at SLAMF4 signaling more in-depth [56]. Here it was
observed that HIV-1-specific CD8" T cells from patients exhibited an immature phenotype,
displaying high levels of SLAMF4 and PD-1. Co-expression of these two markers correlated with
other markers of disease progression including viral load. Blocking of SLAMF4 and PD-1 in ex vivo
T cell cultures from HIV patients allowed for increased HIV-1-specific CD8* T cell proliferation
[56]. This suggested that SLAMF4 expression on CD8* T cells in the setting of chronic HIV-1
infection is a true inhibitory receptor. Confirming this, is work showing that SLAMF4* CD8"* T cells
from HIV-1 negative persons, stimulated with HIV-antigen-pulsed DCs, have less cytolytic activity

compared to SLAMF4 CD8* T cells [57].

In contrast to the number of reports studying the inhibitory function of SLAMF4 on CD8* T cells,
there are a few reports describing activating effects for SLAMF4 on CD8* T cells during viral
infections [51, 76]. For example, it has been shown that HIV elite controllers harbor a population
of HIV-specific SLAMF4* CD8* T cells with high cytolytic capacity, and this unique subset is not
commonly present in chronic progressors [77], suggesting that signaling downstream of SLAMF4
might be important for the control of HIV infection. In the setting of HTLV-1 infection, which can
present with a CD8* T cell-mediated encephalitis, elevated levels of SLAMF4 were observed on
CD8* T cells compared to uninfected controls [76]. Additionally, infected individuals presenting
with neurological disease had elevated levels of SAP in their CD8" T cells compared to those
without neurological disease. Blockade of SLAMF4 signaling in ex vivo cultures inhibited

production of cytotoxic factors, suggesting that, in this setting, SLAMF4 is functioning as an
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activating receptor. It is possible that the high levels of SAP, which are known to control SLAMF4
signaling, are responsible for SLAMF4 functioning as an activating receptor here. Similarly, there
is evidence that SLAMF4 plays an activating role during influenza infection [51]. Here, SLAMF4
was discovered to be able to directly bind the influenza viral HA protein, stimulate CD8* T cell
activation, and induce lysis of influenza-infected cells. This activating effect could potentially be
attributed to the binding of SLAMF4 to a different ligand than it normally does. Interestingly, the
authors found that murine SLAMF4 lacked the conserved residues in human SLAMF4 that were
required for binding to influenza HA, and as expected, could not bind to influenza [51]. This

further highlights the complexities of studying SLAM family members using murine models.

While SLAMF4 has been best studied on CD8* T cells, there are a number of reports assessing the
role of SLAMF4 on NK and NKT cells in the setting of HIV infection [78, 79]. In NK cells it was found
that SLAMF4 expression increased on NK cells over a course of two years on HIV* individuals,
even in the presence of combined anti-retroviral therapy (cART) [78]. Additionally, reductions in
the number of SLAMF4* NK cells negatively correlated with levels of cells containing pro-virus
[78]. Together, this suggests that SLAMF4 signaling on NK cells in the setting of chronic HIV
infection is important for viral control via CMI. Invariant NKT cells (iNKT) are an understudied
subset of NKT cells which play a role in innate immunity. A recent study looking into the role of
SLAMF4 on iNKT cells during chronic HIV infection found potentially important associations [79].
It was observed that iNKT cells from HIV* individuals have high levels of SLAMF4 on their CD4*
iNKT cells and show impaired IFNy production. Furthermore, the percent of SLAMF4* iNKT cells

inversely correlated with CD4* T cell count and CD4*/CD8* ratio, and positively correlated with
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viral load [79]. This indicates that dysregulation of SLAMF4 on iNKT cells may be a marker of
disease progression, and potentially, excessive CMI, causing destruction of host lymphocytes.
While the precise roles of SLAMF4 signaling both in a variety of immune cell types and a variety
of viral infections remains to be determined, it is clear that HIV and other viral infections up-

regulate SLAMF4 and that this is a potential mechanism underlying immune dysfunction.

SLAMF5 (CD84)
SLAMFS is broadly expressed on many immune cell types including B cells, T cells, monocytes,
macrophages, DCs, platelets, thymocytes, NK cells, NKT cells, basophils, and eosinophils. SLAMF5
can bind to both SAP and EAT-2, and is best known for its role in regulating adhesion between T
cells and B cells, allowing for proper humoral responses, it also plays a role in regulating immune

signaling in numerous other immune cells.

In contrast to some of the other SLAM family receptors, the only known association between
SLAMF5 and viral infections is from a large-scale interactome screen [70]. Similarly to SLAMF3,
SLAMF5 was observed to bind to E3 from adenovirus with high affinity. Follow-up studies
discovered that binding of E3 proteins to SLAMF5 stimulated activation of the receptor as
evidenced by phosphorylation of its ITSM. This receptor activation had functional importance as
it inhibited T cell receptor signaling in Jurkat cells as determined by ERK1/2 phosphorylation [70].
While these in vitro studies of SLAMFS5 signaling in the context of T cell activation in adenovirus

infection are interesting, simple studies using SLAMF5 deficient mice in the context of adenovirus
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infection or Ad-mediated vaccination strategies [31, 80, 81] would be important to confirm

physiologic significance.

Dendritic cell responses to viral infections are important for generating both innate and adaptive
anti-viral responses. SLAMF5 signaling in DCs is necessary for proper pro-inflammatory immune
responses involving IL-1B, IL-23, and IL-12, and this is dependent on IRF8 [28]. Specifically, IRF8
is induced in DCs when they become activated and is an important transcription factor that
orchestrates many of their responses [82]. Agod et al. have shown that SLAMF5 signaling in DCs
is important for stabilizing IRF8, preventing its degradation by TRIM21, and allowing for proper

inflammatory responses [28].

While T cell-DC interactions are important in viral immune responses, T cell-B cell interactions
are critical for developing long-term humoral immunity; SLAMF5 has been described as being
vital for this interaction [83]. Adhesion via SLAMF5-SLAMF5 homotypic interactions between B
cells and T cells allows for appropriate germinal center formation in vivo [83]. This interaction
requires the SLAM family adaptor SAP, and also interactions involving SLAMF6. Further
supporting this is a study showing that SLAMF5 is up-regulated on memory B cells, is able to
recruit both SAP and EAT-2, and functionally signals in memory B cells [84]. Furthermore, in a
murine model of Systemic Lupus Erythematosus (SLE), SLAMF5 was shown to be important in
preventing spontaneous germinal center formation and auto-antibody production, characteristic
pathologies found in humans with SLE [42]. Proper regulation of humoral immunity is important

in a number of viral infections, notably HIV-1, where it has been shown that the body has the
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potential to develop potent broadly neutralizing antibodies against HIV-1 [85]. Importantly, the
development of these broadly neutralizing antibodies can be a double-edged sword, as anti-HIV-
1 antibodies can also chronically activate pDCs and allow for sustained IFNa production even in
the presence of viral suppression [45]. Studies of SLAMF5 signaling in this pathogenic immune

response would be highly relevant to understanding the body's natural response to HIV-1.

An additional manifestation in chronic HIV-1 infection is the phenomenon of T cell exhaustion,
and similar to SLAMF4, SLAMF5 has been implicated as playing a role in this process [86]. In a
chronic lymphocytic leukemia (CLL) model of T cell exhaustion, Lewinsky et al. observed that
SLAMFS5 interactions between T cells and stromal cells in their microenvironment are able to
induce PD-L1 up-regulation throughout the microenvironment [86]. This in turn contributes to
increased PD-1 expression on CD8" T cells and results in T cell exhaustion. Studies assessing this
same mechanism in the setting of chronic viral infection, such as HIV-1, are a promising area of

future research.

SLAMF6 (NTB-A, Ly-108, CD352)
SLAMF®6 is a particularly interesting SLAM family member to study in the context of viral infection,
as it has both potent immuno-modulatory functions on cells important for CMI, and has a well-
described interaction with the HIV-1 virus. SLAMF6 is expressed on NK cells, NKT cells, T cells, B
cells, macrophages, pDCs, DCs, thymocytes, eosinophils, and neutrophils. SLAMF6 facilitates
immune cell adhesion and also regulates immune cell signaling in a manner similar to other SLAM

family members.
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SLAMF®6 is the only known SLAM family member to have direct interaction with HIV-1, which
occurs through the viral protein vpu [58-60]. Initial studies found that SLAMF6-SLAMF6
interactions between infected T cells and NK cells were important for NK cell-mediated lysis of
infected cells [58]. The vpu protein from the HIV-1 genome was observed to specifically down-
regulate SLAMF6 on infect cells and this prevented efficient NK cell-mediated lysis [58].
Biochemical studies revealed that vpu bound to SLAMF6 through its transmembrane domain and
induced proteolytic degradation. Follow-up studies by a separate group determined that an
additional mechanism through which vpu is able to down-modulate SLAMF®6 is via alterations in
SLAMF6 glycosylation which affected its anterograde transport [60]. The alterations in SLAMF6
glycosylation resulted in the formation of a more immature form of SLAMF6, which was
preferentially sequestered in the Golgi apparatus. Of note, there is a single study contradicting
the ability of vpu to down-regulate SLAMF6 on infected cells [59], but it should be noted that
results obtained from this study might require further investigation, as they used an early murine
model of in vivo HIV-1 infection which is now known to have limitations [87, 88]. Additionally,
there are important differences between murine and human SLAM family receptors that could
be playing a role here. An interesting point to consider is that all of these studies looked at NK
cell-CD4* T cell SLAMF6 interactions, but never myeloid-CD4* T cell interactions. As SLAMF6 is
also present on myeloid cells [14], it is interesting to consider how SLAMF6 on myeloid cells

affects HIV infected monocytes.

SLAMF®6 has also been identified as a modulator, or potential modulator, of CD8* T cell and NK

cell function. A recent study identified SLAMF6 as a marker of progenitor exhausted CD8* T cells
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[89]. This is particularly noteworthy, as the progenitor subset of exhausted cells, in contrast to
terminally exhausted cells, are capable of reversing their exhaustion in response to PD-1 blockade
[89]. While this study merely used SLAMF6 as a marker of progenitor exhausted CD8* T cells, it
remains to be seen what, if any role, SLAMF6 has functionally in this important immune cell type.
Furthermore, this study used a tumor model of T cell exhaustion and it is not known whether or
not SLAMF6 expression will mark progenitor exhausted CD8* T cells in a viral model of T cell
exhaustion. Finally, SLAMF6 also has a described role for regulating NK cell-mediated lysis of

influenza infected cells, similar to that described above for SLAMF4 [75].

SLAMF7 (CRACC, CS1, CD319)
The seventh member of the SLAM family, SLAMF7, is increasingly being recognized as both a
marker and modulator of inflammation in a number of diseases. SLAMF7 is expressed on NK cells,
CD4* T cells (low levels), CD8* T cells, NKT cells, classical monocytes (low levels), inflammatory
monocytes (high levels), macrophages, DCs, B cells, and plasma cells. It is notably absent on
granulocytes [9, 27]. SLAMF7 signaling is less complex than other SLAM family members in that
its ITSM can only bind to EAT-2, and not SAP In the presence of EAT-2 it performs functions that
can generally be described as activating, and in the absence of EAT-2 it recruits a number of
inhibitory phosphates (SHP-1, SHP-2, SHIP-1, CD45, and csk) to inhibit cellular functions [90-92].
However, there may be yet other, unidentified mediators of SLAMF7’s inhibitory signaling, as we
and others have found [27, 93]. Likewise, the positive, EAT-2-mediated signaling mechanism from
SLAMF7 is not entirely elucidated, but it is known that EAT-2 can signal via PLCy1, PLCy2, ERK1/2,

and PI3K to induce Ca?* flux in NK cells [91].
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While no studies have yet described a direct interaction between any particular virus and
SLAMF7, there are numerous reports describing immuno-modulatory roles for SLAMF7 in the
setting of viral infections. Our group has recently identified SLAMF7 as playing an important role
in the modulation of peripheral immune activation in chronic HIV-1 infection [27]. We showed,
using a cohort of middle-aged cART-treated HIV patients, that there are elevated numbers of
SLAMF7* cells in HIV patients compared to controls, and that patients who do not respond to
therapy have severely elevated levels of SLAMF7. More in-depth analyses revealed that CD16*
monocytes were responsible for this increase in SLAMF7* cells which fits with previous studies
showing CD16* monocytes are increased in chronic HIV-1 infection [36, 94, 95]. In vitro studies
using samples from HIV-1 patients identified SLAMF7 as being a potent inhibitor of specific type
| interferon-induced chemokines (CXCL9, CXCL10, CXCL11, and CXCL12) produced by monocytes
(Figure 3A) [27]. Interestingly, this inhibitory mechanism was not retained in a subset of HIV-1

individuals termed SLAMF7-silent (SF7S), and these individuals all had high levels of multiple
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FIGURE 3: SLAMF7 silent and responsive monocytes

SLAMF7, which is present at low levels on monocytes and upregulated in response to IFNq, typically restrains
production of alpha chemokines such as CXCL10 (A). This can occur either through cis interactions (ligation of
SLAMF7 receptors found on the same cell) or trans interactions (ligation of SLAMF7 receptors found on separate
cells (A). In a subset of HIV+ individuals SLAMF7 signaling on monocytes is unable to inhibit production of CXCL10,
resulting in elevated levels of peripheral immune activation (B).

inflammatory cytokines and chemokines in their plasma (Figure 3B). Finally, in vitro HIV-1
infection studies revealed that SLAMF7 activation on monocytes could robustly prevent their
infection with HIV-1 through a CCR5/CCL3L1 mechanism [27]. Together, this work highlights the
important role that SLAMF7 plays in modulating immune responses in the setting of chronic HIV
infection.

SLAMF7 has also been described to have an important role in a poly I:C/D-galactosamine model
of hepatitis [96]. Poly I:C is a mimic of dsRNA and simulates viral infection; its use in combination
with D-galactosamine has been shown to mimic fulminant hepatitis [97]. Here it was discovered
that poly I:Cinduced SLAMF7 expression on hepatic NK cells, as well as kupffer cells [96]. Blocking
the SLAMF7-SLAMF7 interactions between hepatic NK cells and kupffer cells decreased the
severity of liver injury and decreased IFNy and TNFa levels in the liver [96]. This study suggests

that excessive SLAMF7 signaling between NK cells and SLAMF7 expressing cells in their
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microenvironment can cause pathological inflammation, highlighting the importance of SLAMF7—-
SLAMF7 interactions between various immune cells during viral infection. As chronic HIV-1
infection is known to up-regulate SLAMF7 on monocytes and T cells [27], it is interesting to
hypothesize how this affects other SLAMF7 expressing immune cells which regularly interact with

monocytes, and what effect this would have on chronic inflammation in HIV infection.

SLAMF8 (BLAME, CD353)
SLAMEFS8, and its close relative, SLAMF9 are the most understudied members of the SLAM family.
This is in part due to their relatively recent discovery, as well as the fact that they do not have
ITSMs in their cytoplasmic domain [98, 99]. Because of this, it was theorized that these receptors
may not signal; however, they do contain a short cytoplasmic domain with a very high number
of positively charge amino acids, suggesting a potential for protein—protein interactions and
downstream signaling [98, 99]. SLAMF8 is expressed on B cells, CNS macrophages, hepatic
macrophages, monocytes, CD8" T cells, DCs, and neutrophils. Murine microglia, a macrophage-
like cell located in the brain parenchyma, have been noted to express SLAMF8 at the mRNA level,
but have not yet been confirmed to express SLAMF8 at the protein level on the cell surface [100].
Our current knowledge of SLAMF8 suggests it is sensitive to innate immune stimuli and has an
immuno-regulatory role in macrophages; factors that suggest it may also be involved in immune
regulation during viral infection. Notably, SLAMF8 was observed to be up-regulated at the mRNA
level in brain samples from patients co-infected with HIV-1 and mycobacterium tuberculosis

(MTB) [101]. Since myeloid cells in the CNS (macrophages, monocytes, and microglia) are most
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likely to express SLAMFS, it is likely that these cells have upregulated the expression of this

receptor in response to chronic CNS inflammation associated with HIV-1 and/or MTB infections.

Insight into what role SLAMF8 could potentially be playing in myeloid cells of the CNS during viral
infection comes from a report utilizing SLAMF8 knockout mice [29]. Here, the authors observed
that SLAMF8 served as a negative regulator of Nox2 activity in macrophages in response to innate
or bacterial challenge. This suggests that SLAMF8 up-regulation in the setting of CNS infection
may be a natural anti-inflammatory response. It also suggests that SLAMFS8 is able to signal in
some manner, even though it lacks an ITSM. However, more recently, another report has been
published with conflicting results [102]. In this SLAMF8 knockout mouse model, the authors do
not note any differential response to inflammatory stimuli. Two explanations for this discrepancy
are that 1) the mice used in each study are on different backgrounds (Balb/Cin [29] and C57BL/6
in [102]) and 2) the readouts assessed in each report are different. Interestingly, in the C57BL/6
SLAMF8 knockout model, when both SLAMF8 and SLAMF9 were knocked out the authors
observed decreased macrophage activation, suggesting they may have redundant functions as
activating receptors in macrophages [102]. Interestingly, it was found that SLAMF8 and SLAMF9
were required to maintain normal levels of TLR4 expression [102]. This may have important
implications in chronic HIV infection, where it is known that many patients suffer from a “leaky
gut”, allowing egress of bacteria into circulation, which can activate the immune system. These

data suggest that SLAMF8 and SLAMF9 may play a role in this pathological process.
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An additional role for SLAMF8 in the regulation of phagocyte motility has also been described
[103]. SLAMF8 was observed to inhibit macrophage migration in a manner opposite to that of
SLAMF1 [103]. This is noteworthy, as phagocyte migration to lymph nodes, the CNS, and other
locations during acute HIV and other viral infections is critically important to beginning to mount
an immune response against the pathogen. This migration can actually have detrimental effects
in HIV where monocytes and other phagocytes, become infected early in the disease course and
migrate to the CNS where they set up a viral reservoir [104-106]. Future studies to understand

the role of SLAMFS8 signaling in early HIV-1 infection are certainly warranted.

SLAMF9 (SF2001, CD84H1)
Similar to SLAMF8, SLAMF9 is a newly discovered member of the SLAM family of receptors.
SLAMF9 is the most recently identified SLAM family member and was found shortly following the
completion of the Human Genome Project [99, 107, 108]. SLAMF9 has no ITSM similar to SLAMFS,
but contains a large number of positively charged amino acids in its cytoplasmic domain [107].
SLAMF9 appears to be expressed on monocytes, pDCs, DCs, T cells, B cells, macrophages, and the
monocytic cell line, THP-1 [107]. Of importance also, is that the ligand for SLAMF9 has yet to be
identified. Studies of SLAMF9’s expression and function have been hampered by lack of good

monoclonal antibodies against SLAMF9, particularly ones that are amenable to flow cytometry.

While no direct role for SLAMF9 in anti-viral immunity has been discovered, roles for SLAMF9 on
macrophages and pDCs have been described. A recent report identified SLAMF9 to be up-

regulated on tumor-associated macrophages (TAMs) in melanoma [30]. Here, SLAMF9 was
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observed to enhance TNFa production from macrophages following LPS stimulation and was
itself up-regulated following IFNy stimulation [30]. The alteration in LPS-stimulated macrophage
responses by SLAMF9 suggests that it may be important for anti-microbial immunity. Indeed, a
published abstract has stated that SLAMF9 knockout mice display impaired clearance of
Salmonella Typhimurium [109]. Additionally, it has been shown that SLAMF9 is highly expressed
on pDCs, where it is able to regulate their function and mouse susceptibility to Experimental
Autoimmune Encephalomyelitis (EAE) [38]. The ability of SLAMF9 to control pDCs function
suggests that this receptor may play a role indirectly in controlling viral infections, as pDCs are

known to be critical in this respect [110].

Potential for Targeting SLAM Family of Receptors in HIV and other Viral Infections
Previously published reports by our group and others identified a critical role for SLAM family
signaling in immune regulation suggesting the possibility of SLAM family modulation for
therapeutic benefit during acute or chronic viral infections. While measles infections are rare in
the United States due to the MMR vaccine, declining vaccination rates are making this infection
more common, with potentially serious consequences for infected children. Monoclonal
antibodies against SLAMF1, blocking the ability for measles to use this receptor as a cell entry
mechanism, may prove to be a novel strategy to treat acute infection. A similar approach could
be used against SLAMF3 to prevent its interactions with HCV. While blockade of SLAMF1 and
SLAMF3 to directly prevent virus interactions are one approach, modulation of SLAMF9 signaling
may allow for an indirect approach to treat acute or chronic viral infections. Monoclonal

antibodies activating SLAMF9, specifically on pDCs, would, in theory, augment pDC IFNa
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production and anti-viral responses [38]. While the approach may be beneficial during acute viral
infections, an opposite approach may be useful in chronic HIV infection, where constitutive pDC

activation is evident and pathogenic [45].

Targeted modulation of SLAMF7 signaling is additionally an exciting therapeutic approach in the
setting of chronic HIV infection as we have shown that SLAMF7 signaling in human monocytes of
healthy and HIV-infected patients counteracted type | interferon receptor-mediated signaling
[27]. We also found that SLAMF7 signaling in human monocytes inhibits the production of various
alpha chemokines, but not host restriction factors that are critical for combatting HIV-1 infection
at the cellular level. These results have major implications, not only in HIV-associated
pathogenesis, but also for other type | interferonopathies [111]. These discoveries suggest that
SLAMF7 activation on monocytes of HIV infected individuals has the potential to prevent HIV
infection of monocytes as well as pathogenic type | interferon signaling, all while sparing critical

HIV host-restriction factors.

Moreover, modulation of the SLAMF7-EAT-2 signaling pathway has the potential to be co-opted
for enhanced vaccination responses. We have previously shown that blockade of SLAMF7 using
a SLAMF7-Fc fusion protein augmented the development of HIV Gag-specific T cell immune
responses following adenovirus-mediated vaccination [112]. Additionally, our previous work
indicated that prolonged SLAM family signaling via EAT-2 over-expression augments vaccine-

induced innate and adaptive immune responses [31, 80, 81, 113, 114].

32



Finally, some of the SLAM family members have recently been identified as T cell exhaustion
markers [89, 115], and signaling by these receptors impacts the development of proper T cell
immune responses against cancer and viral antigens. Due to the huge success of CTLA-4 and PD-
1 checkpoint blockade, it is tempting to speculate about the potential efficacy of SLAMF4
checkpoint blockade, as this receptor is a bona fide inhibitory receptor on CD8* T cells. However,
blocking SLAMF4 signaling on cytotoxic intra-tumoral T cells may be complicated by the fact that

SLAMF4 actually seems to function as an activating receptor at low antigen densities [73].

SLAM receptors: Summary
Fueled by advances in multi-parametric flow cytometry and genomics, we now have the
capability to rapidly discover and characterize new functions for the multitude of immune cell
receptors. Of these immune receptors, the SLAM family represents a critical component in both
the innate and adaptive arms of the immune system that requires further characterization. Their
unique feature, self-ligation, makes them interesting targets, as their signaling is always triggered
upon homotypic interactions between cells, or on the same cell (cis-interaction). Understanding
their function in specificimmune cells will facilitate the development of novel anti-viral and anti-
cancer therapies. The conserved nature and ubiquitous functions of the SLAM family of receptors
make them ideal targets for viruses looking to evade host immune responses. This has already
been appreciated for a number of SLAM family receptors across a small number of viruses, but
the true extent of SLAM receptor involvement remains to be seen. Studies of SLAM receptor
signaling can be complicated by their homotypic interactions, differing roles across immune cell

types, and occasional non-conserved functions between humans and mice. Additionally, co-
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expression studies and studies looking at combinatorial effects of SLAM family receptors have
scarcely been performed. With the more wide-spread use of single-cell technologies we
anticipate more detailed studies to reveal important complexities in SLAM signaling networks

never before appreciated.

SLAMF7 and its association with Multiple Sclerosis
Genome wide association studies (GWAS) are large population studies which seek to identify
specific genomic regions (SNPs) associated with a particular disease or condition. Geneticists
use advanced statistical approaches to determine when particular genetic polymorphisms are
enriched in a large cohort of patients (often on the order of thousands to tens of thousands)
compared to an equally large control cohort composed of individuals without the disease.
These regions enriched in individuals with a particular condition are considered to be linked to
that disease, and further efforts to characterize these associations are left to the larger
scientific community. GWAS have been applied to MS at considerable scale, identifying over
500 genomic regions linked to MS from tens of thousands of patients [4]; most of these genetic
associations have not been investigated in depth. In general, GWAS studies of MS have pointed
to dysregulation of the immune system as a central culprit in MS disease progression and
initiation, yet the specifics of such processes remain elusive. This work will help to shed light on
why two such MS-linked genes, SLAMF7 and ERAP1, were identified in GWAS as being

associated with susceptibility to MS.
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SNPs in SLAMF7 (and other SLAM family genes) have been linked to MS in large GWAS studies
[4, 116]. This is not surprising, since the current body of literature suggests that both peripheral
and CNS immune cell response are the primary determinants of MS susceptibility [4]. A more
recent study has looked into some of these genetic associations more closely in CD4+ and CD8+
T cells (both important players in MS pathogenesis) and found the presence of one of the
SLAMF7 MS risk loci, rs35967351, to be increased specifically in both CD4+ and CD8+ T cells in
MS patients [117]. Similarly, a study performing scRNA-seq on CSF immune cells from
monozygotic twins with and without MS found SLAMF7 expression to be increased on CSF CD8+
T cells in MS patients [118]. The expression of some SLAM family members, including SLAMF7,
has been profiled in the CSF of MS patients. Here, the authors found SLAMF7 expressed on
similar immune cell subsets as in the periphery and also noted increased SLAMF7 expression on
APCs following activation [119]. All of these studies highlight a potentially important role for
SLAMF7 in the pathogenesis of MS, yet there have been no true confirmatory or mechanistic
investigations into this link to date. This could be from a number of reasons, including: the
limited number of labs studying SLAM family receptors, availability of genetically modified mice
needed to perform these studies, and the fact that other more commonly studied genes often

show more significant associations with MS.

ERAP1 and its link MS and other autoimmune diseases
Another gene associated with MS susceptibility is ERAP1. ERAP1 is an endoplasmic reticulum-
localized amino peptidase that N-terminally trims peptides to the proper length so they can be

presented on MHC-I [120]. This results in ERAP1 serving as a modulator controlling the global
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immunopeptidome which, as one would expect, has implications in autoimmunity. Studies of
the nature and function of ERAP1 were initiated once the strong genetic associations between
SNPs in ERAP1 and various autoimmune diseases (Ankylosing Spondylitis, Multiple Sclerosis,
Behcet’s disease, Psoriatic Arthritis, and others) were uncovered [121, 122]. Our group and
others have previously investigated the impact that ERAP1 proteins containing SNPs associated
with autoimmune diseases have on its enzymatic mechanics, substrate specificity, and peptide
products of ERAP1’s peptide trimming ability [123-128]. In addition to peptide trimming and its
effects on MHC-I pathways during adaptive immune responses, our lab has also uncovered
novel roles for ERAP1 in modulating the innate immune system [123, 129, 130]. We have also
previously determined that loss of ERAP1, or expression of human disease-associated forms of

ERAP1, cause exaggerated, Thl-skewed immune responses [123, 129, 130].

What is puzzling about ERAP1’s association to multiple autoimmune diseases, is that there has
not yet been shown to be a common mechanistic explanation to these linkages, especially since
many of these autoimmune diseases are not caused by a conserved set of antigenic epitopes.
Over the years, this has led us and others to abandon the search for ERAP1’s Occam’s Razor and
begin to apply the principle of Hickam’s Dictum, that is: the simplest, single explanation for a
phenomenon is not necessarily true, and there may be multiple contributing factors which
explain said phenomenon. In beginning to consider that multiple ERAP1 functions maybe be
responsible for this protein’s association to different autoimmune diseases, our efforts have led
us to uncover novel functions for ERAP1, some of which have been published [131] and some of

which are included here. These new functions including controlling the frequency of IL-10-
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producing FoxP3- CD4+ Trl cells [131], modulating myeloid cell inflammasome responses [130]
(Blake, M.K., et al., Manuscript in preparation), and controlling B cell functions, offer a number
of new lenses through which we can now investigate ERAP1’s link to various autoimmune

diseases.

Mouse model of MS
To study how specific genes like SLAMF7 and ERAP1 modulate susceptibility to MS, and to
investigate new MS therapies, we have an excellent mouse model of MS termed the

experimental autoimmune encephalomyelitis (EAE) model [132].

The EAE model has many variations [reviewed here [133]], but the most widely used version
involved induction of neuroinflammation by immunizing mice with an emulsion of complete
Freund’s adjuvant and a 20-mer peptide derived from the human MOG protein (MOG3s.ss).
MOG is a protein found in myelin and since MS involves the destruction of myelin, it was
originally theorized that this would result in a similar disease in mice. The mice are also injected
on days 0 and 2 with Bordetella pertussis toxin which serves to further activate the immune
system and to temporally disrupt the blood brain barrier which is thought to allow peripheral
immune cells better access to the CNS, and thereby fostering CNS autoimmunity [134]. For
example, we know that peripherally located APCs (primarily cDC1 cells) migrate to the site of
immunization, uptake the MOG antigen, migrate back to draining lymph nodes where they
present the MOGss.s55 antigen on MHC-11 to CD4+ T cells [135]. These CD4+ T cells then migrate

to the CNS and initiate inflammation, whereupon a host of other immune cells including
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inflammatory myeloid cells are recruited to the CNS and propagate the inflammatory state. This
results in demyelination primally in the mouse spinal cord, along with weight loss, and an
ascending paralysis. The paralysis can be scored and is used as the gold-standard in the field to

quantitate EAE severity.

Though useful, we now recognize a number of key differences between EAE and MS which are
critical to understand when using this model [132]. One of these is that the classical EAE model
is a purely T cell-dependent disease, whereas actual MS is not [1]. This was not apparent early
on, and led the MS research community down a years-long focus in T cell-specific investigations
of EAE and MS. While these efforts did help us learn a great deal about T cell autoimmunity and
T cell responses, it did not help us to understand the root cause of human MS. Importantly, the
most widely used EAE model is B cell-independent and CD4+ T cell-dependent, which is at odds
with what is currently known about MS. Additionally, this model is chronic and mice never fully
recover or enter remission like most MS patients [although there are EAE models of RRMS
[133]]. Also, this model is based on autoimmunity to a single antigen, which we know is not the
case with human MS [1]. In fact, in humans CNS autoimmunity to MOG protein is a separate,
but related disease to MS, termed MOG encephalomyelitis [136]. None the less, this model is a
better model of autoimmunity then is available for almost any other autoimmune disease
[137], and it is relatively cheap, reliable, reproducible, easy to perform, and well-studied [132,
133]. This has made it a useful tool for investigating the utility of new MS therapies, where it
has been instrumental in proving the safety and efficacy of a number FDA-approved drugs

including: rituximab, ocrelizumab, natalizumab, fingolimod, and others [138].
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More recently, alternative models of EAE are being investigated, one of which is B cell-
dependent. This model is the same as the classical (rhMOGss.s5) model described above, but
uses full-length MOG protein (from human or mouse) instead of the human MOG3s._s5s peptide
[139]. Models like this are still not perfect as they use a single antigen, but now allow for the
investigation into potential mechanisms involving B cells, paralleling clinical strategies that also
focus on B cell targeting strategies to treat MS patients. This is critical, since we still do not
know how exactly B cells contribute to MS pathogenesis, as multiple roles have been attributed
to them in MS/EAE including: regulatory functions from Bregs, production of cytokines such as
IL-6, antigen presentation to T cells, and direct co-stimulation of T cells [1, 140]. Notably, B cell

production of auto-antibodies has been ruled out as a potential mechanism [1].

In the following chapters | will describe several studies given this background. In Chapter 2 |
discuss our studies of the role of SLAMF7 in chronic HIV-1 infection. In Chapter 3 | provide a
detailed method for the in vitro infection of human monocytes with HIV-1 and measurement of
this by flow cytometry. In Chapter 4 | describe the role of SLAMF7 in driving T cell exhaustion in
the setting of cancer. In Chapter 5 | describe the treatment of multiple murine cancers using an
adenovirus expressing a SLAMF7-Fc fusion protein. In Chapter 6 | describe our group’s
investigation into the role of SLAMF7 in neuroinflammation and its association to MS. In
Chapter 7 | present work providing the first mechanistic studies examining the genetic
association of ERAP1 with MS. Finally, in Chapters 8 and 9 | summarize the entirety of this body
of work and present opportunities for additional investigations into all of the aforementioned

chapters.
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CHAPTER: 2 SLAMF7 Is a Critical Negative Regulator of IFN- a-Mediated CXCL10 Production in

Chronic HIV Infection

This chapter is adapted from an article published in the Journal of Immunology, Volume 201,
Issue 1, Pp. 228-238 January, 2019.

Authors: Patrick O’Connell, Yuliya Pepelyayeva, Maja K. Blake, Sean Hyslop, Robert B.

Crawford, Michael D. Rizzo, Cristiane Pereira-Hicks, Sarah Godbehere, Linda Dale, Peter
Gulick, Norbert E. Kaminski, Andrea Amalfitano and Yasser A. Aldhamen
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Abstract
Current advances in combined anti-retroviral therapy (cART) have rendered HIV infection a
chronic, manageable disease; however, the problem of persistent immune activation still
remains despite treatment. The immune cell receptor SLAMF7 has been shown to be
upregulated in diseases characterized by chronic immune activation. Here, we studied the
function of the SLAMF7 receptor in immune cells of HIV patients and the impacts of SLAMF7
signaling on peripheral immune activation. We observed increased frequencies of SLAMF7*
PBMCs in HIV+ individuals in a clinical phenotype-dependent manner, with discordant and long-
term nonprogressor patients showing elevated SLAMF7 levels, and elite controllers showing
levels comparable to healthy controls. We also noted that SLAMF7 was sensitive to IFNa
stimulation; a factor elevated during HIV infection. Further studies revealed SLAMF7 to be a
potent inhibitor of the monocyte-derived proinflammatory chemokine CXCL10 (IP-10) and
other CXCR3 ligands, except in a subset of HIV+ patients termed SLAMF7 silent (SF7S). Studies
utilizing small molecule inhibitors revealed that the mechanism of CXCL10 inhibition is
independent of known SLAMF7 binding partners. Furthermore, we determined that SLAMF7
activation on monocytes is able to decrease their susceptibility to HIV-1 infection in vitro via
down-regulation of CCR5 and up-regulation of the CCL3L1 chemokine. Finally, we discovered
that neutrophils do not express SLAMF7, are CXCL10" at baseline, are able to secrete CXCL10 in
response to IFNa and LPS, and are non-responsive to SLAMF7 signaling. These findings
implicate the SLAMF7 receptor as an important regulator of IFNa-driven innate immune

responses during HIV infection.
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Introduction
HIV infection is now widely regarded as a manageable disease; however, cART, which controls
viremia, fails to effectively control many secondary HIV-associated pathologies [141, 142]. The
universal mechanism believed to underlie the development of these diseases is chronic, global
immune activation [95, 143]. Known causes of which include increased gut permeability
resulting in microbial translocation into systemic circulation [144] and constitutively elevated
levels of proinflammatory cytokines and chemokines, including interferon alpha (IFNa) [36,

145-147].

Sustained levels of detectable IFNa in the plasma of cART-treated HIV patients results from
persistent activation of plasmacytoid dendritic cells (pDCs) by HIV-antibody complexes [45] and
causes a global type | interferon signature in circulating monocytes [94, 148]. This induces
monocyte transition from the classical subtype (CD14*CD16°) into the proinflammatory
(CD14*CD16%*) and non-classical (CD14'°¥CD16**) subtypes, as evidenced by upregulation of
CD16 [149, 150]. While beneficial in acute infections, these type | interferon-mediated effects

on monocytes prove to be deleterious in chronic infections [151].

Some HIV+ individuals are known to have persistently elevated levels of CXCL10 (IP-10) and
other proinflammatory cytokines and chemokines [147, 152]. CXCL10 is produced primarily by
monocytes and is of particular interest due to its ability to suppress T cell functions [153],
induce neuronal apoptosis [154-156], and as a marker of systemic inflammation [157]. During

HIV infection some CD16" monocytes become activated by IFNa, upregulate CCR5 [105],

42



infected with HIV, and subsequently migrate across the blood-brain barrier where they set up a
viral reservoir and are capable of inducing neuroinflammation and neuronal apoptosis via
secretion of high levels of CXCL10, TNFa, IL-6, and IL-1p [105, 158]. Here we investigated the
role of an immune-modulatory receptor, signaling lymphocytic activation molecule family
member 7 (SLAMF7) (a.k.a. CRACC, CS-1, CD319), in the context of HIV infection and immune

activation.

SLAMF7 is a member of the signaling lymphocytic activation molecules [SLAM] family of
receptors and is expressed on numerous immune cell types [9, 112]. SLAMF7, and other SLAM
family receptors (except 2B4), function as homotypic receptors that, upon activation, recruit
SLAM-associated protein (SAP) family of adaptors or other SH2 domain-containing proteins to
their cytoplasmic immunoreceptor tyrosine-based switch motifs (ITSMs) [9]. SLAMF7 is unique
among SLAM receptors in that it is only able to recruit a single SAP adaptor, EAT-2, to its
tyrosine-phosphorylated ITSM [91]. SLAMF7 receptor ligation in cells expressing EAT-2 results in
activation of cellular immune responses [159], while SLAMF7 activation in the absence of EAT-2
results in cellular inhibition via recruitment of a number of inhibitory phosphatases (SHP1,

SHP2, SHIP1, and csk) [91].

SLAMF7 is well known for being over-expressed on multiple myeloma (MM) cells [160], as an
important regulator of NK cell function [90, 91, 112], and recently, as a critical factor in
macrophage-mediated phagocytosis of tumor cells [93]. Using a medium-sized cohort of

middle-aged, HIV+ individuals, we sought to assess whether the SLAMF7 receptor was playing a
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role in the context of HIV infection in cART-treated patients. Our results implicate the SLAMF7
receptor as an important immunomodulatory receptor in human monocytes, and in the context

of HIV-associated peripheral immune activation.

Materials and Methods
Reagents used. The following antibodies were used: CD14-FITC (61D3), CD16-BV510 (3G8),
SLAMF7-PE (162), CD3-PE-Cy7 (OKT3), CD19-PE-Cy7 (SJ25C1), CD57-PE-Cy7 (TBO1), CD66b-APC
(G10F5), CXCL10-PerCp-eFluor710 (4NY8UN), EAT-2-APC (LS-C240730), YY1-Alexa647 (H-10),
Blimp-1-DyLight650 (3H2-E8), CCR5-PerCp-eFluor710 (NP-6G4) and SLAMF7 (162.1) (used for
cross-linking). The SLAMF7-Fc recombinant protein was designed and produced similar to
MCRACC-Fc as previously described [112], with the following modifications: a human SLAMF7
extracellular domain was swapped for the murine SLAMF7 extracellular domain, the murine 1gG
Fc portion was switched to a human IgG4 domain to reduce Fc receptor binding and ADCC, and
S228P and L235E mutations were made in the 1gG4 domain to further reduce interactions with
Fc receptors [161]. Recombinant universal IFNa (PBL Assay Bioscience) and Recombinant
human IFNy were used at 100 IU/mL unless otherwise noted. SHP1/2 inhibitor (NSC87877)
(Millipore Sigma) was used at 10uM. SHIP1 inhibitor (3AC) (Millipore Sigma) was used at 5uM.
CD45 inhibitor (CAS 345630-40-2) (Millipore Sigma) was used at 1uM. Bortezomib (EMD
Millipore) was used at 100nM. All HDACi's (Selleck chemicals) were used at concentrations
indicated in relevant figure legends.
HC and HIV blood sample collection. HC PBMCs were obtained from either buffy coats

purchased from Gulf Coast Regional Blood Center, Texas, or from whole blood samples
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purchased from Stanford Blood Center, California. HIV+ blood samples were collected from
donors enrolled in the Mid-Michigan HIV Consortium. Plasma was stored at -80°C until use.

PBMCs were isolated with Ficoll-Plaque Plus (GE Healthcare) as previously described [162].

In vitro cell culture and stimuli. Cells were plated at 3x10° cells/well for PBMC and isolated
monocyte experiments, and 1x10° cell/well for isolated neutrophil experiments, in 96-well
plates. Cells were cultured in complete RPMI (RPMI 1640, 10% FBS, 1X PSF). For cross-linking
experiments 10pg/mL anti-SLAMF7 mAb or SLAMF7-Fc was added to a sterile, high-binding 96-
well cell culture plate O/N at 4°C. For all in vitro flow cytometry experiments cells were cultured
in the presence of stimuli for 17-18h. In the monocyte maturation assay (Fig. 6E) the cells were
stimulated with only 25 IU/mL IFNa and for exactly 24h. Small molecule inhibitors were added
45-60min before IFN«a for all relevant experiments. For experiments involving intracellular
staining, BD GolgiPlug was added for the final 5h. NK92 cells were purchased from ATCC and

cultured as indicated by manufacturer.

BioPlex assay. For analysis of cell culture supernatant and plasma samples 80uL of media or
plasma was used, undiluted, and the assay was run per manufacturer’s instructions (Bio-Rad,
Hercules, CA) via Luminex 100 technology. A 27-plex assay was run and analysis was performed
on only those factors with detectable levels or contributing to the separation of Cluster 1 and

Cluster 2.
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Flow cytometry. Cells were prepared and stained as previously described [112]. Intracellular
staining was performed using the BD fixation/permeabilization kit (BD Biosciences) per
manufacturer’s instructions. Transcription factor staining was performed with the Transcription
Factor Buffer Set (BD Pharmingen) per manufacturer’s instructions. Samples were analyzed on
either a BD LSR Il or BD FACSCanto. LIVE/DEAD staining with Aqua fixable stain (ThermoFisher)
was included during initial experiments and cell viability was verified to be >90%. Monocyte and

neutrophil gating strategy is shown in (Supplemental Fig. 1).

Monocyte and Neutrophil isolations. CD14* monocytes were isolated from PBMCs via positive
selection using CD14 Microbeads (Miltenyi Biotec) per manufacturer’s instructions. Purity was
consistently >90% as assessed by flow cytometry. Neutrophils were isolated from whole blood
using the MACSxpress Neutrophil isolation kit (Miltenyi Biotec) per manufacturer’s instructions.

Purity was consistently >98% as assessed by flow cytometry.

GRT-PCR experiments. Isolated monocytes were plated in 96-well plates at 3x10° cells/well and
stimulated as indicated for 4h. Cells were harvested and placed into Trizol (ThermoFisher) and
RNA was isolated per manufacturer’s instructions. RNA was reverse transcribed with
SuperStrand First Strand Synthesis Kit Ill (Invitrogen) per manufacturer’s instructions and
analyzed on a QuantStudio7 system (ThermoFisher). GAPDH was used as a housekeeping gene

and the AAC: method was used for analysis.
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In vitro HIV-1 infection of monocytes. Isolated primary human monocytes from two HC’s were
plated at 2x10° cells/well in a 96-well high-binding cell culture plate. SLAMF7 activation was
induced by antibody cross-linking the same as in IFNa stimulation experiments. Monocytes
were isolated by positive selection with CD14 Microbeads (Miltenyi Biotec) per manufacturer’s
instructions. Purity of monocyte samples used in (Fig. 9D) was 95.5% and 92.6% for donors A
and B, respectively. Cells were cultured for 24h before addition of HIV-1g,..-GFP (a kind gift from
Dr. Young-Hui Zheng, Michigan State University) at a final concentration of 190 pg/mL. HIV-1ga-
-GFP virus stock concentration was determined by p24 ELISA (HIV-1 p24 Quantikine ELISA, R&D
Systems) per manufacturer’s instructions. HIV-1g...-GFP was generated by replacing the gene
coding for nef with GFP (Young-Hui Zheng, unpublished, personal communication). Cells were
washed 4h following infection and collected at indicated time points post-infection for
assessment of infectivity via FACS analysis. Cells were stained for CD14, CD16, and viability
(LIVE/DEAD Violet) and GFP+, living, CD14+ cells were analyzed with FlowJo. The CCR5 blocking
mAb (2D7) (BD Biosciences) was added at a concentration of 10 pug/mL at the start of cell

culture (24 hrs before HIV-1ga--GFP infection) and was replenished at each media change.

Clustering and statistical analysis. k-means and hierarchical clustering were performed using
SPSS. Statistical analysis was performed in GraphPad Prism 7.0 as indicated. The heatmap from
(Fig. 6B) was generated using the z-score normalized values of plasma biomarkers calculated in
SPSS. The violin plots in (Fig. 4) were generated using the ggplot2 package in R. The gene
expression heatmap from (Fig. 8B) was generated using the gplot package in R. MFI refers to

“median fluorescence intensity” in all instances.
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Study approval. Informed consent from all HIV patients was obtained prior to their enrollment
in the study and approved by the MSU IRB (IRB#: 11-202). Patient data was de-identified and

complies with all HIPAA regulations.

Results
HIV+ individuals have increased expression of SLAMF7 on their peripheral blood mononuclear
cells (PBMCs).
The SLAMF7 receptor functions as a self-ligand, therefore, global receptor levels across the
complete spectrum of PBMCs will impact the function of all SLAMF7* cells. To investigate if HIV
infection alters SLAMF7 expression we screened 81 HIV patients and 58 healthy controls (HCs)
for global expression of SLAMF7 across all peripheral immune cells (Fig. 4A). Subjects were
grouped according to their clinical phenotype: cART concordant (CD4 count >250 with no
decrease in CD4 count over 6 months), cART discordant (CD4 count <250 with undetectable
viral load and no improvement in CD4 count over 6 months), long-term nonprogressor (LTNP),
or elite controller (EC). We observed that SLAMF7 levels were minimally increased in
concordant patients while discordant and LTNP patients had significantly higher SLAMF7 levels
(Fig. 4A). Interestingly, elite controllers had global SLAMF7 levels comparable to HCs (Fig. 4A).
Assessment of SLAMF7 expression on CD4 and CD8 T cells revealed SLAMF7 to be significantly
up-regulated on CD8 T cells from concordant and discordant patients (Fig. 4B and C). Expression
of SLAMF7 on 4 subsets of NK cells (CD56P78"*CD16°, CD569™CD16*, CD56'CD16*, and NKT cells)

showed comparable expression between HCs and HIV patients (Fig. 4D). Interestingly, HIV
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FIGURE 4: HIV+ individuals have increased expression of SLAMF7 on their PBMCs and SLAMF7 is
upregulated by IFNa.

HIV+ patients and healthy controls (HC) were screened for total SLAMF7 expression across all
peripheral immune cell types (A). SLAMF7 expression was assessed on CD4 T cells (B), CD8 T
cells (€), and NKT cells (D). The n is indicated along the x-axis (A) and the blue diamonds indicate
the mean. The n for (B and C) is: HC: 10, Concordant: 28, Discordant: 5, LTNP: 3, EC: 4. The n for
(D) is: HC: 14, HIV: 26. The effect of IFNa (100 IU/mL) on SLAMF7 expression on total peripheral
blood mononuclear cells (PBMCs) (E and F), and monocytes (J and K) was assessed in vitro. (F
and K) n=46 and 26, respectively and data is pooled from 5 independent experiments. (G and H)
CD14 expression on SLAMF7"e" cells from IFNa stimulated total PBMCs. (1) Comparison of
SLAMF7 expression on CD14* and CD14 cells following IFNa stimulation showing only CD14*
monocytes up-regulate SLAMF7. Groups compared using 1-way ANOVA with Tukey’s multiple
comparison test (A) and paired two-tailed T test (C and E). *P<0.05, ****P<0.0001. LTNP: long-
term nonprogressor, ns: not significant.

patients had significantly more SLAMF7* cells in the CD56"8"*CD16™ regulatory NK cell subset, as

compared to other NK cell subsets (Fig. 4D).

49



SLAMF?7 is upregulated in response to IFNa in total PBMCs and monocytes from HIV+
individuals.

To examine whether SLAMF7 upregulation may be the result of chronic immune activation we
stimulated PBMCs from HIV+ patients with IFNa; known to be chronically elevated in HIV+
patients [36]. We observed a minor, but significant increase in the percent of SLAMF7* PBMCs
following IFNa stimulation (Fig. 4E and F). To identify if a specific cell type was responsible for
this increase in SLAMF7* cells we gated on the SLAMF7"8" peak present in IFNa samples and not
in mock treated and looked at various cell markers. We observed that >95% of the cells in this
SLAMF7"8" peak were CD14* monocytes (Fig. 4G-1). Looking at just CD14* monocytes we found
they showed the most robust SLAMF7 response to IFNa (Fig. 4) and K). Since monocytes play a
critical role in type | interferon responses and are implicated in the pathogenesis of a number of
secondary HIV-associated pathologies [105], we next assessed what role SLAMF7 may be

playing in monocytes.
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SLAMF7 activation on monocytes of HCs inhibits IFNa-mediated CXCL10 production.
Monocytes are the primary source of CXCL10, especially in response to type | and Il interferons
[163]. Therefore, we examined the effect of SLAMF7 signaling on IFNa and IFNy-stimulated

PBMCs from HCs. Activation of SLAMF7 during IFNa (Fig. 5A and B) and IFNy-stimulation
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FIGURE 5: Activation of the SLAMF7 receptor on monocytes inhibits their IFNa-mediated
production of CXCL10.

(A and B) PBMCs from healthy controls were stimulated in vitro with IFNa and the SLAMF7
receptor was activated by cross-linking where indicated. Expression of CXCL10 was measured by
intracellular staining on flow cytometry. (C and D) The same experiment in (A) was carried out
with isolated CD14* monocytes. Cross-linking with a recombinant protein comprised of the
extracellular domain of SLAMF7 fused to a modified I1gG4 Fc fragment (SLAMF7-Fc) was performed
to confirm that inhibition is SLAMF7 specific (C and D, last condition). (E) The levels of secreted
CXCL10 in the supernatant from (A) was assessed by BioPlex assay. (F and G) PBMCs from HIV+
donors were isolated and the same experiment as in (A) was carried out. HIV patients failing to
respond to SLAMF7 activation were classified as SLAMF7 silent (SF7S). (B and E n=7). (D) n=4
technical replicates from a single donor, representative of 3 independent experiments. (B and E)
Data is presented as pooled results of 2 independent experiments, representative of 7 total
experiments. (F and G) Data presented is pooled from 2 independent experiments. 3-4 HCs were
run alongside HIV samples in all experiments to verify that assay worked. SF7S and SLAMF7
responsive groups are compared using 2-way ANOVA with Sidak’s multiple comparison test. Data
in (B, D, and E) presented as mean + SEM. Groups compared using 1-way ANOVA with Tukey's
multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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(Supplemental Fig. 2A) resulted in robust inhibition of CXCL10 production from monocytes. To
confirm this effect was specific to monocytes we isolated primary CD14* monocytes and
repeated the previous experiment noting the same effect (Fig. 5C and D). To verify that CXCL10
inhibition was SLAMF7-specific we activated SLAMF7 via cross-linking with a recombinant
version of the SLAMF7 extracellular domain, SLAMF7-Fc (Fig. 5C and D, final condition).
Monocytes were also treated with soluble SLAMF7-Fc in vitro confirming that binding of cell
surface SLAMF7 to an immobilized SLAMF7 extracellular domain was necessary for inhibition
(Supplemental Fig. 2D and E). Furthermore, we confirmed that activation of SLAMF7 resulted in
reduced secretion of CXCL10 from IFNa-stimulated PBMCs into the culture supernatant via
BioPlex assay (Fig. 5E). However, it is important to note that SLAMF7 activation did not robustly
reduce supernatant levels of CXCL10 to the degree we observed with flow cytometry,

suggesting the putative involvement of another cell type(s).

A subset of HIV+ patients are nonresponsive to SLAMF7 inhibitory signaling.

We next examined if this effect was conserved in HIV+ individuals. The same experiment
performed in (Fig. 5A and B) was repeated with freshly isolated PBMCs from HIV+ patients. We
noted a dichotomous response in HIV+ patients with some responding the same as HCs
(referred to hereafter as “SLAMF7 responsive”) and some showing a failure to inhibit CXCL10,
which we termed “SLAMF7 silent” (SF7S) (Fig. 5F and G). As an internal control to verify that
these differences were not due to experimental variability we included HCs alongside HIV+
samples in each experiment and noted in each case that all HCs did respond to SLAMF7

activation. Defining SLAMF7 as an inhibitory receptor in monocytes, and identifying a subset of
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FIGURE 6: SLAMF7 silent patients have elevated plasma levels of proinflammatory factors and cluster
distinctly from SLAMF7 responsive patients.

Plasma from HIV patients and HCs was assessed by BioPlex assay for 6 proinflammatory cytokines and
chemokines known to be involved in HIV-associated immune dysfunction (CXCL10, MIP-1p, IL-6, IL-8, G-CSF and
MCP-1). (A) k-means clustering was performed with all 6 factors and plots depicting all relationships are shown.
Previous hierarchal clustering identified two distinct clusters (data not shown). Red dots indicate cluster 1
(n=28) and blue dots indicate cluster 2 (n=12). (B) Heatmap of z-score normalized plasma cytokine and
chemokine values. (C) Breakdown of percentages of SF7S and SLAMF7 responsive patients per cluster. Number
of patients per group, per cluster indicated inside bars.

HIV+ patients with a defect in SLAMF7 signaling led us to examine if there was any correlation

to clinical biomarkers associated with chronic immune activation.

SLAMF7 responsive and SF7S patients have distinct peripheral immune activation signatures.
The plasma levels of six proinflammatory cytokines and chemokines implicated in chronic

immune activation [95] during HIV infection were evaluated. Hierarchal and k-means clustering
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Cluster 1 Cluster 2

n 28 12
Median age, (IQR) 51(17.25) 54 (6.25)
Median BMI, (IQR) 28.5(5.78) 28.75 (12.9)
Race- n, (%)
Caucasian 17 (60.7) 7 (58.3)
African 8 (28.6) 3(25)
Hispanic 3(10.7) 1(8.3)
Unknown 0 1(8.3)
Sex- n, (%)
Male 21(75) 10 (83.3)
Female 7 (25) 2(16.7)
Median CD4 count (cells/uL), (IQR) 591.5 (500) 688 (402)
Median CD4/CD8 ratio, (IQR) 0.61 (0.96) 0.45 (0.82)
CD4 nadir (cells/uL)-n, (%)
<50 7 (25) 4(33.3)
50-100 5(17.9) 0
100-200 5(17.9) 4(33.3)
200-350 3(10.7) 1(8.3)
350-500 1(3.6) 2(16.7)
>500 7 (25) 0
Unknown 0 1(8.3)
Clinical phenotype-n, (%)
Concordant 20 (71.3) 8 (66.7)
Discordant 3(10.7) 3(25)
Elite Controller 4(14.3) 0
LTNP 1(3.6) 1(8.3)
Viral load (copies/mL)-n, (%)
ND 20 (71.3) 8 (66.7)
20-1000 5(17.9) 3(25)
1000-25000 2(7.1) 1(8.3)
Unknown 1(3.6) 0
Median length of infection (years), (IQR) 16.5 (17.25) 14 (22.75)
Current MJ use- n, (%)
Yes 9(32.1) 6 (50)
No 18 (64.3) 6 (50)
Unknown 1(3.6) 0

Table 2: Cluster characteristics.

was used to identify patients with similar peripheral immune activation profiles. Hierarchal
clustering identified two distinct clusters and (Fig. 6A) shows the results of k-means clustering.
Cluster one was characterized by low levels of all six proinflammatory factors, while Cluster two
showed patients with elevated levels of all six proinflammatory factors. A heatmap of plasma
cytokines and chemokines shows Cluster one patients exhibiting a similar profile to that of HCs,
while Cluster two patients have a markedly different cytokine profile (Fig. 6B). Comparison of
demographics and clinical characteristics showed the two clusters to be otherwise well

balanced (Table 2). Interestingly, we found that Cluster 2 patients are all SF7S while Cluster 1

54



A, B
CD14-CD16
- = -CD14:CD16+ o 82
8 ——CD145=CD16++ . 80+ B
o ~ o OO S
£ L SR e
o = 604 _y o>
L = 3o R
3 _
8 7]
N 9 a0+ a
5 7 204 a 4
TR T oled
> o S x
N o
SLAMF7 & & S
™
C D & & 4
1.2 ik &
@
c A SUWFT respar
o A nt
‘@ 0.9 3000y LT
3 ns ns s
>°<' a0 a0 o
. 2500
w 0.6 ; . & a
4 w T @
2 fr * e a
S 0.3+ S200 o 0 o0 o
2 e * e 0
o ° Y
.
0.0 . .
4% 3 o & &
S & o ) ™
F oci\ ST 3O P
QOO e o Qo,\b

FIGURE 7: monocytes from SF7S and SLAMF7
responsive patients do not differ in expression levels of
SLAMF7 or EAT-2.

(A) Expression of SLAMF7 on monocyte subsets. (B)
Comparison of SLAMF7 expression between SF7S,
SLAMF7 responsive, and HCs on all monocyte subsets.
(C) We assessed the levels of EAT-2, a known SLAM
family receptor adaptor, in a human cell line known to
express EAT-2 (NK92) and isolated primary monocytes
by qRT-PCR. (D) Analysis of EAT-2 protein levels in
monocytes between SF7S and SLAMF7 responsive
individuals by intracellular staining on flow cytometry.
(C) Results are technical replicates from a single donor
compared with unpaired 2-tailed T test. Groups in (B
and D) compared using 1-way ANOVA with Tukey’s
multiple comparison test as well as a 2-way ANOVA
with Sidak’s multiple comparison. (B) n=6 for HCs, 8 for
SLAMF7 responsive, and 5 for SF7S. (D) n=3 for HCs, 2
for SLAMF7 responsive, and 5 for SF7S. Data presented
as mean = SEM. ***P<0.001.

patients are predominantly SLAMF7 responsive (Fig. 6C). These results suggest that dysfunction

of the SLAMF7 receptor may result in in vivo manifestations.
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Monocytes from SF7S and SLAMF7 responsive patients do not differ in expression levels of
the SLAMF7 receptor or EAT-2 adaptor.

To determine the mechanism behind this defective SLAMF7 function in SF7S patients we
assessed levels of SLAMF7 expression across all monocyte subsets in HCs, SF7S, and SLAMF7
responsive patients. We noted that a small percentage of classical monocytes (~5%) express
SLAMF7 at baseline, while a significantly higher percentage of both intermediate (~60%) and
non-classical monocytes (~70%) express SLAMF7 (Fig. 7A and B). Critically, we did not notice a
difference in SLAMF7 expression between SF7S and SLAMF7 responsive patients (Fig. 7B). Since
it has been well established that the presence or absence of the SLAM family adaptor EAT-2 can
dramatically alter SLAMF7 signaling and govern the activating function of SLAMF7 [91], we next
looked to the levels of EAT-2 across all three monocyte subsets in HCs, SF7S, and SLAMF7
responsive individuals (Fig. 7D). However, we first examined whether monocytes from HCs
express any EAT-2 at all. Comparison of EAT-2 mRNA levels between monocytes and a human
NK cell line known to express EAT-2 (NK92), showed that monocytes have little to no EAT-2 (Fig.
7C). This result confirms previous findings [164] and partially explains why SLAMF7 acts in a
purely inhibitory manner in monocytes. Comparison of EAT-2 at the protein level via flow
cytometry showed that all HIV+ individuals have slightly increased EAT-2 expression over HCs
(Fig. 7D). We did not, however, observe any differences in EAT-2 expression between SF7S and
SLAMF7 responsive patients. Together, these results suggest that the mechanism underlying
the loss of SLAMF7 inhibitory activity in monocytes may be independent of SLAMF7 and EAT-2

expression levels.
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FIGURE 8: SLAMF7 activation on monocytes is selective for alpha chemokines and may not be mediated by any
of the inhibitory phosphatases known to interact with SLAMF7.

(A and B) We assessed the effects of SLAMF7-mediated inhibition of other alpha chemokines (A) and ISGs (B) in
isolated monocytes from HCs at the mRNA level by gRT-PCR. (C) The effects of SHP1/2 and SHIP1 on SLAMF7-
mediated inhibition of CXCL10 was assessed via small molecule inhibitors (SHP1/2: NSC87877, 10uM) (SHIP1: 3AC,
5uM). SHP1/2 effects on alpha chemokines were also assessed at the mRNA level (A). (D) The role of CD45 in
SLAMF7-mediated inhibition of CXCL10 was assessed via a small molecule inhibitor (CAS 345630-40-2, 1uM). (A
and B) representative of 4 independent experiments. Groups in (A, B, C, and D) were compared using 1-way
ANOVA with Tukey’s multiple comparison test. Data presented as mean + SEM. *P<0.05, **P<0.01, ***P<0.001,
****Pp<0.0001.

SLAMF7 signaling in monocytes selectively inhibits IFNa-mediated production of alpha
chemokines over other interferon-stimulated genes (ISGs) and host restriction factors.

We then investigated if the robust inhibition of CXCL10 was conserved across other alpha
chemokines and ISGs. We noted that the inhibition of CXCL10 was conserved at the mRNA level
and that this effect was consistent across CXCL9, CXCL11, and CXCL12 (Fig. 8A). Surprisingly, a
number of other interferon stimulated genes and HIV-associated, interferon-modulated, host
restriction factors including: BST2, OAS1, Trex1, and STAT1 showed only minor, or no inhibition

following SLAMF7 activation (Fig. 8B).
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SLAMF7-mediated inhibition of CXCL10 production in monocytes may be independent of
SHP1, SHP2, SHIP1, or CD45.

To better understand the mechanism behind SLAMF7’s inhibitory functions in monocytes, we
evaluated a number of inhibitory phosphatases previously shown to interact with SLAMF7 and
mediate its inhibitory functions [91, 92]. In an effort to continue using primary human
monocytes, we tested a number of small molecule inhibitors targeting SHP1, SHP2, and SHIP1.
Pre-treatment with either a small molecule inhibitor of SHP1/2 (NSC87877) (Fig. 8A and C) or
SHIP1 (3AC) (Fig. 8C) did not result in recovery of CXCL10 expression in monocytes stimulated
with IFNa and SLAMF7 cross-linking. We then hypothesized that SLAMF7’s inhibitory function
might be mediated by CD45, as CD45 has been previously implicated in SLAMF7’s ability to
propagate inhibitory signals in NK and multiple myeloma cells [92]. Pre-treatment with a small
molecule inhibitor specific for CD45 (CAS 345630-40-2) in the presence of IFNa and SLAMF7
cross-linking also failed to rescue CXCL10 production (Fig. 8D). Finally, we speculated that
SLAMF7 might prevent CXCL10 production by a mechanism that involves CXCL10 proteasomal
degradation. Addition of the proteasome inhibitor Bortezomib did not result in recovery of
CXCL10 expression in SLAMF7-stimulated cells, and actually further decreased CXCL10
production (Supplemental Fig. 2B). Interestingly, we also noted that Bortezomib acted
synergistically with IFNa to upregulate SLAMF7 expression on monocytes (Supplemental Fig.

20).
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FIGURE 9: SLAMF7 activation inhibits monocyte infection with HIV-1 in vitro and
down-regulates CD16.

(A and B) PBMCs from HIV+ individuals (n=6) were stimulated in vitro with
IFNa and the SLAMF7 receptor was activated by cross-linking where indicated. Surface
expression of CCR5 was measured by flow cytometry. (C) mRNA expression of CCL3L1
was assessed by gRT-PCR from the same samples in (Fig. 5A and B). (D) Isolated
monocytes from 2 HCs (labeled “A” and “B”) were infected with HIV-1,.-GFP and
infectivity was assessed at the indicated time points by FACS. Two technical replicates
for each HC were analyzed. A CCR5 blocking mAb (10 pug/mL) was included as a
positive control. (E) PBMCs from a single HC were stimulated in vitro as indicated for
24 hours before analysis by flow cytometry. This experiment used 25 IU/mL IFNa.
Percent indicated on y-axis is from all cells in FSC-A/SSC-A “monocyte” gate. (B and C)
Groups compared using a 1-way ANOVA with Tukey’s multiple comparison test. (D
and E) Groups compared using a 2-way ANOVA with Tukey’s multiple comparison test.
Data presented as mean + SEM and are representative of 1 experiment (B and C) or 2
independent experiments showing similar results (D and E). *P<0.05, **P<0.01,
***¥Pp<0.001, ****P<0.0001.

SLAMF7 inhibits monocyte infection with HIV-1 in vitro.

HIV+ patients are known to have increased levels of circulating inflammatory monocytes
(CD14*CD16* and CD14'°%“CD16**) which promote peripheral immune activation [165, 166], can
become infected with HIV virus [105], and induce HIV-associated neurocognitive disorder
(HAND). We next looked to see if SLAMF7 activation could affect the ability of monocytes to

transition into pro-inflammatory subtypes (CD16*), as well as monocyte susceptibility to HIV
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virus infection. Monocyte infection with HIV occurs via CCR5 [167, 168], which is known to be
upregulated following IFNa stimulation [169]. We discovered that activation of SLAMF7 on
monocytes from HIV+ individuals could down-regulate CCR5 both in the presence and absence
of IFNa (Fig. 9A and B). Further supporting SLAMF7’s utility as a means to prevent monocyte
infection by HIV-1, we noted that activation of SLAMF7 in the presence of IFNa significantly
upregulated the CCL3L1 chemokine (Fig. 9C), a chemokine that binds to CCR5 and directly
prevents HIV infection of monocytes [170, 171]. Based on these findings we hypothesized that
SLAMF7 activation in human monocytes might prevent HIV infection. Therefore, we performed
an in vitro infection of isolated primary human monocytes from 2 HCs to determine if SLAMF7
activation could prevent HIV-1 infection. As a control, we also included a CCR5 blocking
antibody. As expected, pre-treatment of human monocytes with anti-CCR5 mAb prevented HIV
infection (Fig. 9D). Critically, infection of monocytes with HIV-1.g...-GFP in the presence of
SLAMF7 cross-linking resulted in dramatically reduced percentages of HIV-1 infected cells (Fig.
9D). To determine if SLAMF7 signaling affected CD16 expression on monocytes we utilized a
previously described, IFNa-driven monocyte maturation assay [149]. We observed a significant
down-regulation of CD16 on monocytes with SLAMF7 activation both in the presence and
absence of IFNa stimulation (Fig. 9E) suggesting that SLAMF7 signaling can prevent induction of

inflammatory monocyte subsets.

Neutrophils constitutively express CXCL10 and do not express SLAMF7.
Upon further review of our in vitro data we noticed a peculiar discrepancy between our flow

cytometry and BioPlex results. Comparing (Fig. 5B and E) we noted that while we observed near
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complete inhibition of CXCL10 from IFNa-stimulated monocytes following SLAMF7 activation on
FACS analysis, we saw just an ~50% reduction in CXCL10 concentration in the culture
supernatant. While this could have been from residual buildup of CXCL10 in the supernatant
that occurs before SLAMF7 inhibition takes effect, we had determined that SLAMF7 begins to
exert its inhibitory effects within a very short time frame (<4h), based on isolated monocyte
experiments (Fig. 5D). This suggested that another cell type may also be responsible for CXCL10
production and may not be responding to SLAMF7 activation. We identified neutrophils
(CD66b* CD3" CD19 CD57- CD16** CD14'°%/) as being SLAMF7- and CXCL10* at baseline in cART

treated HIV individuals (Fig. 10A and B).

Neutrophils are unable to upregulate SLAMF7 in response to IFNa and SLAMF7 activation
does not inhibit proinflammatory cytokine and chemokine release from neutrophils.

SLAMF7 expression on neutrophils in the presence and absence of IFNa stimulation was
assessed by flow cytometry. We observed that neutrophils are unable to upregulate SLAMF7 in
response to IFNa (Fig. 10C). This, combined with the knowledge that they are CXCL10* at
baseline, suggested that following appropriate stimulation, they should constitutively release
CXCL10 regardless of the presence of SLAMF7 activating mAbs. We tested this via BioPlex
analysis utilizing freshly isolated neutrophils from both HCs and HIV+ patients. We discovered
that IFNa by itself can induce CXCL10 release from neutrophils, that this effect is enhanced by
addition of LPS, and that addition of SLAMF7 cross-linking mAbs very minimally decreases

CXCL10 release (Fig. 10D). Consistent with this result, we noted a similar pattern in regards to
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FIGURE 10: Neutrophils are SLAMF7- and CXCL10+ and do not respond to SLAMF7 activation.

Baseline SLAMF7 and CXCL10 expression was examined on CD14*CD16  monocytes and neutrophils by
flow cytometry (A). (B) Quantification of results from (A) focusing on CXCL10+ cells. Color-coded
quadrants in (A) correspond to dot colors in (B). (C) Neutrophils do not increase SLAMF7 expression in
response to IFNa stimulation. (D-F) Isolated neutrophils from HCs and HIV patients were stimulated in
vitro with IFNq, LPS, and SLAMF7 as indicated and supernatants were assessed by BioPlex assay for
indicated cytokines/chemokines. (B) n=30. (C) n=3 independent donors from a single experiment. (D-F)
Data presented is pooled from 2 independent experiments with n=10 donors. (B) Groups are compared
using 2-way ANOVA with Sidak’s multiple comparison test. Groups in (C) compared using 2-tailed T test.
Groups in (D-F) compared using 1-way ANOVA with Tukey’s multiple comparison test. Data presented as
mean + SEM. *P<0.05, ****P<0.0001.

TNFa and IL-6 release from IFNa and LPS co-stimulated neutrophils (Fig. 10E and F,

respectively).

Discussion
The discovery that global levels of SLAMF7* PBMCs are increased in HIV infected patients in a
clinical phenotype-dependent manner suggests that SLAMF7 receptor functions may play a role

in modulating peripheral immune activation. Supporting the idea that SLAMF7 is a marker of
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elevated type | interferons are reports showing SLAMF7 to be upregulated in systemic lupus
erythematosus [172], rheumatoid arthritis [173], and multiple sclerosis [174]. While we focused
on the effects of IFNa on SLAMF7 expression, it is well known that LPS can also up-regulate
SLAMF7 through a NF-kB-dependent mechanism [164]. HIV+ patients are known to have
elevated levels of LPS in their blood as a result of a “leaky gut” [144]; we cannot exclude this as
an additional possible reason for elevated SLAMF7 levels. The findings that discordant patients
have extremely elevated SLAMF7 levels and that elite controllers have levels of SLAMF7
comparable to healthy controls supports the idea that assessing SLAMF7 expression levels on

peripheral immune cells could be an effective gauge of a patients’ immune-activation status.

The finding that SLAMF7 activation can specifically inhibit CXCL10 and other alpha chemokines
in monocytes is consistent with a previous study showing SLAMF7 has inhibitory effects in LPS-
stimulated monocytes [164]. Interestingly, SLAMF7 activation minimally reduced HIV restriction
factors, thus pharmacological modulation of SLAMF7 in the context of HIV infection could be
beneficial in reducing peripheral immune activation, and preventing monocyte infection
without affecting important viral restriction factors. However, this approach may only be
effective in some HIV patients, since we identified a subset of HIV+ individuals, SF7S, who show
a lack of response (or inverse response) to SLAMF7 activation. It is possible that the underlying
mechanism to this paradoxical lack of SLAMF7 response is due to either genetic differences
between patients, differential alterations in circulating cytokines or chemokines, or from

specific interactions with HIV viral proteins.
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Our small molecule studies suggest that there are yet other, unidentified inhibitory factor(s)
which can interact with SLAMF7, or SLAMF7 may propagate its signals through ITSM-
independent mechanisms [93]. Supporting this is the fact that most of the studies regarding the
interaction of SLAMF7 with inhibitory phosphatases were performed in mice or human cell lines
[91, 92, 159], thus it is possible that some of those findings are not entirely translatable to
primary human cells. Regardless, SLAMF7 activation in monocytes may prove to be a useful
method of preventing pathological activation of the CXCR3 receptor since it inhibits all CXCR3

ligands.

Both clinical and pre-clinical attempts at CXCL10 neutralization and/or CXCR3 receptor blockade
have largely failed thus far [175-179]. Reasons for this include: failure of CXCL10- specific mAbs
to inhibit all CXCR3 ligands, inability of anti-CXCL10 mAbs to compete with the high synthesis
and turnover rate of CXCL10, and inability of some anti-CXCL10 mAbs to bind the
glycosaminoglycan (GAG) bound form of CXCL10 (the active form of CXCL10). Importantly,
SLAMF7-mediated inhibition of alpha chemokines has the ability to overcome all of these
limitations and may find itself to be a useful therapeutic modality in diseases where over-
expression of CXCL10 has been linked to pathogenesis including: rheumatoid arthritis [180],
type | diabetes mellitus [181], systemic lupus erythematous [182], multiple sclerosis [183],

ulcerative colitis [184], and primary biliary cirrhosis [185].
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It is well established that patients with HIV or a number of other diseases [186-188] have
elevated levels of CD16" monocytes and that these pro-inflammatory cells have been

implicated in the pathogenesis of these conditions. To our knowledge there are currently no
methods to reduce the number of circulating CD16* monocytes in these individuals, except for

a single in vitro report studying one of the components of cannabis, THC [149]. It would be
interesting to see if SLAMF7-mediated down-regulation of CD16 is consistent in vivo and, if so, if

there is any resultant effect on pathology in pre-clinical animal models.

Similar to its effect on CD16, the down-regulation of CCR5 on monocytes by SLAMF7 signaling
could have potential benefits in the setting of HIV infection [189]. While there have been
numerous attempts at either blocking/down-regulating CCR5 (notably, Maraviroc) or increasing
the levels of chemokines, such as CCL3L1, (or engineered chemokines) specific for CCR5 for the
treatment of HIV infection [190], there have not been any attempts to simultaneously apply
both approaches. Activation of SLAMF7 on monocytes is unique in that it can accomplish this

and potentially inhibit HIV-1 infection of monocytes and other CCR5-expressing immune cells.

We found that neutrophils are SLAMF7- and CXCL10" at baseline and are able to respond to
stimulation by type | interferons, but not to SLAMF7 activation. The role of neutrophils in the
context of HIV infection is complex and understudied [191]. Specifically, whether or not
neutrophils contribute to peripheral immune activation in cART-treated individuals is unclear

[191]. Our results suggest that neutrophils likely do contribute to peripheral immune activation.
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Additionally, neutrophils are also known to play an important role in neuroinflammation [192]
and have recently been discovered to be present in high levels in the brain at steady state
[193]. While the role of neutrophils in the CNS of HIV+ individuals and in HAND is unknown, our
results suggest that if they do play a role, it is likely one that cannot be modulated through the
SLAMF7 receptor. The discovery that neutrophils were able to secrete CXCL10 following IFNa
and LPS stimulation highlights the need to consider the effects neutrophils are playing in

diseases characterized by chronic type | interferon activation.

In summary, we determined that SLAMF7 is up-regulated globally in HIV patients who have high
levels of peripheral immune activation and that SLAMF7 functions to both prevent HIV viral
infection of monocytes, and inhibit CXCL10 from monocytes stimulated with type | and Il
interferons, except in a subset of HIV patients. We also discovered that neutrophils fail to
express SLAMF7, constitutively express CXCL10, and are non-responsive to SLAMF7 activation,
implicating them as potential propagators of chronic, peripheral immune activation in type |

interferon-mediated diseases.
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CHAPTER: 3 In vitro infection of primary human monocytes with HIV-1

This chapter is adapted from an article published in Bio-protocol, Volume 9, Issue 13, July, 2019.

Authors: Patrick O’Connell, Yong-Hui Zheng, Andrea Amalfitano and Yasser A. Aldhamen
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Abstract
Monocyte infection by HIV-1 is an important component of chronic HIV pathogenesis. Following
infection by HIV-1, monocytes are able to cross the blood brain barrier and set up a viral reservoir
in the central nervous system. Additionally, in the setting of chronic HIV-1 infection, monocytes
can become activated either directly through HIV-1 infection or indirectly via HIV-1-mediated
systemic immune activation. Currently, there are few studies looking at HIV-1 infection of primary
human monocytes in vitro. Furthermore, detection of successful HIV-1 infection of monocytes
can be laborious requiring an ELISA for p24 or assessing levels of HIV-1 mRNA or DNA. This
protocol utilizes an HIV-1 strain expressing GFP to allow for easy quantification of HIV-1 infection
by fluorescence-assisted cell sorting (FACS). By determining HIV-1 infection by FACS one can take
advantage of its multiparametric nature allowing for the use of less cells and the ability to assess
the expression of other markers on HIV-1* and HIV-1" cells in the same experiment. Additionally,

this protocol could be modified to study HIV-1 infection of other cells including CD4* T cells.

Background
This protocol will be of use to those looking to perform studies assessing the role that myeloid
cells play in HIV-1 infection. Myeloid cells, in particular, monocytes, have been recognized as
crucial mediators of chronic and acute inflammation in HIV-1 infection [104, 194, 195]. Gaining a
deeper understanding of the interactions between the HIV-1 virus and monocytes will be
fundamental in advancing our knowledge on how HIV-1 infection produces a chronic state of
immune activation, even in the presence of combined anti-retroviral therapy [194]. With persons

infected by HIV-1 now exhibiting lower death rates, we are just now seeing the long-term effects
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of HIV-1-induced chronic immune activation which can present as: HIV-associated neurocognitive
disorder (HAND), hepatic steatosis, renal failure, hepatitis, atherosclerosis, insulin resistance,

osteoporosis, and more [141, 142].

The method presented here will be useful to both study how HIV-1 infection of monocytes alters
cellular function, and to facilitate the development of novel methods to modulate or prevent HIV-
1 infection of monocytes. In particular, this protocol is advantageous in that it allows for quick
and easy analysis of monocyte HIV-1 infection using FACS without the need to intracellular stain

for p24.

Materials and Reagents

1. LS columns (Miltenyi Biotec, catalog number: 130-042-401)

2. Glass Pasteur pipettes, autoclaved (VWR, catalog number: 14672-200)

3. Aspirating bulb for use with Pasteur pipet (CELLTREAT Scientific Products, catalog number:
229279)

4. 50 ml conical tubes (Corning, catalog number: 430290)

5. Serological pipettes (Costar)

6. 1 ml micropipette

7. 96-well high-binding plates (Corning, catalog number: 3361)

8. Pipette tips

9. pNL-BaL-GFP recombinant HIV-1 virus

Construction of pNL-BaL-GFP HIV-1 vector. The pNL4-3env(-)GFP, which encodes full-
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

length NL4-3 HIV-1 proviral DNA with a frameshift in env and expresses GFP in place of
nef, was described previously (He et al., 1997). The CCR5-tropic HIV-1 proviral clone,
R9BaL, was generated from R9 by replacing an EcoRI-Xhol fragment from the CCR5-tropic
HIV-1 strain, BaL, which contains the entire env coding region (Gallay et al., 1995). pNL-
BalL-GFP was constructed by replacing a Sall-BamHI fragment in pNL4-3env(-)GFP with
that from R9BaL.

Antibodies:

a. CD14, PE-Cy7 (clone: 61D3) (Thermo Fisher, catalog number: 25-0149-42)

b. CD16, BV510 (Clone: 3G8) (BD BioSciences, catalog number: 563830)

c. SLAMF7, PE (Clone: 162) (BioLegend, catalog number: 331806)

d. CCR5, unconjugated (Clone: 2D7) (BD BioSciences, catalog number: 555990)

Viability dye: Live/Dead Violet (Thermo Fisher, catalog number: L34964)

CD14 microbeads, human (Miltenyi Biotec, catalog number: 130-050-201)

Fresh human buffy coat (Gulf Coast Regional Blood Center, Texas, USA)

Lympholyte-H (Cedarlane Labs, catalog number: CL5020)

DPBS without calcium or magnesium (Gibco, catalog number: 14190250)

RPMI 1640 (Gibco, catalog number: 11875093)

ACK Lysis buffer (Gibco, catalog number: A1049201)

Fetal Bovine Serum (FBS) (Atlanta Biologicals, catalog number: $11550)
Antibiotic/Antimycotic (Penicillin, Streptomycin, Fungizone) (PSF) (Gibco, catalog number:
15240062)

Ethylenediaminetetraacetic acid (EDTA) (Millipore Sigma, catalog number: E6758)
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21. BSA (Millipore Sigma, catalog number: A9056)

22. Sodium azide (Millipore Sigma, catalog number: S2002)

23. Fixation buffer from BD Fix/Perm kit (BD Biosciences, catalog number: 554714)

24. Cross-linking antibody of choice (for stimulation of monocytes during HIV-1 infection)

25. FACS solution (see Recipes)

26. MACS solution (see Recipes)

27. Complete RPMI solution (see Recipes)

Equipment

1. Biosafety cabinet

2. Gun pipette

3. QuadroMACS magnetic cell separator (Miltenyi Biotec, catalog number: 130-090-976)
4. LSRII flow cytometer (BD Biosciences)

5. Tabletop centrifuge with swinging bucket rotor

6. Automated cell counter (Countess) (Invitrogen)

Software

1. FlowlJo version 10.5 (https://www.flowjo.com)

2. GraphPad Prism V7 (https://www.graphpad.com/scientific-software/prism/)
Procedure

1. Isolate PBMCs from a fresh human buffy coat using Lympholyte-H under sterile conditions.
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Note: Perform all the following steps in a sterile biosafety cabinet.

a.

Allow Lympholyte-H to equilibrate to room temperature. This is important to ensure
efficient isolation of peripheral blood mononuclear cells (PBMCs).

Split approximately 50 ml buffy coat evenly into four 50 ml conical tubes (12.5 ml per
tube).

Add 22.5 ml DPBS to each tube containing pure buffy coat to bring the volume up to
35 ml. (The ratio of DPBS to buffy coat should be greater than 1:1.)

Shake vigorously (or vortex) the 50 ml conical tubes for 10 s. This is important to
prevent clumping of cells which will affect isolation and can cause RBC contamination.
Shake lympholyte-H vigorously just before use.

Work in a biosafety cabinet with lights off.

Note: Lympholyte-H is light sensitive.

Place a sterile glass Pasteur pipette into the bottom of a 50 ml conical tube containing
the blood/DPBS mixture. Add Lympholyte-H to the glass Pasture pipette using a gun
pipette. This is best accomplished using a 10 ml stripette with the power setting on
the gun pipette set to “gravity”. A total of 10 ml of Lympholyte-H should be added per
50 ml conical tube.

Lympholyte-H should immediately begin to form a layer on the bottom of the conical
tube, clearly separated from the buffy coat (Figure 11.h).

Add a total of 10 ml lympholyte-H to each 50 ml conical tube.

Repeat for each 50 ml conical tube. The final volume in each tube will now be 45 ml.

Spin 50 ml conical tubes at 1,800 x g, 24 °C, no break, maximum acceleration, and
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minimum deceleration, for 30 min in any swinging bucket benchtop centrifuge.

Attach a rubber suction bulb to a fresh Pasteur pipette. Carefully remove the middle
lymphocyte band (approximately 5 ml) from each 50 ml conical tube. This band will be
cloudy, may contain some RBCs, and will be located above the pelleted RBCs (at the

bottom of the tube) (Figure 11.1).

. Transfer these cells to a fresh 50 ml conical tube.

Repeat this for each of the four 50 ml conical tubes.

Add DPBS to a final volume of 50 ml into each new 50 ml conical tube containing pure
lymphocytes.

Spin the tube at 1,500 x g, 24 °C, full break for 5 min.

Discard the supernatant.

Resuspend each pellet in 2 ml ACK Lysis buffer using a 1 ml micropipette. Ensure pellet
is fully resuspended.

Incubate cells in ACK lysis buffer for exactly 6 min at room temperature.

Top with DPBS, spin the tube at 900 x g, 24 °C, full break for 5 min.

Discard the supernatant.

Resuspend in complete RPMI pre-warmed to 37 °C using a 1 ml micropipette. Ensure
cells are in a single cell suspension. Add a total of 10 ml of media per buffy coat. At
this stage, you can combine cells from the 4 separate fractions (Figure 11.v).

Prepare 1:100 dilution of cells into complete RPMI and count on a Countess (or your

preferred method) per manufacturer’s instructions.
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FIGURE 11: Graphical diagram for selected steps in part 1 of procedure
(PBMC) isolation.

Figure labels correspond to indicated steps in PBMC isolation procedure.

Isolate CD14* monocytes by positive selection (CD14 microbeads, Miltenyi Biotec) per
manufacturer recommendation using MACS buffer.

Note: Incubate cells with anti-CD14 microbeads for 25 min to increase the purity of isolated
monocytes.

Check the purity of monocytes before proceeding. Stain cells (pre and post-isolation) with
CD14 PE-Cy7 mAb and Live/Dead Violet viability dye per manufacturer’s instructions and
as previously described (O'Connell et al., 2018). Run cells on LSRII flow cytometer (or other
flow cytometers) and determine % of cells CD14* that are viable (Figure 12). If isolated
monocyte samples are less then 90% CD14" it is recommended not to proceed. Should
monocyte purity be < 90% you may return the monocytes to MACS buffer (if you have
already resuspended them in complete RPMI) and pass them through a fresh MACS LS
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10.

11.

12.

13.

14.

column exactly as performed in Step 2.

Resuspend monocytes in complete RPMI and plate in 96-well high-binding cell culture
plates at 2 x 10° cells/well.

If activation of a monocyte cell surface receptor is desired [e.g., SLAMF7, [27]], coat high-
binding plate with an antibody against the desired receptor for 24 h at 4 °C beforehand.
Dilute cross-linking antibody in DPBS before adding it to wells for cross-linking. Wash wells
3 times with DPBS before addition of cells and make sure wells do not dry out at any point.
As a positive control, if using an R5-tropic HIV-1 virus, add 10 pg/ml of the CCR5-blocking
mAb (2D7) per appropriate well. Wells containing this soluble mAb should retain
appropriate concentrations of this mAb at all media changes.

After 24 h of cell culture at 37 °C and 4% CO;, remove media and add fresh media
containing 190 pg/ml pNL-BaL-GFP.

After 4 h, wash pNL-BaL-GFP infected cells 2 times with complete RPMI.

Resuspend cells in 200 pl complete RPMI/well and culture at 37 °C and 4% CO,.

Every 24-36 h remove an aliquot of cells (i.e., one well) per condition and wash them with
FACS.

Stain cells with CD14, CD16, Live/Dead Violet viability dye, and any other antibodies (i.e.,
SLAMF?7) desired as previously described [27].

Fix cells for 20 min at room temperature, protected from light, by adding 200 ul of BD
Fixation buffer per well and thoroughly resuspending cells.

Wash cells twice with FACS.

Analyze stained cells on an LSRII (or similar flow cytometer) to determine (%) CD14*
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FIGURE 12: FACS plots showing subtypes of monocytes between 2
healthy blood donors.

Healthy control B has considerably more CD16* monocytes. Cells
shown are gated on singlets, myeloid cell population (based on
FSC and SSC), living, and expressing CD14.

Live/Dead Violet GFP* cells.
Note: Cells should be analyzed within 24 h of picking them up to ensure GFP signal is not
lost. Fixation will not affect GFP signal over short term (less than 24 h), but prolonged
fixation will degrade GFP.

15. GFP* cells are considered to be HIV-1* as all infected cells using this virus will express GFP.
The addition of CD14 and viability markers ensure that cells analyzed are monocytes (i.e.,

CD14*) and living (i.e., Live/Dead Violet").

Data analysis

1. Analyze all data using FlowJo v10.5 or greater (or other FACS analysis software per your
preference).

2. Analyses should be conducted by assessing the (%) CD14* Live/Dead Violet GFP* cells per
condition. Inclusion of other markers can be included to allow for additional analyses.

3. Example analyses are presented in Figure 13.
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FIGURE 13: Example FACS analysis.

A. Representative gating scheme used for analysis of monocyte infectivity. B. Representative FACS
plots showing examples of positive and negative GFP monocytes from the CD14* gate above. Mock
conditions are monocytes infected with pNL-BaL-GFP and no immune cell receptor cross-linking. Note
how HIV-1* monocytes tend to be positive for the SLAMF7 receptor and activation of the SLAMF7
receptor via cross-linking prevents monocyte infection. Co-expression analyses like this can be
performed with any other marker of interest. CL; cross-linking.

4. When comparing infectivity between groups, use a student’s t-test or one-way ANOVA as
appropriate.

5. Data can be displayed as an X-Y graph with connecting lines (O'Connell et al., 2018, Figure
6d) and also as a FACS dot plot to provide additional support for your results (O'Connell

et al., 2018, Figure 6d).

Notes

1. This protocol has been reproducible in our hands, and we have only noticed variability in
the degree of infectivity between individual blood donors.

2. Refresh media on cultured monocytes every 48 h.
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3. Culture cells for a maximum of 7 days. Primary human monocytes will not typically survive
more than 7 days post-isolation.

4. Monocytes should show a time-dependent increase in the number of HIV-1* cells until
approximately 6-7 days, at which point the infectivity should level out as monocytes reach
their terminal ex-vivo lifespan.

5. The efficiency of HIV-1 infection of monocytes will vary between subjects and is
dependent on the percent of CD16* monocytes. Individuals with higher levels of CD16*
monocytes will show a greater percent of HIV-1* monocytes (Figures 12 and 13) [167,

168].

Recipes
1. FACS solution
500 ml DPBS (1 bottle)
1% (W/V) BSA
0.1% (W/V) sodium azide
2. MACS solution
500 ml DPBS (1 bottle)
0.5% BSA
2 mM EDTA (used for CD14 isolation)
3. Complete RPMI solution
500 ml RPMI 1640

10% FBS
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CHAPTER: 4 SLAMF7 Signaling Reprograms T Cells toward Exhaustion in the Tumor
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Abstract
T cell exhaustion represents one of the most pervasive strategies tumors employ to circumvent
the immune system. While repetitive, cognate T cell receptor signaling is recognized as the
primary driving force behind this phenomenon, it remains unknown what other forces drive T
cell exhaustion in the tumor microenvironment (TME). Here, we show that activation of the
self-ligand SLAMF7 immune receptor on T cells induced STAT1 and STAT3 phosphorylation,
expression of multiple inhibitory receptors, and transcription factors associated with T cell
exhaustion. Analysis of The Cancer Genome Atlas revealed that SLAMF7 transcript levels were
strongly correlated with various inhibitory receptors, and that high SLAMF7 expression was
indicative of poor survival in clear cell renal cell carcinoma (ccRCC). Targeted reanalysis of a
CyTOF dataset which profiled the TME in 73 ccRCC patients, revealed cell-type specific SLAMF7
expression patterns, strong correlations between exhausted T cells and SLAMF7* tumor-
associated macrophages (TAMs), and a unique subset of SLAMF7"€"CD38"&" TAMs. These
SLAMF7"8"CD38"8" TAMs showed the strongest correlations with exhausted T cells and were an
independent prognostic factor in ccRCC. Confirmatory ex vivo co-culture studies validated that
SLAMF7-SLAMF7 interactions between murine TAMs and CD8* T cells induces expression of
multiple inhibitory receptors. Finally, mice lacking SLAMF7 show restricted growth of B16-F10
tumors and CD8* T cells from these mice express less PD-1 and TOX, and exhibited an impaired
ability to progress through the exhaustion developmental trajectory to terminal exhaustion.
These findings suggest that SLAMF7 might play an important role in modulating T cell function

in the TME.
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Introduction
The biological process of T cell exhaustion (or dysfunction), resulting from chronic T cell
stimulation and activation has emerged as one of the most important topics in immunology and
cancer biology [115, 196-198]. T cells undergoing persistent T cell receptor (TCR) stimulation, as
occurs in the tumor microenvironment (TME), begin a process whereby they assume a cellular
state less amenable to proliferation, cytokine production, and cytotoxicity [115, 197, 198].
Conversion of infiltrating T cells to an exhaustion phenotype is a well-known hallmark tumors

use to evade the host immune response and continue unchecked growth [199-201].

These exhausted or dysfunctional T cells are characterized at the cellular level by epigenetic
remodeling [197, 202, 203] and expression of a number of inhibitory receptors, also known as
checkpoint receptors, including: PD-1, CTLA-4, LAG3, Tim3, TIGIT, VISTA, CD38, 2B4 [56], and
others [115, 196]. Through both known and unknown mechanisms, these inhibitory receptors
directly inhibit regulatory and effector T cell functions and are responsible for the characteristic
loss of effector function observed in exhausted T cells [197]. Antibodies targeting these
inhibitory receptors are showing great promise in generating responses in cancer patients,
however responses vary by tumor type and the majority of patients do not respond effectively
to checkpoint blockade of PD-1, PD-L1, or CTLA-4 [204], and a combination of PD-1 and CTLA-4
blockade results in substantial risk of serious adverse events [205, 206]. Consequently, there is
a need to understand why some patients do not respond to checkpoint blockade, what
additional signals besides repetitive TCR signaling induce inhibitory receptors on T cells in the

TME, and if T cell exhaustion can be prevented from occurring in the first place [197].
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Renal cell carcinoma [207] is the most common cancer of the genitourinary system, with over
400,000 new cases and over 175,000 deaths each year, and continues to increase in prevalence
[208]. The clear cell renal cell carcinoma (ccRCC) subtype is the most common form of RCC, and
while a heterogeneous disease, it has a unique TME making it an attractive target for
immunotherapy [208, 209]. In contrast to most tumors where the TME is dominated by M-2
macrophages, the ccRCC TME is composed primarily of T cells, with a large portion consisting of
CD8* T cells [209, 210]. However, the infiltrate of cytotoxic T lymphocytes does not portend a
favorable prognosis due to extensive levels of T cell exhaustion [211-213]. ccRCC is notable in
that, of all the cancers in The Cancer Genome Atlas (TCGA), immune evasion occurs in ccRCC
almost entirely via T cell exhaustion [213]. This has paved the way for trials of various
checkpoint inhibitors in ccRCC, with the most recent findings of the CheckMate 214 trial
establishing combination ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) as first-line
treatment for intermediate or poor-risk ccRCC patients [208, 214]. However, this regimen lacks
effectiveness in all ccRCC patients [204] and can cause significant adverse effects [205, 206,

214], signifying the need to better understand T cell exhaustion mechanisms in ccRCC.

The SLAMF7 (CRACC, CD319, CS-1) receptor is a member of the signaling lymphocytic activation
molecules [SLAM] family of receptors [9], with expression restricted to hematopoietic cells, and
is present at differing frequencies on various types of immune cells [9, 215, 216]. SLAMF7, and
other SLAM family members (except 2B4), are unique in that they function as homotypic
receptors, which once activated, recruit various SH2 domain-containing proteins to their

cytoplasmic immunoreceptor tyrosine-based switch motifs (ITSMs) [9, 91]. In doing so, SLAMF7
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is able to modulate a host of immune cell-specific functions across various immune cell types
[9, 91, 92, 216]. SLAM family receptors are increasingly being linked to T cell exhaustion, with
expression of SLAMF6 recently discovered as a marker to identify progenitor exhausted CD8* T
cells [89], and both SLAMF6 and SLAMF4 (2B4) being shown to function as inhibitory receptors
on CD8* T cells [56, 217]. Notably, SLAMF7 has also recently been linked to a CD8"* T cell subset
enriched in melanoma patients who fail to respond to checkpoint blockade [218], and
expressed on certain memory-precursor and effector CD8* T cells which respond indirectly to
checkpoint blockade [219]. Here, we set out to define the role of SLAMF7 on T cell regulation in
the context of T cell exhaustion. We uncovered a novel role for SLAMF7 in regulating the
expression of various T cell inhibitory receptors, exhaustion-promoting transcription factors,
and STAT1/3 phosphorylation in a TCR-independent manner. Also, we find that SLAMF7 self-
ligation between TAMs and T cells is sufficient to induce the upregulation of these inhibitory
receptors. Our data identify SLAMF7 as a novel regulator of T cell inhibitory programs, with

potential clinical implications and therapeutic opportunities.

Materials and Methods
Reagents used. The following human antibodies were used: CD3-FITC (HIT3a), CD4-V450 (RPA-
T4), CD8-Alexa700 (HIT8a), SLAMF7-PerCp-eFluor710 (162), LAG-3-APC-eFluor780 (T47-530),
TIM-3-PE-Cy7 (F38-2E2), EZH2-PE (11/EZH2), PD-1-Alexa488 (EH12.2H7), FoxP3-BV421 (206D),
YY1-Alexa594 (H-10), Blimp-1-DyLight650 (3H2-E8), CTLA4-FITC (14D3), IL-2-APC (MQ1-17H12),
TNFa-Alexa488 (Mab11), IFNy-PE (45.B3), STAT1 (pY701)-Alexa647, STAT2 (p690)-PE, STAT3

(p704)-Alexab47, STATS (p694)-Alexab47, STAT6 (p641)-Alexab47, P38 MAPK (pT180/pY182)-
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Alexab647, ERK1/2 (pT202/pY204)-Alexa647, ZAP70 (p319/p352)-PE, and SLAMF7 (162.1) (used
for cross-linking). Mouse antibodies used include: CD3-APC (145-2C11), CD38-BV510 (90/CD38),
CD8a-Alexa700 (53-6.7), LAG3-PE (C9B7W), Tim3-APC-Fire750 (B8.2C12), PD-1-PerCp-eFluor710
(J43), 2B4-FITC (eBio244F4), SLAMF7-BV421 (4G2), CD11b-BV570 (M1/70), CD19-PerCp-Cy5.5
(1D3), Ly6G-BV711 (1A8), Ly6C-BV421 (HK1.4), MHC-1I-BV785 (M5/114.15.2), CD206-Alexa647
(C06862), CD45-Alexa532 (30-F11), NK1.1-PE-Cy7 (PK136), SLAMF7-APC (4G2), CD11c-PE-CF594
(HL3), CCR2-BV750 (475301), LAG3-BV785 (C9B7W), CD3-BUV737 (17A2), TOX-eFluor660
(TXRX10), SLAMF6-BUV395 (13G3), CD69-PE-Cy7 (H1.2F3), and CD4-eFluor450 (RM4-5). All
antibodies were purchased from BioLegend, BD Biosciences, or ThermoFisher. Recombinant
human IL-2 (Peprotech) was used at 300 IU/mL. Recombinant murine IL-2 (R&D Systems) was

used at 300 IU/mL. CD3/28 Dynabeads (ThermoFisher) were added at a 1:1 cell:bead ratio.

Blood sample collection and human T cell isolation. Fresh PBMCs were obtained from buffy
coats and processed as previously described [220]. CD3* T cells were isolated from PBMCs via
negative selection using Dynabeads Untouched Human T Cells Kit (ThermoFisher) per

manufacturer’s instructions.

In vitro human T cell culture and stimulation. Isolated, fresh, primary human CD3* T cells were
plated at 2x10° cells/well in 96-well plates. Cells were cultured in complete RPMI (RPMI 1640,
10% FBS, 1X penicillin, streptomycin, and fungizone). For cross-linking experiments, 8 ug/ml
anti-SLAMF7 (162.1) mAb was added to a sterile, high-binding 96-well cell culture plate

overnight at 4 C. Wells were washed with PBS three times before addition of cells. Cells were

86



cultured for indicated times at 37 C and 5% CO.. For 6 day time points, cells were cultured in
the presence of stimuli for 3 days before being moved into a fresh SLAMF7 mAb cross-linked
plate with fresh media and rhiL-2. For re-stimulation experiment, cells were washed and all
stimuli removed after 6 days of culture. Cells were re-plated in fresh complete media with 300
IU/mL IL-2 and CD3/28 Dynabeads at a 0.2:1 bead:cell ratio, and cultured for an additional 3
days. GolgiPlug was added for the last 4 hrs of culture and intracellular staining of cytokines was

performed with BD CytoFix/Perm kit per manufacturer’s instructions.

Phosphoflow experiments. Isolated, primary human CD3* T cells were rested for 24hrs in 40
IU/mL rhiL-2 in complete RPMI. Cells (300,000 per well) were stimulated in 96-well plates as
indicated for various time points at 37 C and 5% CO; before being fixed in BD CytoFix/Perm
buffer at 37 C and 5% CO,. Permeabilization was performed with BD Phosflow Perm Buffer IV
(0.5X) per manufacturer’s instructions. Cells were stained with anti-CD4, anti-CD8, and a mAb
against a single phosphorylated protein at the same time. Samples were run on a Cytek Aurora

spectral cytometer.

Animal procedures and generation of SLAMF77 mice. All mice used in experiments were bred in
house. SLAMF77/- genotype was verified by PCR. 8-12 week old WT (C57BL/6J) or SLAMF77/-
(C57BL/6J background) were used for all experiments. SLAMF77/" mice were generated at MSU
Transgenic and Genome Editing Facility (MSU-TGEF) using CRISPR-Cas9 with gRNAs targeting
introns between exon 2/3 and exon 5/6 of SLAMF7. Genomic deletion of this region of SLAMF7

completely abrogates SLAMF7 expression on all cells. A single founder mouse with homozygous
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deletions in both introns was bred to a WT mouse, and the F1 progeny were bred together to

establish a stable line of SLAMF77/- mice.

B16 tumor experiments and murine immune cell isolations. Investigators were blinded to mouse
genotypes when measuring tumors. Either 7x10° B16 tumor cells (for experiments involving
isolation of TAMs) or 4x10° B16 tumor cells (for tumor growth experiments) were injected into
the hind flank of WT and SLAMF7-/- mice. For TAM isolation experiments tumors were
harvested 25 days later and manually dissociated into a single-cell suspension. For tumor
growth and TIL phenotyping experiments tumors were harvested at completion of tumor
measurements. Cell suspension was pelleted and resuspended in RPMI with 0.5 mg/mL
Collagenase IV (Milipore-Sigma) and 1,000 IU/mL DNasel (Millipore-Sigma) under constant,
gentle agitation at 37°C for 1 hr. Digestion was stopped with EDTA and cell suspension was
filtered through a 40um cell strainer. Cells were then subject to a Ficoll-Paque gradient
centrifugation step to enrich forimmune cells. Cells were washed three times with complete
RPMI before immune cell isolation procedures. TAMs were isolated from dissociated B16
tumors using a mouse CD11b positive selection kit (StemCell) per manufacturer’s instructions.
CD8* T cells were isolated from excised B16 tumors and splenocytes using a CD8a positive
selection kit (Miltenyi Biotec) per manufacturer’s instructions. Murine immune cells were either
stained directly for spectral cytometry analysis or plated for co-culture experiments. For TAM-
CD8 T cell co-culture experiments, 5x10* TAMs and 1.5x10° CD8* T cells (1:3 ratio) were plated
in a 96-well cell culture plate in complete RPMI supplemented with an additional 1% PSF and 50

IU/mL rmlIL-2. Cells were cultured for 6 days at 37 C and 5% CO, with a media change at 3 days.
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For murine in vitro CD3/28 stimulation experiment, mouse total splenocytes were cultured for
6 days in complete RPMI and 50 IU/mL rmlIL-2 with or without murine CD3/28 Dynabeads at a

1:1 cell:bead ratio. BMDMSs were generated as previously described [113].

Spectral cytometry. Cells were prepared and stained as previously described [216].
Transcription factor and cytokine staining was performed with the Transcription Factor Buffer
Set (BD Biosciences) per manufacturer’s instructions. For IL-2 intracellular staining, GolgiPlug
(BD Biosciences) was added for the final 4.5 hrs of cell culture. Viability staining was performed
with either Zombie NIR Fixable Viability Kit (BioLegend) or LIVE/DEAD Aqua fixable viability dye
(ThermoFisher), and was included in all experiments. Fc receptors were blocked in all samples
during staining with human Fc block (BD biosciences) or mouse Fc block (BD biosciences).
Samples were acquired on a 5-laser Cytek Aurora Spectral Cytometer. Spectra were unmixed
using SpectroFlo software and data was analyzed using FlowJo version 10.6.1 (Tree Star). SPICE
plots were generated using Pestle version 2.0 and SPICE version 6.0 (35). For (Fig. 15e), tSNE
dimensionality reduction was performed in FlowJo on a concatenated FCS file containing Mock
and SLAMF7 CL samples, in duplicate, from two healthy donors with the following tSNE
parameters: iterations=7000, perplexity=70. FlowSOM clustering was performed in FlowJo with
the number of meta-clusters set to 10. Clusters with very few cells and high similarity to
existing clusters were manually merged with those clusters to obtain a final consensus of 4 CD8
T cell clusters and 2 CD4 T cell clusters. Merged FlowSOM clusters were color-coded and

overlaid onto the tSNE map of all T cells. The same approach was repeated for (Fig. 16e).
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IL-2 ELISA. Primary human CD3* T cells were plated at 2x10° cells/well in a 96-well plate with
indicated stimuli. Exogenous rhlL-2 was not added. Supernatant was collected at indicated time

points and IL-2 concentration was assessed by sandwich ELISA (BioLegend).

TCGA data analysis. FPKM RNA-seq expression values for genes of interest and survival data
were obtained from The Cancer Genome Atlas TCGA-TARGET-GTex dataset using Xena

(xena.ucsc.edu). Gene expression values were normalized to account for differences in total

immune cells by dividing by PTPRC (CD45) and plotted using matplotlib in Python 3.7. Kaplan-
Meier curves were generated using the lifelines package. Survival metrics used in each Kaplan-
Meier plot were chosen based on previously published work [221]. TIDE analysis was performed

on the TIDE webpage (http://tide.dfci.harvard.edu/query/) by querying the SLAMF7 gene.

Figures were taken directly from the resulting TIDE analysis.

CcCRCC CyTOF data re-analysis. The entire ccRCC CyTOF dataset from Chevrier et al., 2017 [209]
was downloaded from the Bodenmiller Lab webpage

(https://cytobank.org/bodenmillerlab/index.html). All immune cell subsets were identified

based on predetermined Phenograph-assigned cluster IDs present in the raw FCS files and were
colored in figures in the same manner as in Chevrier et al., 2017 [209]. SLAMF7 expression on
various immune cell types was manually gated based on a priori knowledge of expected
SLAMF7 expression patterns and it was determined that a gate set at “1” was most appropriate
and accurate for all immune cell subsets. This threshold was used consistently for SLAMF7

gating on all immune cell types. While this threshold is lower than what some investigators use
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for CyTOF analysis, to our knowledge, SLAMF7 has never been assessed or manually gated on
CyTOF. Furthermore, while SLAMF7 is expressed at a very high antigen density on certain
immune cells (ie. DCs and plasma cells), it is also present on many other immune cell types,
albeit at a lower antigen density. For this reason we utilized manual gating to allow us to
accurately assess marker expression, whereas some other techniques can make appreciating
cells with a low density of SLAMF7 receptor difficult. Samples from healthy controls and rcc #17

(too few cells) were excluded.

Statistics. Violin plots were generated using the ggplot2 package in R. Heatmap correlation
matrix was generated using the corrplot package in R. FlowJo v10.6.1 software was used for all
spectral cytometry analysis and high-dimensional analyses. Pie charts were made in Prism v7
(GraphPad). All t-tests were paired and performed in GraphPad Prism v7. Log-rank test was
used to analyze all Kaplan-Meier plots. 2-way ANOVA was used to compare tumor growth
curves. Details on statistical analyses used for TIDE analysis can be found in the original
publication [213]. SPICE plots were compared using the Permutation test included in the
software. Groups in (Fig. 15a and Fig. 16b, d) compared by fitting to a mixed model before
performing multiple comparison test. This was accomplished in Prism v8 and performed due to
the presence of missing values due to random chance. No mice or human samples were

censored from any analysis for any reason (except the CyTOF samples listed above).

Study approval. All animal procedures were approved by the Michigan State University

Institutional Animal Care and Use Committee.
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FIGURE 14: SLAMF7 is co-expressed with multiple exhaustion markers on CD3/CD28 stimulated human T cells.

(a, b) Time course of SLAMF7 and exhaustion marker expression on Mock or CD3/CD28 in vitro stimulated
primary human CD8* T cells (a) and CD4* T cells (b). Top, exhaustion marker expression is shown as mean of
two replicates of 2-4 healthy donors with the upper and lower 5% bounds of data shaded in. Bottom,
representative plots of SLAMF7 expression on Mock and CD3/28 stimulated cells over time. (c, d) Left, SPICE
plots showing co-expression of SLAMF7 with exhaustion markers on Mock and CD3/28 stimulated CD8* T cells
(c) and CD4* T cells (d). SPICE plots in (c) and (d) each represent two replicate samples from two healthy
donors. Right, representative biaxial plots of SLAMF7 co-expression on CD3/28 stimulated T cells after 6 days.
Data is representative of 4 total healthy donors from two independent experiments.

Results
SLAMF7 is co-expressed with multiple exhaustion markers on activated T cells.
To examine associations between SLAMF7 and various inhibitory receptors on T cells we used a
chronic, polyclonal, in vitro T cell activation assay. CD3* human T cells were cultured with only

rhiL-2 (Mock) or rhiL-2 + CD3/CD28 Dynabeads and exhaustion markers were assessed over a
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period of six days using spectral cytometry (Supplementary Fig. 3a-c). We observed time-
dependent increases in expression of LAG3, PD-1, and Tim3 on CD3/28 activated CD8* and CD4*
T cells (Fig. 14a and b). SLAMF7 expression was minimal on both CD8* (1.12%) and CD4* (0%) T
cells initially, but increased over time with CD3/28 stimulation, more in CD8* than CD4* T cells,
and interestingly, was robustly induced in a time-dependent manner in the absence of CD3/28
activation on CD8* T cells (Fig. 14a, b). To assess co-expression patterns of SLAMF7 with LAG3,
Tim3, PD-1, and CTLA-4 we utilized SPICE [222] and observed that SLAMF7 is highly co-
expressed in cells expressing any combination of exhaustion markers, and is consistently
present on CD8* T cells expressing multiple exhaustion markers (Fig. 14c). This effect was also
observed on CD4* T cells, but less pronounced, as these cells do not up-regulate SLAMF7
expression to the levels seen on CD8* T cells (Fig. 14d). Additionally, we repeated this assay
with mouse splenocytes and observed the same pattern of co-expression (Supplementary Fig.

3d-h).

Activation of SLAMF7 alone on T cells induces inhibitory receptors and exhaustion-associated
transcription factors.

Since we identified that SLAMF7 is co-expressed with multiple exhaustion markers, we decided
to examine if inducing SLAMF7 signaling in T cells impacts the expression level of T cell
inhibitory receptors. We utilized a similar in vitro T cell stimulation assay as before, but instead
activated the SLAMF 7 receptor on T cells with an agonistic antibody via cross-linking, as
previously described [216]. We found that activating the SLAMF7 receptor on human T cells

induced expression of PD-1, Tim3, and LAG3 in a time-dependent manner on CD8* T cells (Fig.
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15a, b), but to a lesser extent on CD4* T cells (Fig. 15c, d). We also noted considerable numbers
of T cells co-expressing multiple exhaustion markers by three and six days (Fig. 15b, d). This

finding was not observed when cells were cultured in the absence of IL-2 (data not shown).

To gain a more in-depth understanding of the effects SLAMF7 activation had on T cell
exhaustion we employed unbiased, neural-network-based, computational clustering using
FlowSOM [223], and dimensionality reduction using tSNE, which revealed six distinct T cell
clusters in Mock and SLAMF7 activated samples following six days of stimulation (Fig. 15e). We
identified two CD4* T cell clusters (CD4 1-2) and four CD8* T cell clusters (CD8 1-4) (Fig. 15e).
Importantly, the CD4 2, CD8 2, and CD8 3 clusters were virtually absent in Mock stimulation and
only appeared in SLAMF7 activated samples (Fig. 15f, g). Comparison of these clusters with
clusters present during Mock stimulation revealed an inhibitory receptor and transcription
factor (TF) expression profile characteristic of exhausted/dysfunctional T cells [224-227] (Fig.
15h and f Supplementary Fig. 4a, d, e). Specifically the CD4 2 cluster had high expression of PD-
1 and the epigenetic-reprogramming transcription factors YY1, Blimp1, and EZH2 (Fig. 15h). The
two SLAMF7 cross-linking-induced CD8* T cell clusters shared an exhaustion phenotype, but
differed in expression of various markers such as EZH2, Tim3, and YY1 (Fig. 15h). Together, this
suggests that SLAMF7 activation on human T cells is able to induce expression of inhibitory
receptors and transcription factors linked to control of T cell exhaustion, independent of TCR

signaling.
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FIGURE 15: SLAMF7 activation induces expression of inhibitory receptors
and exhaustion promoting transcription factors in CD8+ and CD4+ T cells.

(a, b) Time course of exhaustion marker expression on CD8* T cells in the presence or absence of in
vitro SLAMF7 activation. SLAMF7 was activated by receptor cross-linking with an anti-SLAMF7 mAb.
Exhaustion marker expression is shown as mean of two replicates of 2-4 healthy donors with the
upper and lower 5% bounds of data shaded in (a) or as biaxial plots (b). Asterisks indicate significant
differences in marker expression between Mock and SLAMF7 CL conditions at various time points
and are colored by marker. (c, d) Time course of exhaustion marker expression on SLAMF7 activated
CD4* T cells shown in the same manner as (a, b). (a-d) Representative of (n=5) independent
experiments with (n=11) total healthy donors. (e) FlowSOM clustering on Mock and SLAMF7
activated T cells reveals unique clusters of T cells following SLAMF7 activation. Individual cells
(n=200,000) are depicted on a tSNE plot and colored according to FlowSOM clusters. Clusters only
present, or greatly enriched, during SLAMF7 activation are outlined. (f) tSNE maps of T cells
separated by condition with clusters only present during SLAMF7 CL outlined. (g) Cluster
composition of Mock and SLAMF7 CL conditions. (h) Comparison of exhaustion markers and T cell
exhaustion-linked transcription factors between various FlowSOM clusters. Histograms are colored
corresponding to clusters from (e). Results in [A-H] are representative of 4 independent
experiments showing similar results with a total of (n=8) healthy donors. Pooled results from (n=2)
healthy donors displayed in [A-H]. Groups in (i) compared using a paired student’s t-test. *p<0.05.
Conditions in (a) compared by fitting a mixed model and with Sidak’s multiple comparison test.
Mock results from (a) and (c) are duplicated from Figure 14.

Due to the fact that regulatory T cells (Tregs) are known to express high levels of certain
exhaustion markers [228, 229] we wanted to rule out the possibility that SLAMF7 activation was

merely inducing CD4* and CD8" Tregs. FoxP3 staining showed minor, but consistent increases in
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FoxP3* CD4* T cells (Supplemental Fig. 4b) and CD8* T cells (Supplementary Fig. 4c) following
SLAMF7 activation, but these few cells did not account for the far greater percentage of cells

expressing multiple exhaustion markers.

In vitro SLAMF7-activated T cells are distinct from terminally exhausted T cells and are
capable of producing cytokines upon re-stimulation.

While the T cells induced following SLAMF7 activation have the appearance of exhausted T
cells, we wished to confirm this by performing a functional assay. Primary human T cells were
stimulated as described above for six days and then re-stimulated with fresh CD3/28
Dynabeads for an additional three days. We then assessed the ability of these cells to produce
pro-inflammatory cytokines following re-stimulation. We found that T cells first stimulated for
six days with CD3/28 Dynabeads were unable to produce IL-2, TNFa, and IFNy upon re-
stimulation consistent with their inhibitory marker profile, identifying them as bona fide
exhausted T cells (Fig. 16a-d). In contrast to these cells, cells receiving Mock stimulation (only
IL-2) first were able to produce significant quantities of all three cytokines (Fig. 16a-d).
Interestingly though, we found that cells first stimulated with SLAMF7 CL for six days were still
able to produce cytokines equivalent to Mock samples (Fig.16a-d). This indicates that while in
vitro SLAMF7-activated T cells upregulate exhaustion markers, they still retain the ability to

produce pro-inflammatory cytokines suggesting they have not reached terminal exhaustion yet.
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FIGURE 16: SLAMF7-activated T cells are distinct from terminally exhausted T cells and
are capable of producing cytokines upon re-stimulation.

(a, b) Primary human T cells were stimulated for 6 days as described previously and re-
stimulated on the seventh day with CD3/28 Dynabeads at a 0.2:1 bead:cell ratio for an
additional 3 days. Expression of pro-inflammatory cytokines by CD8* T cells was
measured by intracellular staining and depicted as SPICE plots in (a) and dot plots in (b).
(¢, d) Pro-inflammatory cytokine expression of CD4* T cells.

(e) tSNE map of primary human T cells stimulated for 6 days as described previously with
Mock, SLAMF7 CL, or CD3/28 stimulation. Shown are 400,000 cells pooled from 5
healthy donors and colored by FlowSOM clusters.

(f) Comparison of various FlowSOM clusters by stimulation condition.

(8) tSNE maps separated by condition with clusters enriched in each stimulation
condition outlined.

(h) Comparison of exhaustion markers and T cell exhaustion-linked transcription factors
between various FlowSOM clusters. Histograms are colored corresponding to clusters
from (e).

(a-d) Representative of a single experiment with a total of 5 healthy donors.

SPICE plots in (a, c) representative of all samples combined and compared using
Permutation test and results in (b, d) compared by fitting a mixed model and with
Tukey’s multiple comparison test.

[A-H] is representative of a single experiment with 5 healthy donors.

*p<0.05, **p<0.01; ***p<0.001

We next compared the inhibitory receptor and transcription factor profile of SLAMF7-activated
T cells to terminally exhausted T cells (CD3/28 stimulation) in an unbiased manner. FlowSOM

clustering of Mock, SLAMF7 CL, and CD3/28 stimulated T cells (all stimulated for six days)
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revealed three CD4* T cell clusters and five CD8* T cell clusters (Fig. 16e). Each of the CD4 T cell
clusters was strongly enriched in one of the stimulation conditions with Mock being primarily
composed of CD4 A, SLAMF7 CL composed mostly of CD4 B, and CD3/28 stimulation composed
primarily of CD4 C (Fig. 16f, g). Similarly, Mock samples primarily contained the CD8 A cluster,
while SLAMF7 CL samples contained mostly the CD8 B cluster, and CD3/28 stimulation
containing mostly CD8 C and CD8 D clusters (Fig. 16f, g). Comparison of inhibitory receptors and
TF’s in these clusters revealed important distinctions between SLAMF7-activated T cell clusters
and terminally exhausted T cell clusters. We found that exhausted T cell clusters (CD8 C, CD8 D,
and CD4 C) have high expression of PD-1 and LAG-3, along with lower expression of the
transcription factors YY1, EZH2, and Blimp1 (Fig. 16h). SLAMF7 CL samples still co-expressed
multiple inhibitory receptors, but at a low level than exhausted T cells, along with much
stronger expression of all three transcription factors (Fig. 16h). Together, this reveals that
although in vitro SLAMF7-activated T cells resemble exhausted T cells, they are not functionally
(terminally) exhausted, yet still have an increased susceptibility to multiple inhibitory signals
due to their inhibitory receptor profile. As they show high expression of TF’s involved in T cell
exhaustion, in vitro SLAMF7-activated T cells may be progressing along the path to terminal

exhaustion through a pathway independent from TCR activation.
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FIGURE 17: Alterations in T cell signaling pathways following SLAMF7 activation

(a-h) Time course of isolated primary human CD8"* T cells stimulated in vitro by SLAMF7 cross-linking (n=2
donors). Representative biaxial plots are shown for only SLAMF7 CL conditions. Surface expression of CD69 (i)
and CD44 (j) was assessed on (n=8) donors following 6 days of in vitro stimulation. (k) Biaxial plots showing lack
of IL-2 expression in CD8* (top) and CD4* primary human T cells following 3 days of in vitro stimulation (n=2),
representative of two independent experiments. (I) Secretion of IL-2 by in vitro stimulated primary human CD3*
T cells was assessed over time by ELISA (n=4). No exogenous IL-2 was added to cultures and results are
representative of two independent experiments. (a-h) is representative of two independent experiments with
a total of 5 healthy donors and was analyzed by two-way ANOVA with Sidak’s multiple comparison test. (i, j)
contains pooled samples from 2 independent experiments and was analyzed with a paired students t-test.
Two-way ANOVA with Tukey’s multiple comparison test used for (I).

SLAMF7 signaling in CD8+ T cells induces STAT1 and STAT3 phosphorylation.

To mechanistically understand how SLAMF7 signaling in CD8* T cells modulates the expression
levels of multiple inhibitory receptors and their associated transcription factors, we performed
phosphoflow on human T cells utilizing a panel containing common intermediary signaling
proteins implicated in T cell responses [230]. We found that SLAMF7 activation induced a
progressive increase in STAT3 phosphorylation over time and a burst of STAT1 phosphorylation
at 90 minutes post-activation, without affecting numerous other known T cell signaling

intermediaries (Fig. 17a-h). Additionally, we observed that SLAMF7 activation induced CD69
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expression and minimally altered CD44 expression on CD8* T cells (Fig. 17i, j); an important
observation as CD69 has been previously shown to drive inhibitory receptor expression on T
cells [231]. SLAMF7 activation on CD8+ T cells also shifted the subset distribution away from
naive and terminal differentiated effector memory re-expressing CD45RA cells (EMRA) towards
effector memory cells (Supplemental Fig. 4f). Finally, as high levels of IL-2 can drive both T cell
inhibitory receptor expression [232, 233] and Treg formation [232, 234], we assessed IL-2
production and found that SLAMF7 activation does not stimulate IL-2 production or secretion
from T cells (Fig. 17k, |). Together, these findings tie STAT1 and STAT3 phosphorylation to
SLAMF7 activation in CD8* T cells, suggesting that these factors might be involved in SLAMF7-

dependent T cell signaling.

SLAMF7 expression is correlated with inhibitory receptor expression in clear cell renal cell
carcinoma patients and is linked to poor survival.

To begin to identify if the SLAMF7 receptor functions to modulate T cell responses in cancer
patients in vivo, we assessed co-expression of SLAMF7 mRNA with mRNA from various
exhaustion markers in patient tumor samples. Using TCGA RNA-seq data, we first assessed all
cancers to see which had the highest levels of CD8* T cells and SLAMF7 expression
(Supplementary Fig. 4g, h). We focused our further analyses on clear cell renal cell carcinoma
(ccRCC) due to its high levels of CD8* T cells, large sample size, and the knowledge that immune
dysfunction in ccRCC occurs primarily via T cell exhaustion [213]. Correlation analyses between
SLAMF7 with CTLA-4, LAG3, and PD-1 revealed very strong co-expression in ccRCC (Fig. 18a).

Co-expression was weaker with Tim3 (Fig. 18a), an effect possibly due to the expression of Tim3
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FIGURE 18: SLAMF7 correlates with exhaustion markers and is linked to poor survival in ccRCC.

(a) TCGA data was analyzed to examine co-expression of SLAMF7 with PD-1, CTLA-4, TIM-3, and LAG-3 at the mRNA
level in ccRCC. Data was normalized to CD45 (PTPRC) to control for differential levels of immune cells. Pearson R
and p values are displayed in each figure. (b) Disease specific survival in ccRCC patients from the KIRC cohort
(n=603) in the top and bottom SLAMF7 expression quartiles. (c) SLAMF7-specific TIDE analysis of ccRCC patients
from the E-MTAB-3267 cohort (n=53). Left, progression free survival of patients with high versus low SLAMF7
MRNA expression, with continuous z-score and associated p value signifying gene-associated death risk from a
CoxPH model displayed. Right and middle, SLAMF7 expression effects on progression free survival with patients
from the E-MTAB-3267 cohort stratified by CTL levels. Right-most plot displays patients with low SLAMF7 mRNA
expression and middle plot shows patients with high SLAMF7 mRNA expression. Kaplan-Meier plots show survival
differences based on TIDE-determined CTL levels in each patient. Continuous z-score and associated p value is
displayed. (d) SLAMF7 associations with exhaustion markers from patients in the ovarian serious
cystadenocarcinoma (OV) cohort from TCGA (n=426) displayed as in (a). (e) Kaplan-Meier plot for patients in the OV
cohort stratified by highest and lowest SLAMF7 expression quartiles as in (b). (f) TIDE analysis of ovarian cancer
patients from the GSE139@PRECOG cohort (n=203) performed as in (c). Overall survival is used in (f) as opposed to
progression free survival used in (c). Log-rank test was used for Kaplan-Meier plots in (b) and (e) and shaded
regions represent 95% confidence interval.

on various myeloid cell subsets [235]. Importantly, stratifying ccRCC patients into the highest
and lowest SLAMF7 expressing quartiles revealed reduced disease-specific survival in patients

with high expression of SLAMF7 (Fig. 18b).

To further determine if SLAMF7 expression in ccRCC was linked to T cell exhaustion and
dysfunction, we used the Tumor Immune Dysfunction and Exclusion [TIDE] tool [213]. TIDE

analysis of a separate, smaller cohort of ccRCC patients confirmed impaired survival in patients
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with high SLAMF7 expression (Fig. 18c). It also showed that high levels of cytotoxic T
lymphocytes (CTLs) are moderately protective, except when SLAMF7 expression is high, in
which case there is reduced survival (Fig. 5c). Analysis of other cancers in the TCGA revealed
this phenomenon was not conserved (Supplemental Fig. 4i-l). In cancers where immune
dysfunction is not primarily occurring via T cell exhaustion, such as ovarian cancer (Fig. 18d-f)
and squamous cell lung carcinoma (Supplementary Fig. 4k) [213], this trend disappears.
Together, these results suggest that high SLAMF7 mRNA expression is linked to poor survival,

only in cancers dominated by T cell exhaustion.

SLAMF7 expression patterns in human ccRCC tumors, associations with exhausted T cells, and
links to patient survival.

While the correlations and effects on patient survival noted using TCGA data are informative, it
does not address immune cell-specific expression patterns of SLAMF7 in the ccRCC TME. To
address this we re-analyzed a previously published CyTOF dataset of ccRCC patient tumors,
which contained expression data for SLAMF7 [209]. As predicted by CIBERSORT analysis of bulk
RNA-seq data (Supplementary Fig. 4g), the ccRCC TME is composed primarily of T cells, followed
by myeloid cells (Fig. 19a) [209]. The SLAMF7* compartment largely mimics that seen in the
periphery, with major contributions from plasma cells and NK cells (Fig. 19a). Looking at
SLAMF7 expression on major immune cell types, as well as various predetermined TAM subsets
[209], we observed considerable heterogeneity in SLAMF7 expression on numerous immune

cell types across patients (Fig. 19b and Supplementary Fig. 5a). In particular, NK cells,
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FIGURE 19: SLAMF7 expression in the ccRCC immune mche and associations with T cell phenotypes and patient
survival.

(a) Top, relative contributions of various immune cell subsets in the ccRCC TME as assessed by CyTOF.
Percentages are calculated from a concatenated sample of (n=73) ccRCC tumor samples using Phenograph-
assigned clusters previously determine by Chevrier et al., 2017. Bottom, SLAMF7* cells were gated out from
total immune cells and contributions of various Phenograph clustered immune cell subsets was determined.
(b) SLAMF7 expression across various immune cell types in the ccRCC TME. Phenograph-assigned clusters
were used for immune subset identification with TAMs being further subdivided based on TAM-specific
subsets identified by Chevrier et al., 2017. Each dot represents an individual patient tumor sample. (c)
Correlation matrix heatmap of SLAMF7 expression on various immune cell types and frequencies of various T
cell subsets. T cell frequencies are calculated as the frequency of each T cell subset out of the total T cell
compartment of each patient. T cell subsets are identified by Phenograph in Chevrier et al., 2017. Spearman
correlation is displayed as a circle scaled by color and size based on the magnitude of the R value. Only the top
10 positive and negative correlations are displayed. (d) Left, gating of SLAMF7"¢"CD38"&" TAMs from total
myeloid cells. Right, breakdown of SLAMF7"e"CD38"e" TAMs by Phenograph-determined TAM subsets. Results
are from a concatenated sample containing all 73 ccRCC tumor samples. Bottom, frequency of
SLAMF7Me"CD38Me" TAMs per total immune cells per patient. Red line indicates median (0.052). (e) Kaplan-
Meier plots of progression free survival, with ccRCC patients stratified by high or low numbers of various
immune cell subsets expressing SLAMF7. For all plots the relative frequency of SLAMF7* cells from each
immune subset out of the total immune compartment is considered. Log-rank test is used to compare groups
in (e).

plasmacytoid dendritic cells (pDCs), and various TAM subsets show the greatest heterogeneity

(Fig. 19b).

To begin to identify which SLAMF7 expressing cell types in the TME might be responsible for

activating SLAMF7 on T cells and inducing exhaustion, we performed a correlation analysis of

103



various SLAMF7* immune cells to all of the predetermined T cell subsets [209] (Fig. 19c). We
found strikingly strong positive correlations between subsets of exhausted T cells (T-0, T-1, T-7,
T-16, and T-18) [209] and SLAMF7*: total immune cells, total myeloid cells, M-0 TAMs, M-1
TAMs, M-2 TAMs, M-3 TAMs, and M-10 TAM s (Fig. 19¢ and supplementary table 1). Importantly
the “exhausted” T cell subsets were labeled as such based on high expression of inhibitory
receptors and were never functionally characterized [209]. We also noted relatively strong
positive correlations of CD4* Tregs (T-6) [209] to SLAMF7* total immune cells (Spearman r=0.3)
and SLAMF7* total myeloid cells (Spearman r=0.38) (Fig. 19c). Furthermore, we observed strong
negative correlations between the above listed SLAMF7* TAM subsets and subsets of effector
memory T cells (T-3 and T-4) [209] (Fig. 19¢c and supplementary table 1). It is recognized that
TAMs are responsible for driving tumor infiltrating leukocytes (TILs) towards exhaustion
phenotypes [236]. Our results here suggest that SLAMF7-SLAMF7 interactions between TAMs
and TILs may be a novel mechanism through which tumors are able to create an inhospitable
immune niche, by the induction of T cell exhaustion, Treg formation, and shifts away from

beneficial effector memory T cells [237].

Previous analysis of this data set concluded that high CD38 expression marks pathogenic TAMs
[209]. We discovered a population of SLAMF7"&"CD38"eh TAMSs present at varying levels
between patients (Fig. 19d). Hypothesizing that this may be a pathogenic TAM subset linked to
T cell exhaustion, we correlated the percentage of this cell population per total immune cells in
the TME of each patient to T cell subsets in our correlation matrix. Levels of this unique TAM

subset showed the strongest positive correlations with the above listed exhausted T cell subsets
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and Tregs (Fig. 19c and supplementary table 1). Further analysis of this TAM subset revealed it
is composed primarily of M-5 and M-11 TAMS (Fig. 19d), both previously linked to T cell
exhaustion and poor survival in this cohort [209]. To identify which SLAMF7 expressing immune
cell types were linked to poor survival we performed a series of Kaplan-Meier analyses by
splitting patients up based on high or low frequencies of various SLAMF7* cell types. We found
that high levels of SLAMF7* total immune cells, CD8* T cells, DCs, and NK cells were not linked
to poor survival (Fig. 19e). Patients with high levels of SLAMF7* plasma cells (Fig. 19e) had poor
survival, however, as nearly all plasma cells express SLAMF7, further analysis showed this effect
was merely due to differences in numbers of plasma cells (Supplementary Fig. 5b).
Unsurprisingly, we also noted that patients with high levels of Tregs (T-6) had markedly worse
survival (Supplementary Fig. 5¢). Most interestingly, we found that stratifying patients by high
levels of the SLAMF7"8"CD38"8" TAM subset was the most effective parameter for identifying
patients with poor survival (Fig. 19e). This effect was not just due to this population containing
high levels of M-5 TAMs (previously linked to T cell exhaustion [209]), as patients with high
levels of M-5 TAMs showed no decrease in survival (Supplementary Fig. 5d). Finally, patients in
the high and low SLAMF7"€"CD38"8" TAM groups were otherwise balanced in available
demographic and clinical parameters (Supplementary Fig. 5e). Together, these findings suggest
that SLAMF7"e"CD38"e" TAMs may be driving T cell dysfunction and immune evasion in the

ccRCC TME.
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FIGURE 20: SLAMF7 expression in the TME propels CD8+ T cells towards terminal exhaustion and impacts tumor
growth.

(a) B16-F10 tumor growth in WT and SLAMF77 mice. (b) SPICE plot of inhibitory receptor expression on intra-tumoral
CD8* T cells from WT mice; plot shows response from all samples combined. Arrows assist in identifying which arc
each marker corresponds too. (c) Biaxial representative plots of SLAMF7 co-expression with various inhibitory
receptors on intra-tumoral CD8* T cells from WT mice. (d) SPICE plots comparing exhaustion marker expression on
intra-tumoral CD8* T cells from WT and SLAMF77 mice. Plots are aggregate from all samples and compared with a
Permutation test. Arrows assist in identifying which arc each marker corresponds too. (e) Comparison of individual
inhibitory receptors from intra-tumoral CD8* T cells showing both representative biaxial plots and responses of
individual mice. (f) Expression of TOX in intra-tumoral CD8"* T cells from WT and SLAMF7”" mice. (g) Co-expression of
TOX and PD-1 from intra-tumoral CD8"* T cells from WT and SLAMF77- mice. (h) Frequency of CD8" intra-tumoral T
cells across the four populations that make up the exhaustion developmental trajectory (Beltra et al., 2020).
Populations are defined as: TexP™8! (SLAMF6'CD69"), TexP™8? (SLAMF6*CD69’), Tex™ (SLAMF6 CD69), Text™
(SLAMF6°CD69%). (i) SLAMF7 expression across exhausted CD8* T cell subsets. (j, k) Ratio of CD8* to CD4* T cells from
B16-F10 melanomas of WT and SLAMF77- mice (j), or PBMCs of healthy human individuals with either mock or
SLAMF7 CL stimulation (k). Results from (a) are pooled from two independent experiments using n=14-15 mice per
genotype, composed of equal numbers of males and females, and compared with 2-way ANOVA and Sidak’s multiple
comparison test. Results from (b-i) are pooled results from two independent experiments with n=15 WT and n=11
SLAMF77* mice composed of equal numbers of males and females and compared with unpaired two-tailed students
t-test. Results in (k) are pooled from seven independent experiments with n=32 and compared with paired two-tailed
students t-test. All data are represented as mean + SEM. **p<0.01; ***p<0.001; ****p<0.0001.

SLAMF7 expression in the TME propels CD8+ T cells towards terminal exhaustion and impacts
tumor growth.
In order to validate our findings from human samples in vivo, we generated SLAMF77- mice and

assessed growth of B16-F10 tumors. We found tumor growth to be significantly attenuated in
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SLAMF77 mice compared to WT mice (Fig. 20a). We also observed high co-expression of
SLAMF7 with various inhibitory receptors on CD8* TILs from WT mice (Fig. 20b, c). In comparing
WT to SLAMF77- TILs, we observed significantly fewer CD8* T cells expressing multiple
exhaustion markers (Fig. 20d) and individual markers (Fig. 20e) in SLAMF77/- mice. To validate if
SLAMF7 was modulating levels of bona fide exhausted T cells we compared expression of the
exhaustion-defining TF, TOX [238-240]. SLAMF77/- CD8"* intra-tumoral T cells expressed
significantly fewer TOX* cells (Fig. 20f) and PD-1*/TOX" cells (Fig. 20g). Taking a more granular
approach, we used the markers SLAMF6 (Ly108) and CD69 to track where CD8* TILs from WT
and SLAMF77/- mice were on the exhaustion developmental trajectory, as recently described
[241]. We found that CD8* T cells from WT mice tended to be at either end of the exhaustion
spectrum (TexP8! and Tex'™) (Fig. 20h), while SLAMF77/- CD8* T cells occupied the
intermediate stages more often (TexP™#2 and Tex™) with significantly less terminally exhausted
cells (Fig. 20h). We also observed SLAMF7 expression to be highest on the two progenitor
stages (TexP™8! and TexP™8?) (Fig. 20i), which together with the above findings, suggests that
SLAMF7 signaling may help to propel CD8* T cells through the exhaustion developmental

pathway to terminal exhaustion.

Interestingly, we also noticed a significantly decreased CD8/CD4 T cell ratio in TILs from
SLAMF77- mice (Fig. 20j). Returning to our in vitro human data, we observed a corresponding
reverse trend in the presence of SLAMF7 activation (Fig. 20k). Thus, while SLAMF7 appears to
drive T cell exhaustion, it may also be playing a role in CD8* T cell survival or ability to maintain

tissue residency.
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FIGURE 21: SLAMF7 expression on TAMs drives T cell exhaustion.

(a) Experimental approach used for ex vivo T cell:TAM co-culture. (b) SPICE
plots of CD8* T cells co-cultured with TAMs for 6 days (n=5); plots show
response from all samples combined. (c) Changes in expression of exhaustion
markers on CD8"* T cells from co-culture experiment (n=5). Groups containing
CD8* T cells and TAMs compared using a paired student’s t-test. (d)
Comparison of various markers on TAMs from B16-F10 tumors grown in WT
and SLAMF77 mice. Results from (b-d) are representative of a single
experiment using TAMs pooled from (n=4) mice per genotype and CD8* T cells
from splenocytes of (n=5) WT, non-tumor bearing mice. n.s., not significant;
**p<0.01; ***p<0.001.

Expression of SLAMF7 on TAMs drives T cells to express inhibitory receptors.

To determine if SLAMF7-SLAMF7 self-ligation between TAMs and tumor-infiltrating T cells
induces T cell inhibitory receptor expression, we developed an ex vivo TAM-T cell co-culture
model (Fig. 21a). B16-F10 tumors were grown in WT and SLAMF77- mice, TAMs were isolated
from established tumors at day 25, and co-cultured with CD8* T cells from splenocytes of non-
tumor bearing mice (Fig. 21a). We observed that T cells co-cultured with SLAMF7* TAMs

expressed multiple inhibitory receptors (Fig. 21b, c). Notably, T cells cultured with SLAMF7-
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TAMs had significantly fewer cells positive for various exhaustion markers, with dramatic
decreases in T cells co-expressing multiple markers appearing similar to CD8* T cells cultured in
the absence of TAMs (Fig. 21c). Importantly, this finding is specific to TAMs, as CD8* T cells co-
cultured with bone marrow-derived macrophages (BMDMs) from WT or SLAMF77- mice do not
show alterations in inhibitory receptor expression (Supplemental Fig. 5f, g). Additionally,
comparison of TAMs from WT and SLAMF77- mice reveled that they have similar expression of
numerous markers, except for SLAMF7 (Fig. 21d). This finding suggests that direct SLAMF7-
SLAMF7 interactions between TAMs and CD8* T cells are sufficient to induce expression of

multiple inhibitory receptors on T cells.

Discussion
The impressive response rates and instances of complete remission following checkpoint
inhibitor therapy have catapulted immunotherapy and T cell exhaustion to the forefront of
cancer research. While therapies targeting PD-1 (and PD-L1) and CTLA-4 have proven
efficacious, there are still a great many patients who do not respond or develop resistance to
checkpoint blockade, suggesting the need for a greater understanding of the biological
processes regulating T cell dysfunction. To this end, a host of additional inhibitory checkpoint
receptors have been identified and found to be expressed on exhausted T cells [196], with
blocking antibodies against these receptors now in phase |, Il, and lll clinical trials for various
cancers [196]. However, this approach of targeting additional T cell inhibitory receptors does
not address the root problem, which is: what are the TCR-independent mechanisms responsible

for inducing inhibitory receptor expression in the TME in the first place [197]. Here, we have
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begun to answer this question in ccRCC and provide early evidence that SLAMF7-SLAMF7 self-
ligation between CD8* T cells and SLAMF7* TAMs may be driving T cell inhibitory receptor

expression and exhaustion.

Based on the temporal expression patterns we observe, it would seem that SLAMF7 is actually
one of the first receptors expressed on activated CD8* T cells following any sort of pro-
inflammatory stimuli. This observation has been noted at the single-cell level [219] and lends
credence to the idea that SLAMF7 may be one of the earliest counter-measures T cells use to
rein in over-activation. It accomplishes this by providing an early TCR-independent signal to
begin up-regulating expression of multiple inhibitory receptors immediately upon initial
activation or entrance into an inflammatory microenvironment. It also appears to reprogram
these cells by inducing numerous transcription factors known to positively modulate T cell
exhaustion programs. Notably, while SLAMF7 signaling on T cells does not impair their ability to
produce cytokines, it does lend them highly susceptible to signaling from multiple inhibitory
receptors, which would still result in the induction of non-functional T cells in the TME where
these signals are abundant. This is an important subtlety to the biology of SLAMF7 signaling on
T cells, and suggests that interruption of this signaling could result in effective anti-tumor

responses by T cells.

Already we have taken the first steps at understanding the underlying mechanism by finding
that SLAMF7 activation on CD8* T cells induces STAT1 and STAT3 phosphorylation.

Phosphorylated STAT3 in intra-tumoral T cells has been shown to induce PD-1 expression [242],
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inhibit effector T cells [242], and promote expansion of Tregs [242]; findings that we also
observe following SLAMF7 activation on T cells. Furthermore, there is evidence that EZH2 is
able to induce phosphorylation of STAT3 [243] and that CD38 is able modulate EZH2 activity
[244], suggesting SLAMF7 signaling in T cells may be inducing expression of inhibitory receptors
via a CD38-STAT3-EZH2 axis.

Contrary to STAT3, the role of STAT1 in modulating CD8* T cell signaling and exhaustion marker
expression is less well understood. There is evidence showing the potential for pSTAT1 to
induce expression of PD-1 in T cells and other immune cells [245]. Further confirming that
SLAMF7-mediated STAT1 phosphorylation is implicated in driving T cell exhaustion is the finding
that Tex*™ CD8* T cells are enriched with open chromatin regions bound by STAT1 [241], and
we find that in the absence of SLAMF7 there are fewer of these cells. Additionally, SLAMF7-
mediated increases in the expression of the exhaustion-controlling transcription factors YY1
[227], Blimp1 [224, 225], and EZH2 [226, 227], are likely potential mechanisms regulating T cell
exhaustion. The choice to study these transcription factors specifically, was made not only
because they are linked to T cell exhaustion, but because both Blimp1 and YY1 have been found
to control SLAMF7 expression [246, 247], which implies there may be reciprocal regulation
involved. Interestingly, Tex*™ CD8* T cells are enriched in open chromatin regions bound by
Blimp-1, we find that SLAMF7 activation induces Blimp-1, and in the absence of SLAMF7, there
are fewer Tex*™ cells, implicating another potential mechanism behind SLAMF7-specific effects

on T cells.
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The restricted B16-F10 tumor growth in SLAMF7- mice can potentially be explained by the
CDS8* T cell population shifts we see along the exhaustion development spectrum. Tex™ cells
(which we find significantly more of in the tumors of SLAMF77- mice) have been found to have
high cytotoxic capacity and lower expression of inhibitory receptors compared to the other
subsets recently described [241]. Having more of these cells is likely to provide a beneficial anti-
tumor response. How exactly SLAMF7 signaling drives cells away from Tex™™ towards Tex*™,

and if SLAMF7 mediates changes in TOX expression remain to be discovered.

Our discovery that high expression of both CD38 and SLAMF7 on TAMs marks a unique subset
strongly linked to T cell exhaustion and poor survival, helps to mechanistically explain why a
pervious study found M-5 TAMs to be so strongly associated with exhausted CD8* T cells [209].
M-5 TAMs have the highest expression of SLAMF7 of any of the other TAM subsets that were
identified, and the SLAMF7"e"CD38"8" TAM subset is composed of 70% M-5 TAMs [209]. It will
be important for future studies to determine if this unique TAM subset is present in the TME of
other cancers, and if so, does it also induce T cell inhibitory receptor expression. Along the
same lines, the results from our ex vivo TAM-T cell co-culture model support this proposed

mechanism, but do not provide conclusive, in vivo proof.

An important concept to consider as future studies are conducted to both better understand
the physiology of SLAMF7 signaling and attempt to therapeutically modulate it, is the sensitivity
of SLAMF7 to different methods of activation or inhibition. By targeting SLAMF7 with a ligand

attached to a solid surface (such as that of a cell culture plate or a cell membrane) as we have
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done here and previously [216], the receptor becomes activated and down-stream signaling is
initiated. However, adding soluble SLAMF7 ligands to the system might result in blocking of the
receptor and achieve effects directly opposite to that of receptor activation [216]. This makes
the study of SLAMF7 signaling very dependent on the experimental methods used and may
explain why other studies [248] reached different conclusions from this study.

Our analysis of the roles played by SLAMF7 on both T cells and tumor-associated
macrophages, incorporating a combination of multi-parametric spectral cytometry and targeted
analysis of existing datasets, provide early evidence implicating a novel immune evasion

mechanism employed by tumors.
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Abstract
The discovery that targeted manipulation of the immune system against tumors is capable of
achieving responses in otherwise refractory cancers has spurred efforts aimed at optimizing
such strategies. To this end, we have previously investigated cancer immunotherapy
approaches utilizing recombinant adenovirus vectors, as well as via manipulation of the self-
ligand receptor SLAMF7. Here, we present a viral-based immunotherapy approach employing
targeted delivery of a recombinant SLAMF7-Fc fusion protein directly into tumors at high
concentrations via a recombinant adenoviral vector (Ad-SF7-Fc). Using multiple murine cancer
models, we show Ad-SF7-Fc is able to induce tumor control via augmentation of innate
immunity; specifically, type | interferon, dendritic cell, and macrophage responses. Analogously,
we find that modulating SLAMF7 signaling via an adenoviral vector expressing its intra-cellular
adaptor, EAT-2, is also capable of inducing tumor control. Finally, we employ a novel in vivo
prediction approach and dataset integration with machine learning to dissect how Ad-SF7-Fc
modulates cell type-specific responses in the TME to achieve tumor control. Our novel
combinatorial cancer immunotherapy highlights the benefit of multi-modal immune
modulation and lays a framework for combination with complementary approaches capable of

inducing adaptive immune responses.

Introduction
Cancer immunotherapy has revolutionized the way we think about cancer from both treatment
and research perspectives. [249] Currently, the most clinically successful approaches to

antagonize the immune system against tumors rely on the use of monoclonal antibodies which,
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for the most part, modulate T cell responses. [250] While highly efficacious in subsets of
patients with certain cancers, [249, 250] these antibodies still suffer a number of limitations,
not limited to: their non-selective targeting of immune cells systemically, induction of
autoimmunity, [251] development of resistance, [252] high production cost, and exaggerated
adverse effects when used in combination. [205] As an alternative approach to induce anti-
cancer immune responses, recombinant viral vectors have been investigated, including a
number of studies and clinical trials using human recombinant adenovirus vectors. [253, 254]
These viral approaches function via multiple mechanisms including direct cytolysis of tumor
cells and augmentation of anti-tumor immune responses, [254] but have fallen short of the
impressive responses produced by monoclonal antibodies. [249, 250] Combining antibody-
based and viral-based approaches has the potential to address a number of the issues faced by

these individual therapies.

The signaling lymphocytic activation molecule family member 7 (SLAMF7) (CRACC, CD319, CS-1)
is a self-ligand receptor, restricted to hematopoietic cells and expressed at varying frequencies
on different immune cell subsets. [27, 215, 255] SLAMF7 is capable of mediating both activating
and inhibitory signals in immune cells; a distinction largely dependent on the presence of its
adaptor protein, Ewing’s sarcoma-associated transcript 2 (EAT-2). [159] When SLAMF7 is
activated in the presence of EAT-2, EAT-2 binds to SLAMF7’s phosphorylated intracellular
immunoreceptor tyrosine-based switch motif (ITSM) and mediates immune cell activation,
while in the absence of EAT-2, various inhibitory SH2 domain-containing phosphatases are

recruited to SLAMF7’s ITSM. [91, 159] We recently demonstrated that SLAMF7 activation in

117



type | interferon stimulated monocytes, which lack EAT-2, results in inhibition of pro-
inflammatory chemokine responses. [27] We also found that SLAMF7 signaling on CD8+ T cells
reprograms them towards an exhausted phenotype; a finding of particular relevance to cancer

immunotherapy. [255]

Extending these findings, we recently demonstrated that targeting SLAMF7 using a SLAMF7-Fc
(CRACC-Fc, SF7-Fc) fusion protein enhanced natural killer (NK) cell and dendritic cell (DC)
activation. [256] Therefore, we hypothesized that a recombinant adenovirus vector expressing
SLAMF7-Fc (Ad-SF7-Fc) may augment anti-tumor responses via localized immune activation
from both the adenovirus vector and SLAMF7-Fc, while delivering high levels of SLAMF7-Fc to
the tumor microenvironment (TME) in a targeted, cost-effective manner. Through testing Ad-
SF7-Fc across multiple murine cancer models, we found this integrated immunotherapy capable
of augmenting innate immune responses and concordantly controlling tumor growth. Novel in
vivo prediction approaches confirm Ad-SF7-Fc is capable of augmenting pro-inflammatory DC
responses and suggest that SLAMF7 activation on plasmacytoid dendritic cells (pDCs) may be
particularly efficacious in inducing anti-tumor immunity. Finally, we employ a machine learning-

based approach to identify the factors critical to tumor control by Ad-SF7-Fc.
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Results
Ad-SF7-Fc induces high expression of SF7-Fc and activates the innate immune system.
While we found that our SF7-Fc fusion protein was able to modulate SLAMF7 signaling and

induce innate immune activation, [256] production of large amounts of recombinant proteins
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FIGURE 22: Ad-SF7-Fc expresses SF7-Fc and activates NK cells and DCs.

(A) HEK-293-C7 cells (n=3) were control treated with PBS (naive) or infected at an MOI of
1x10* with Ad-null or Ad-SF7-Fc overnight and SLAMF7 gene expression was assessed.
Balb/c mice were injected 1.V. with 1x10% v.p. of Ad-null (n=6), Ad-SF7-Fc (n=6), or not
injected (naive, n=3), spleens were harvested 10 hours later and immune cell phenotype
was analyzed by flow cytometry. (B) IFNy production by NK cells. (C) CD69 expression on
NK cells. (D) CD86 expression on cDC2 cells. (E) CD86 expression on macrophages. All data
presented as mean + SEM and representative of a single experiment. Groups compared
with one-way ANOVA with Tukey’s multiple comparison test. *p<0.05; **p<0.01;
**%¥p<0.001; ****p<0.0001; n.s. not significant.

like SF7-Fc is expensive and delivery to specific locations challenging. [257, 258] To address this,

we constructed a recombinant, replication deficient adenovirus vector capable of expressing
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SF7-Fc (Ad-SF7-Fc). We first confirmed the ability of Ad-SF7-Fc to express SF7-Fc by infecting

HEK293 cells (Fig. 22A).

Previously we found co-administration of SF7-Fc fusion protein and Ad-null increased IFNy
production by NK cells, [256] and here found that treatment with Ad-SF7-Fc increased IFNy
production and CD69 expression on NK cells compared to an empty adenovirus vector (Ad-null)
(Fig. 22B, C and Supplementary Fig. 7A). Since we also found that SF7-Fc was capable of
activating DCs, [256] we investigated myeloid responses following treatment with Ad-SF7-Fc,
and observed increased CD86 expression on DCs (Fig. 22D and Supplementary Fig. 7B) and
macrophages (Fig. 22E and Supplementary Fig. 7B). Additionally, Ad-SF7-Fc was able to
augment immune cell activation on B cells, CD8* T cells, and CD4* T cells (Supplemental Fig. 6A-

C).

Ad-SF7-Fc augments Th1l cytokine and interferon responses.

To investigate the impact of Ad-SF7-Fc on cytokine responses, we evaluated splenic gene
expression in mice six hours post-vector injection. We found upregulation of //12, Csf2 (GM-
CSF), and 1/6 (Fig. 23A). Interestingly, Ad-SF7-Fc decreased expression of CXCL10 (IP-10)
compared to Ad-null (Fig. 23A), suggesting SF7-Fc may be activating SLAMF7 on monocytes; a
result consistent with our previous work. [27] Since NK cell activation is mediated by type |
interferons and we previously found SLAMF7 is both an interferon (IFN) responsive gene and

modulator of specific IFN responses, we investigated if Ad-SF7-Fc could augment type | IFN
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FIGURE 23: Ad-SF7-Fc induces a Th1 cytokine and interferon
response.

(A) Balb/c mice were injected 1.V. with 1x10'° v.p. of Ad-null,
Ad-SF7-Fc, or not injected (naive) and six hours later
spleens were collected for RNA analysis. Balb/c mice were
injected 1.V. with 1x10"° v.p. of Ad-null, Ad-SF7-Fc, or not
injected (naive) and 10 hours later plasma was collected for
cytokine analysis. (B) Plasma levels of IL-12(p40) and MIP-
1B were compared across treatment groups. All data
presented as mean + SEM and representative of a single
experiment. Groups compared with one-way ANOVA with
Tukey’s multiple comparison test. **p<0.01; ***p<0.001;
****p<0.0001; n.s. not significant.

responses. Compared to Ad-null, we found Ad-SF7-Fc increased the expression of Ifna, Ifnb,

Isg15, and Oas2 (Fig. 23A). Furthermore, we confirmed induction of IL-12(p40) and MIP-13

(CCL4) proteins in the plasma of mice following treatment with Ad-SF7-Fc (Fig. 23B).
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(A) CT26 cells were untreated (naive) (n=3) or infected at an MOI of 1x102 with Ad-null (n=3) or Ad-SF7-Fc
(n=3) virus overnight. mMRNA was isolated from cells and SLAMF7 expression was assessed. (B) Balb/c
mice were injected S.Q. in the flank with 1.5x10° CT26 cells and 14 days later mice were injected I.T. with
1x10'° v.p. of Ad-SF7-Fc (n=2) or not injected (naive) (n=2). Tumors were harvested 14 hours later and
SLAMF7 gene expression was assessed. Balb/c mice were injected S.Q. with 1.5x10°% CT26 cells and eight
days later mice were split into three groups: Ad-null (n=14), Ad-SF7-Fc (n=14), and not injected (naive,
n=15). All viruses were injected |.T. (C) Kaplan-Meier survival curve of virus treated mice. (D) Tumor
volumes in virus treated mice. Splenocytes (E) or NK cells (F) from naive mice were incubated with CFSE
labeled CT26 cells and cultured in presence of plasma from Ad-null/CT26 lysate vaccinated, Ad-SF7-
Fc/CT26 lysate vaccinated, or non-vaccinated mice. CT26 viability was assessed by flow cytometry to
determine percent killing. (G) CT26 tumors were harvested from mice used in (E and F) and IHC was
performed for CD3, CD8, and DX5. All data presented as mean + SEM and representative of a single
experiment. Groups in (A, E, F, and G) compared with one-way ANOVA with Tukey’s multiple comparison
test. Log-rank test used to compare groups in (C). Mixed effects analysis with Tukey’s post-hoc test used to
compare groups in (D). *p<0.05; ****p<0.0001; n.s. not significant.
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Ad-SF7-Fc controls CT26 tumor growth in the absence of increased adaptive immune
responses.

To examine if Ad-SF7-Fc could function as a cancer immunotherapy in vivo we utilized the CT26
mouse model. We confirmed successful expression of SF7-Fc in CT26 cells in vitro (Fig. 24A) and
in vivo (Fig. 24B). We then treated established tumors I.T. with Ad-null, Ad-SF7-Fc, or untreated
(naive). We found significantly increased survival in Ad-SF7-Fc treated mice (Fig. 24C) and
decreased tumor volume in Ad-SF7-Fc treated compared to naive mice, with a strong trend

towards significance when compared to Ad-null (Fig. 24D).

To investigate if the tumor control we observed was due to an increased adaptive immune
response we assessed tumor antigen-specific B cell memory responses in the plasma of mice
co-vaccinated with various adenovirus vectors and CT26 tumor lysate. We found Ad-SF7-
Fc/CT26 lysate co-vaccinated mice produced only slightly higher levels of CT26-specific
antibodies compared to Ad-null/CT26 lysate (Supplemental Fig. 8A). Functional ADCC assays
using antibodies generated during the aforementioned vaccinations with either total
splenocytes (Fig. 24E) or isolated NK cells (Fig. 24F) and CFSE-labeled CT26 cells, showed no
significant difference between groups. We also assessed NK and T cell infiltration into CT26
tumors from vaccinated mice, finding a moderate increase in CD3* T cells and DX5* NK cells in
mice vaccinated with Ad-SF7-Fc/CT26 lysate compared Ad-null (Fig. 24G). Altogether, this

suggests that Ad-SF7-Fc does not increased adaptive immune responses in the CT26 model.
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Ad-SF7-Fc controls B16-F10 tumor growth without modulating T cell exhaustion or
remodeling the TME.

Since we found that Ad-SF7-Fc augments Th1 cytokine/chemokine responses, and because it is
known that Balb/c mice have Th2 skewed immune responses, [259] we reasoned that Ad-SF7-
Fc may function better in the B16-F10 tumor model in C57BL/6 mice. We found significantly
reduced tumor volumes and improved survival in B16 tumors treated with Ad-SF7-Fc compared
to Ad-null (Fig. 25A, B). Considering we recently discovered that SLAMF7 signaling on CD8* T
cells reprograms them towards exhaustion, [255] we assessed exhaustion status of CD8* TlLs
from B16 tumors. We found no change in the frequency of Tox"8"PD-1"&" exhausted CD8* TiLs,
nor any surface markers of T cell exhaustion, or proliferation in Ad-SF7-Fc treated tumors (Fig.
25C-F and Supplemental Fig. 7C, D and Supplemental Fig. 9A-D). Furthermore, we found no
changes in the same markers on CD4* TlLs (Supplemental Fig. 9E-1). After reconstructing the
exhaustion developmental trajectory in CD8* TiLs, [241, 255] we found that Ad-SF7-Fc does not

impact progression through this trajectory (Fig. 25G).

We also profiled the immune TME of these mice using high dimensional single-cell spectral
cytometry. Unbiased clustering revealed 11 distinct immune cell subsets (Fig. 25H), each
displaying expected marker expression patterns (Fig. 251). The frequency of each cell subset did
not significantly change between Ad-SF7-Fc and Ad-null treated B16 tumors (Fig. 25J),

suggesting that Ad-SF7-Fc does not globally remodel the TME.

125



A 3000 B16-F10 B
— -o- Ad-Null et
% 2500 o — .
£ -©- Ad-SF7-Fc g 100 -
=~ 2000 s
g 000 £ 15 == Ad-Nul *
@ *
E] s - Ad-SF7-|
2 15001 | T injection 4 —= Ad-SF7-Fc
2 10004 g
] 3
£ S 25
2 500 E
04 T T T T T T 1 0 — T T T T T T T 1
Days 0 6 8 10 12 14 16 18 Days 0 2 4 6 8 10 12 14 16 18
C 807 n.s. DA 25 n.s. E 50 n.s. F,_\ 100 n.s.
s - s T
5 % ) o, 2
L 601 oo 8 204 % g a0 0 8 8o
E 3 + o l‘ !-_
L5 & 15 & %o 30 2 60
5 k40 o O H aQ o
%k e 3| Sl fg :
cQ 9 & 10 o] i & 40
= ‘:’,20_ .u ] o220 o 8
9 010 3 s % N 10 o o 20
< = q =
8 s g
hd T T 0 T T
» < » <
& o & &
v 2 Ao s‘"
G % "
509 e~ Ad-Null -
2 40 o AdSFT-Fo L.
o
=30 L
©
8
< 20 =
£ 10 |
0 ! ! T T !gﬁc:?ﬁfgzgamgsﬂﬁ@ﬂ,ag—gag
TexProg! TexProg2  Texint — Texterm §352%¢ 858288878588 °c88688¢%
i3 o 3 o o w
- 3 a
Exhaustic pDCs DCs CCR2voh Monocytes  Neutrophils
) i :
H S e T
15 10 20+ o
i‘ p 1 ° 5 104
£ w1 54 oAl S
0 0+ . 0+ L
| ] TAMs Pro-B cell derived o vtes CD8+ T cells
- @‘2 o | 30]
4 : % 9 15 30+
&7“' F = 7 * | 201 .
g g, 109 @ 5 104 .
- ' 0 0+ 0 04, —
o s CD4+ T cells NK cells B cells
® CCR2_high Monocytes . 60 .
o H 9 3
5 : I (PO B3 o= [ A
% . ols . G;:I. ; $ 20 g Wl Ad-sF7-Fc
L J ct
UMAP 1 o oo o . "- . ol

FIGURE 25: Ad-SF7-Fc controls B16 tumor growth without affecting T cell exhaustion or remodeling the TME.

(A) C57BL/6 mice were inoculated with 4x10° B16-F10 cells and on day seven were treated I.T. with 1x10%° v.p. of
either Ad-null or Ad-SF7-Fc. (B) Kaplan-Meier survival curve of virus treated mice. TILs from virus treated B16
tumors were isolated on day 18 and the frequency of TOX"€"PD-1"g" CD8* T cells (C), LAG3+ CD8* T cells (D), 2B4+
CD8* T cells (E), and CD38+ CD8* T cells (F) was assessed. (G) The exhaustion developmental trajectory (assessed by
co-expression of SLAMF6 and CD69) of CD8* TILs was compared between Ad-null and Ad-SF7-Fc treated tumors. (H)
Tumor infiltrating immune cells from Ad-null and Ad-SF7-Fc treated B16 tumors were assessed by high dimensional
single-cell spectral cytometry. FlowSOM generated clusters were displayed on a UMAP dimensionally reduction
plot. (I) Marker expression across all clusters in (H). (J) Frequency of each immune cell subset from (H and I)
compared across Ad-null and Ad-SF7-Fc treated B16 tumors. Data in (A and G) presented as mean + SEM. Log-rank
test used to compare groups in (B). Two-way ANOVA with Tukey’s multiple comparison test used to compare
groups in (A and G). Unpaired, two-tailed t test used to compare groups in (C-F). A GLMM was used to compare
groups in (J). All data representative of 2 independent experiments showing similar results. **p<0.01;
****n<0.0001; n.s. not significant. AF; autofluorescence.
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SLAMF7 expression across the TME and tumor-infiltrating myeloid cell phenotypes in Ad-SF7-
Fc treated mice.

We next wanted to identify which cell types in the TME express SLAMF7, and thus might be
modulated by Ad-SF7-Fc. Utilizing B16 tumor-bearing SLAMF7 deficient (SLAMF77/") mice
treated with Ad-null, we determined SLAMF7 expression across the TME (Fig. 26A). Because we
previously found that Ad-SF7-Fc was able to induce DC activation (Fig. 22D) and IL-12
production (Fig. 23A, B), we wished to further investigate tumor-infiltrating DC phenotypes in
our B16 model. Notably, we included markers in our panel allowing the identification of the
recently described mregDC subset. [260] We identified seven distinct DC subsets (Fig. 26B, C).
Importantly, we found our panel was capable of efficiently identifying mregDCs in an unbiased
manner (Fig. 26B, C and Supplemental Fig. 10A). We identified high co-expression of SLAMF7
and CD38 on the DC1 B subset (Fig. 26D) which was intriguing as we recently identified a
pathogenic subset of TAMs in clear cell renal cell carcinoma (ccRCC) co-expressing the same
markers. [255] Comparison of frequencies of DC subsets across Ad-SF7-Fc treated mice
responding or not responding to treatment, we noted that responding mice had more of the
DC1 B subset, suggesting that, in contrast to TAMs, DCs co-expressing these markers might be
anti-tumorigenic (Fig. 26E). This is not surprising as DCs are known to express EAT-2, [9]
suggesting SLAMF7 activation in these cells induces IL-12 and pro-inflammatory responses.
Supporting this, we found higher expression of IL-12 and other pro-inflammatory cytokines in

the tumors of Ad-SF7-Fc treated B16 tumors compared to Ad-null (Fig. 26F).

We investigated TAM heterogeneity in our model, finding nine TAM subsets (Fig. 26G, H). We

found a SLAMF7"e"CD38"e" TAM subset similar to the one we previously identified in ccRCC
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patients, [255] suggesting this subset may be conserved across tumors and species (Fig. 26G,

H). Ad-SF7-Fc treatment did not alter the frequency of this subset (Supplemental Fig. 10C) We
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FIGURE 26: SLAMF7 expression across the TME and tumor inflating myeloid cell phenotypes following Ad-
SF7-Fc treatment.

(A) SLAMF7 expression across immune cell subsets in B16 tumors following Ad-null treatment. (B) DC subsets in
tumors treated with either Ad-null or Ad-SF7-Fc clustered with FlowSOM and displayed with UMAP. (C) Marker
expression from clusters in (B). (D) CD38 and SLAMF7 expression displayed on UMAP plot of DCs from (B). (E)
Frequency of DC subsets between mice whose B16 tumors respond to I.T. adenovirus treatment or not. (F)
Cytokine and chemokine expression from Ad-null and Ad-SF7-Fc treated B16 tumors. (G) TAM subsets in tumors
treated with either Ad-null or Ad-SF7-Fc clustered with FlowSOM and displayed with UMAP. (H) Marker
expression from clusters in (G). (I) Co-expression of SLAMF7 and PD-L1 on all TAMs (colored by subset). (J)
Spearman’s correlation coefficient of SLAMF7 and PD-L1 on all immune cell subsets from B16 tumors treated
with adenovirus. A GLMM was used to compare groups in (E). Unpaired, two-tailed t test used to compare
groups in (F). All data representative of 2 independent experiments showing similar results. AF;
autofluorescence.
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also found that subsets expressing SLAMF7 also co-expressed PD-L1, with a correlation of 0.6
(Fig. 261 and Supplemental Fig. 10B). We extended this analysis across the TME and found it to

be conserved across myeloid cells, except for pDCs and neutrophils (Fig. 26J). [27]

EAT-2 expression in tumor-infiltrating innate immune cells identifies mice able to control B16
tumors.

Since the presence of EAT -2 determines whether SLAMF7 functions as an activating or
inhibitory receptor, [159] we examined EAT-2 expression in tumor-infiltrating immune cells in
our B16 model. While we found that treatment with Ad-SF7-Fc did not change EAT-2 levels in
NK cells or DCs compared to Ad-null (data not shown), we found that B16 tumors responding to

adenovirus treatment had significantly higher expression of EAT-2 in NK cells (Fig. 27A), cDC2
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(A) Expression of EAT-2 in B16 tumor-infiltrating NK cells from tumors treated with adenovirus. (B)
Expression of EAT-2 in B16 tumor-infiltrating cDC2 cells from tumors treated with adenovirus. (C)
Expression of EAT-2 in B16 tumor-infiltrating cDC1 cells from tumors treated with adenovirus. (D) Tumor
volumes of CT26 tumors treated I.T. twice with 1x10% v.p. of either Ad-null or Ad-EAT-2. All data presented
as mean + SEM and representative of a single experiment. Two-way ANOVA with Tukey’s multiple
comparison test used to compare groups in (D). Unpaired, two-tailed t test used to compare groups in (A-
C). **p<0.01; ***p<0.001; ****p<0.0001.

(Fig. 27B), and cDC1 (Fig. 27C). To confirm this in vivo, we treated CT26 tumors I.T. with a

previously described adenovirus expressing EAT-2 [113] and found that mice receiving this virus
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displayed superior tumor control compared to Ad-null (Fig. 27D). These findings suggest that
modulating SLAMF7 signaling to be solely pro-inflammatory in innate, tumor-infiltrating,

immune cells can result in tumor control.
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(A) Schematic overview of experimental design. (B) Dot plot of SLAMF7 and
SLAMF7_score for NK cells (See Materials and Methods), with cells predicted to have
their SLAMF7 receptor activated colored purple and cells predicted to have their
receptor blocked colored orange. Pie charts under each dot plot display frequency of
predictions. (C) Same as (B), but for DCs. (D) Same as (B), but for TAMs. (E) Same as (B),
but for pDCs. (F) Log, transformed ratio of frequency of SLAMF7 activation to blocking
for each cell type in the TME with SLAMF7 expression. (G) Percent change in the ratio of
predicted SLAMF7 activation to blocking between B16 tumors responding to Ad-SF7-Fc
and not responding; plotted for each cell type. (H) Heatmap of differential marker
expression across B16 tumor-infiltrating immune cell subsets in Ad-null treated WT and
SLAMF77* mice. P-value adjusted for multiple comparisons displayed on right of each
row. Only markers below a FDR of 0.6 are displayed.
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Cell type specific, single-cell predictions of the function of Ad-SF7-Fc in vivo.
Because SLAMF7 is a homotypic receptor, and since SF7-Fc is composed of the extracellular
domain of SLAMF7, SF7-Fc can conceivably function to both activate and/or block SLAMF7

signaling depending on local environmental factors and

the cell type in question. Additionally, activating or blocking SLAMF7 can have vastly different
outcomes on different cell types depending on the presence of EAT-2 [159, 215] which may
mechanistically explain how Ad-SF7-Fc achieves tumor control. Therefore, we devised an
approach using high dimensional spectral cytometry which allowed us to predict if SF7-Fc was
activating or b locking SLAMF7 at the single cell level (Fig. 28A; see Materials and Methods). We
found that Ad-SF7-Fc was primarily activating DCs and monocytes, having equally opposing
effects on TAMs and CD8* T cells, and primarily blocking pDCs and NK cells (Fig. 28B-F and
Supplemental Fig. 11C, D). We next calculated the ratio of SLAMF7 activation versus blocking on
each cell type between mice responding or not to Ad-SF7-Fc, finding that responding mice had

considerably more pDC activation (Fig. 28G).

Alterations in the immune TME in SLAMF7-/- mice.

We also compared immune cell subsets between the WT (Ad-null treated) and SLAMF77/ (Ad-
null treated) mice used for prediction analyses, finding decreased levels of NK and CD8* T cells
in the TME of SLAMF77/- mice (Supplemental Fig. 11E); the later consistent with our previous
work. [255] We investigated TAM subsets in these mice and found a dramatic re-structuring of

the TAM landscape in SLAMF77 mice (Supplemental Fig. 11F, G). Finally, we identified all
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FIGURE 29: iEN machine learning identifies factors underlying tumor response to Ad-SF7-Fc.

(A) Schematic overview of experimental design. (B) ROC curves of iEN model performance with and
without inclusion of priors. (C) Comparison of iEN predicted values (arbitrary units) between responders,
with statistical comparison performed with Wilcoxon sum rank test. (D) iEN model network where each
node is a feature entered into the model and is scaled by its individual AUROC. Edges are significant
spearman correlations between features (p<0.05) after bonferroni correction for multiple comparisons.
Nodes are colored by the dataset they originate from and communities of shared immunological
archetypes are highlighted. (E) The same network from (D), but with nodes colored by iEN model
coefficients identifying features increased or decreased in responders and which contributed to model
performance. Noncontributory features have a 0 iEN model coefficient. Data analyzed/presented is
aggregated from two independent B16 tumor experiments.

markers on all cell subsets statistically different between WT and SLAMF77- mice and found

decreased PD-1 and increased PD-L1 on NK cells (Fig. 28H). Together, these findings highlight
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the broad and diverse roles of SLAMF7 signaling in the TME.

Immunological Elastic Net identifies features underlying tumor response to Ad-SF7-Fc.

In order to determine why some tumors respond with an attenuation of growth to Ad-SF7-Fc
and others do not, we employed a machine learning-based approach using the recently
described immunological Elastic Net (iEN) algorithm. [261] Into iEN, we input multiple datasets
representing a host of systemic and tumor-localized immune measurements, and a table of
immune-specific priors (Fig. 29A and Supplemental table 2; see Materials and Methods). We
validated that our iEN model is able to discriminate responders from non-responders, and that
the addition of our priors improves model performance (Fig. 29B, C). To determine the factors
allowing iEN to identify responders, we generated and performed a network analysis (See
Materials and Methods) which showed clustering of common immune archetypes (Fig. 29D).
Coloring features on the network by those which were increased or decreased in responding
B16 tumors, we found many expected changes like: increased CD8* T cells, more TexP™©e! CD8* T
cells, [241] increased IFNy in tumors, [262] less neutrophils (MDSCs), [263] less TAMs, and less
CD206 expression on TAMs (Fig. 29E and Supplemental table 3). [264, 265] Critically, we found
a number of features supporting the ability of SLAMF7 signaling to modulate tumor control,
buttressing our hypothesis that SF7-Fc functions to control tumor growth via DC and innate
immune cell stimulation. iEN found increased levels of IL-12(p40) in tumors and increased
SLAMF7 on TAMs and DCs (Fig. 29E and Supplemental table 3). iEN also found that higher
predicted activation of SLAMF7 on TAMs was important in separating responders, which, paired

with our earlier data showing high co-expression of SLAMF7 and PD-L1 on TAMs, suggests that
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SLAMF7 may be able to modulate this immune suppressive pathway to achieve tumor control

(Fig. 29E and Supplemental table 3).

Discussion
The finding that modulation of SLAMF7 signaling in the setting of viral-based immune activation
is capable of inducing tumor control is not unexpected, given what is presently known about
SLAMF?7. Specifically, the ability of Ad-SF7-Fc to induce IL-12 production, putatively by DC
activation, is supported by previous findings that in myeloid cells lacking EAT-2, SLAMF7
activation inhibits IL-12 production. [164] As DCs are known to express EAT-2, [9] it is to be
expected that SLAMF7 activation in these cells should allow for IL-12 production. Due to the
well known importance of IL-12 in inducing anti-tumor immune responses, [266] SLAMF7
modulation of this pathway is likely one mechanism by which Ad-SF7-Fc achieves tumor
control. Complementing this IL-12 response is the strong type | IFN response induced by Ad-
SF7-Fc. Type | IFN responses can be beneficial in tumor control, and achieve this via multiple
mechanisms. [267, 268] Indeed, previous studies have found that IL-12 and type | IFNs can
synergize to induce potent immune activation [269] and there is much interest in combination
cancer immunotherapies involving IL-12. [270] Since pDCs are one of the primary producers of
type | IFNs, [271] express SLAMF7 in the TME, and express EAT-2 (www.immgen.org), it is

plausible that SLAMF7 activation on intra-tumoral pDCs drives pDC production of type | IFNs.

Our discovery that Ad-SF7-Fc does not modulate T cell exhaustion in the TME, nor significantly
increase adaptive immune responses against tumors, was unexpected based on our previous

work. [255, 256] There are a number of explanations for this including: the use of an adenoviral
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vector to deliver SF7-Fc, contributions from the TME itself, and the potential for SF7-Fc to both
block and activate SLAMF7 simultaneously. The latter we worked to address using our novel in
vivo prediction approach which yielded results consistent with our other studies showing that
SF7-Fc activates DCs. Our approach also found that B16 tumors responding to Ad-SF7-Fc had
more SLAMF7 activation on pDCs, which corresponds with increased type | IFN production by
Ad-SF7-Fc. Since Ad-SF7-Fc does appear to both activate and block SLAMF7 on the same cell
subsets, our results suggest that targeting SLAMF7 modulation to particular immune cell types

could prove more effective.

Our studies utilizing SLAMF77- mice have yielded a number of insights into the role of SLAMF7
in the TME. Among these is the decreased frequency of NK and CD8* T cells in the TME of
SLAMF77- mice, which is consistent with our previous work, [255] and provides evidence that
SLAMF7 may function as an adhesion molecule important for lymphocyte egress and residency
in the TME. Discovering tumor-infiltrating NK cells from SLAMF77- mice do not express PD-1 in
contrast to WT mice is particularly interesting given that we recently found SLAMF7 signaling on
T cells is able to modulate PD-1 expression, [255] suggesting a similar mechanism may be
present in NK cells and may contribute to tumor control as PD-1 signaling is inhibitory on NK
cells. [272] Analogously, we found increased PD-L1 expression on NK cells from SLAMF77/- mice,

supporting potentially linked roles for SLAMF7 in the regulation of this receptor pair.

Perhaps most interesting, was the strong co-expression of SLAMF7 and PD-L1 on tumor-

infiltrating myeloid cells that we observed. Of the myeloid cell types expressing SLAMF7, DCs
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had the lowest co-expression of SLAMF7 with PD-L1, which may be due to the fact that these
cells express EAT-2, whereas the other subsets do not. [9] The high co-expression of these two
markers may also explain our previous findings that a subset of SLAMF7"e"CD38"&" TAMs was
linked to poor survival in ccRCC, since these cells have higher PD-L1 expression than other TAM
subsets (data not shown). [209, 255] The theory that SLAMF7 may be able to modulate PD-L1
expression on TAMs (or other myeloid cell types) is supported by results from our machine
learning analysis of responses to Ad-SF7-Fc. Here, we found that responders counterintuitively
had higher expression of PD-L1 on TAMs, but also had more SLAMF7 on TAMs, and critically,
more predicted SLAMF7 activation on TAMs. Taken together, this implies that either
modulation of SLAMF7 with SF7-Fc induces anti-tumor responses in TAMs, or the strong innate
immune response of Ad-SF7-Fc is capable of overcoming coincidentally induced pro-tumor TAM

responses.

By combining modulation of SLAMF7 signaling with delivery and immune stimulation via a
recombinant adenovirus vector, we provide proof-of-concept that such an approach is capable
of achieving superior tumor control compared to an empty viral vector. While our approach
functions primarily by augmentation of the innate immune system, future derivations of this
paradigm, capable of inducing adaptive immune responses, should prove highly effective as

cancer immunotherapeutics.
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Methods
Adenovirus Vector construction. All adenovirus used in this study are of human serotype 5. Ad-
null was constructed and purified as previously described. [273] Ad-SF7-Fc was constructed and
purified in a similar manner, where the SLAMF7 extracellular domain fused to mlgG1-Fc
(SLAMF7/mIgG-Fc) (NCBI Reference Sequence: NM_144539.5) was excised using primers
flanked by EcoRI and Hindlll restriction endonucleases (NEB, Ipswich, MA) from a plasmid
(Biomatik, Delaware, USA) and sub-cloned into the pShuttle vector, containing a CMV
expression cassette. The resulting pShuttle-SF7-Fc plasmid was linearized with Pmel restriction
enzyme and homologously recombined with the pAdEasyl Ad vector genome yielding Ad-SF7-
Fc. HEK293 cells were transfected with Pacl linearized plasmid and viable virus was obtained
and amplified after several rounds of expanding infection. Ad-SF7-Fc virus was purified using a
CsCly gradient. The number of viral particles was quantified using optical density measurement
at 260 nm, as previously described. [256] All viruses were found to be replication incompetent
(RCA free) by both RCA PCR (E1 region amplification) and direct sequencing methods, as

described previously. [113, 256]

Tumor models. All animal procedures were approved by the Michigan State University
Institutional Animal Care and Use Committee (http://iacuc.msu.edu/). SLAMF7”/ mice were
generated as previously described. [255] CT26 model: 8-week-old male Balb/c mice were
injected subcutaneously (S.Q.) in the flank with 1.5x10° CT26.CL25 (ATCC, CRL-2639) cells in 100
uL of PBS. Eight days later, once visible tumors formed, mice were split randomly into three

groups and were either injected intra-tumorally (1.T.) with 10%° viral particles (v.p.) of Ad-null
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(n=15), Ad-SF7-Fc (n=15), or not injected (n=14). Mice were monitored every 2-3 days and their
tumor size was assessed with calipers. Tumor size was calculated with the following formula:
0.5 x (Length x Width?). B16-F10 model: 4x10° B16 tumor cells were injected into the hind
flanks of 8-12 week old male C57BL/6J mice as previously described. [255] At day seven post-
tumor implantation I.T. injection of Ad-null or Ad-SF7-Fc (n=7-12 per treatment) was performed

using 10%° viral particles of respective virus.

Cell culture. CT26 and B16-F10 tumor cell lines were cultured in modified RPMI-1640 media
(ATCC, 30-2001) supplemented with 10% heat inactivated FBS, and 1X penicillin, streptomycin
and fungizone (PSF) (Invitrogen). HEK-293C7 cells were cultured in DMEM media,

supplemented with 10% FBS, 1X PSF, and hygromycin.

ADCC assays were performed as described previously. [114] Briefly, CFSE-stained CT26 cells
were plated at 1x10° cells/well in U-bottom 96-well cell culture plates. Total splenocytes from
naive mice were incubated with CFSE-CT26 cells (20:1 Effector:Target) and cultured for 18
hours in presence of plasma (1:200 dilution) from Ad-null/CT26 lysate, Ad-SF7-Fc/CT26 lysate
vaccinated, or non-vaccinated mice. Alternatively they were cultured with Dx5+ NK cells
isolated via magnetic beads (Miltenyi kit: 130-052-501) from naive mice and incubated with
CFSE-CT26 cells (1:1 E:T ratio) overnight in presence of plasma (1:50 dilution) from vaccinated
mice. Cultures contained 2 ng/mL of murine IL-2 (R&D). Trypsinized cells were stained with a

viability dye and analyzed by flow cytometry on a BD LSR Il cytometer.

Vaccination studies. 6-week-old Balb/c male mice were injected twice intramuscularly (1.M.)

(n=6) over a period of 1 month (days 0 and 12) with 200 pg of CT26 tumor lysate, tumor lysate +
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10%° v.p./mouse of Ad-null, tumor lysate + 10'° v.p./mouse of Ad-SF7-Fc, or not injected (naive,

n=4). On day 27, mice were sacrificed, tumors were harvested, and IHC was performed.

Tumor lysate preparation. Tumor lysates were prepared using five freeze-thaw cycles, followed
by sonication and centrifugation as described previously. [274] Sample concentration was
determined using BCA protein kit (Sigma-Aldrich) per manufacturer’s protocol and as previously

described, [275] after which the samples were stored in -80 2C until use.

Innate immune study. 6-week-old Balb/c male mice were injected I.V. with 10%° v.p. of Ad-null
(n=6), Ad-SF7-Fc (n=6), or not injected, naive (n=3). After 10 hours, plasma and spleens were

collected for Bioplex and flow cytometry analysis.

Flow cytometry and spectral cytometry. Cells were prepared and stained as previously
described. [255] All antibodies used are listed in (Supplemental table 4). Intracellular staining
was performed with the Cytofix/Perm kit (BD Biosciences) per manufacturer’s instructions.
Viability staining was performed with Zombie NIR Fixable Viability dye (BioLegend). Fc receptors
were blocked in all samples during staining with mouse Fc block (BD Biosciences). When
staining cells from B16 tumors, BD Brilliant Stain buffer (cat: 563794) was used per
manufacturer’s instruction. Samples were acquired on either a 5-laser Cytek Aurora Spectral
Cytometer or 3-laser BD LSR Il cytometer and data was analyzed using FlowJo version 10.6.1
(Tree Star) and/or R. All gating schemes can be found in (Supplemental Fig. 7). High dimensional
single-cell spectral cytometry was performed in R by first cleaning up the data in FlowJo
(Supplemental Fig. 7). Data was exported as FCS files which were loaded into R. The CATALYST

package was used to perform all analyses with a cell annotation and dimensionality reduction
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approach as previously described. [255, 276] An arcsinh transformation of 6000 was used for all
spectral cytometry data. Analysis was performed on cells pooled from all conditions as

previously described. [276]

Cytokine and Chemokine analysis. Mouse 23-analyte multiplex-based assay was used to
determine cytokine/chemokine concentrations via Luminex 100 per manufacturer’s protocol

(Bio-Rad), as previously described. [27, 256] (plasma was used at 1:4 dilution and 500 pg of

tumor lysate was loaded).

ELISA analysis. 6-week-old Balb/c male mice were given three doses of 200 pg of CT26 tumor
lysate and 10%° v.p. of Ad-null or Ad-SF7-Fc intraperitoneally (I.P.), or not injected over a period
of 5 weeks at which point they were injected with 2.5x10° CT26 tumor cells. At 41 days post
tumor challenge, plasma from Ad-null (n=6), Ad-SF7-Fc (n=7), and naive (n=2) mice was
collected. ELISA assessing levels of CT26-specific antibodies in the plasma was assessed as
described previously, [31] where 100 pg of CT26 lysate was plated per well in a high-binding 96-
well flat-bottom plate (Corning), incubated at 4°C overnight, and plasma was plated at 1:100,

1:200, and 1:500 dilutions.

Quantitative RT-PCR. 6-week-old Balb/c male mice were injected 1.V. with 10%° v.p. of Ad-null
(n=6), Ad-SF7-Fc (n=6) or not injected, naive (n=3). Six hours later, spleens were harvested and
snap frozen in liquid nitrogen. RNA was extracted using Trizol reagent (Life Technologies), per
manufacturer's protocol. cDNA was generated using SuperStrand First Strand Synthesis Kit IlI
(Invitrogen) from Trizol-isolated RNA per the manufacturer's protocol. Quantitative RT-PCR was

performed using SYBR green PCR Mastermix (Life Technologies) and analyzed on a
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QuantStudio? system (Thermofisher). The following primers were used: Isg15: For:

5’GGTGTCCGTGACTAACTCCAT3’, Rev: 5 TGGAAAGGGTAAGACCGTCCT’3; Oas2: For:
5'TTGAAGAGGAATACATGCGGAAG3’, Rev: 5’ GGGTCTGCATTACTGGCACTT3’; Ifna: For:
5’GCCTTGACACTCCTGGTACAAATGAG3’, Rev: 5’CAGCACATTGGCAGAGGAAGACAG3’; Ifnb: For:
5 TGGGTGGAATGAGACTATTGTTG3’, Rev: 5’CTCCCACGTCAATCTTTCCTC3’; Il6: For:
5’'TAGTCCTTCCTACCCCAATTTCC3’, Rev: 5’TTGGTCCTTAGCCACTCCTTC3’; /112: For:

5 TGGTTTGCCATCGTTTTGCTG3’, Rev: 5’ACAGAGGTTCACTGTTTCT3’; csf2: For:
5’GGCCTTGGAAGCATGTAGAGG3’, Rev: 5’GGAGAACTCGTTAGAGACGACTT3’; mGapdh: For:

3’AGAACATCATCCCTGCATCC3’, Rev: 5’°CACATTGGGGGTAGGAACAC3'.

HEK-293-C7 cells were plated at 2x10° cells/mL in 12-well plates in 500 pL of complete RPMI
media. Ad-null and Ad-SF7-Fc viruses were added at multiplicity of infection (MOI) of 10*
v.p./cell. Mock treated cells were treated with PBS. After 12 hours, RNA was extracted using
Trizol. Primers used: Slamf7: For: 5’5GGCACATGCGTGATCAATCT3’, Rev:
5’ATCGCCAAGCGATACTCAGA3’; hGAPDH: For: 5 GGGTGTGAACCATGAGAAGTATGAC3’, Rev:
5’'GCCATCCACAGTCTTCTGGGT3'. The AAC: method was used to compare gene expression across

conditions and all genes were normalized to GAPDH in all experiments.

Immunohistochemistry. Samples were fixed in 10% Neutral Buffered Formalin, embedded in
paraffin, and sectioned on a rotary microtome at 4um. Sections were placed on positively
charged slides and dried at 562C overnight. Following deparaffinization in Xylene, slides

underwent heat induced epitope retrieval in a steamer utilizing Scytek Citrate Plus Retrieval pH
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6.0 followed by several rinses in distilled water. Endogenous Peroxidase was blocked via a 3%
Hydrogen Peroxide/Methanol bath for 30 minutes. After blocking for non-specific protein with
Rodent Block M (Biocare) for 10 or 20 minutes; sections were incubated with appropriate
primary antibodies as described in (Supplemental table. 5). Micro-Polymer (Biocare) reagents
were subsequently applied for specified incubations followed by reaction development with
Romulin AEC™ (Biocare) and counterstained with Cat Hematoxylin. The number of positive cells
was manually counted under magnification 10X for CD3-stained, 20X for CD8-stained and 40X

for DX5-stained slides, where 5 areas per sample, and at least 2 sections per sample were used.

Intra-tumor immune cell isolation. Tumors were surgically removed from mice and placed in ice
cold PBS. Tumors were minced and non-tumor tissue was removed. Cell suspension was
pelleted and resuspended in RPMI with 0.5 mg/mL Collagenase IV (Milipore-Sigma) and 1x103
IU/mL DNasel (Millipore-Sigma) under constant, gentle agitation at 37'C for 1 hr. Digestion was
stopped with EDTA and RPMI-1640 supplemented with 10% FBS and cell suspension was
filtered through a 40um cell strainer. Cells were then subject to a Ficoll-Paque gradient

centrifugation step to enrich forimmune cells. [277]

SLAMF7 activating and blocking predictions. 24 hrs after a second I.T. injection of Ad-null or Ad-
SF7-Fc tumors were harvested, cells were stained, and analyzed on a Cytek Aurora spectral
cytometer, all as described above. We also confirmed that acute administration of adenovirus
does not remodel the TME (Supplemental Fig. 11B). Cells were clustered and annotated as
described above. To perform predictions, first we obtain a signature for what a cell with
SLAMF7 signaling looks like. To get this we first subset to just a single immune cell type,

calculate the median expression of each marker in that cell type in WT (Ad-null treated) and
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SLAMF77/- (Ad-null treated), and subtract the SLAMF77- marker expression values from WT. We
then select the markers with the most positive and most negative difference to use as a
signature. This is done via manual inspection and typically the top 3-4 and bottom 4-5 markers
were chosen. Markers that would never be expected to be expressed on a particular cell type
are excluded. This yields a SLAMF7 signature of both up-regulated and down-regulated markers

on a cell type-specific basis.

We then subset the same cell type from WT (Ad-SF7-Fc treated) mice and use the previously
calculated signature to generate a SLAMF7_score for each cell. The score is calculated using a
previously-published formula used to obtain signature scores from scRNA-seq data. [278]
Importantly, our prior work has shown that activation of SLAMF7 with SF7-Fc leads to its down-
regulation [27] and we confirmed that blocking SLAMF7 with SF7-Fc leads to its up-regulation
(Supplemental Fig. 11A). [27] Therefore, for each cell type we plot the SLAMF7_score by
SLAMF7 expression as a dot plot and expect that cells where SLAMF7 is being blocked should
have high SLAMF7 expression (Supplemental Fig. 11A) and a low SLAMF7_score, while cells
where SLAMF7 is being activated should have low SLAMF7 expression [27] and a high
SLAMF7_score. Cells where SLAMF7 is being activated or inhibited naturally come off the
diagonals so we select the cells at either extreme of the appropriate diagonals as being blocked

or activated.

145



To calculate outliers in an unbiased manner we identify the points on the plot representing the
intersection of the 25th percentile of SLAMF7 expression and the 75th percentile of
SLAMF7_score for defining the boundary of cells getting SLAMF7 blocked. We do the reverse
for cells getting SLAMF7 activated. We now calculate the slope of the diagonal lines passing
through each point with a linear model where the y-intercept for each line is the model
coefficient. To identify the points on either extreme of these lines we calculate and use the
corresponding residuals. This approach was performed only for cell types with considerable
levels of SLAMF7 expression (ie. not CD4* T cells and B cells, which express SLAMF7 at very low

levels).

iIEN machine learning analysis of tumor response to Ad-SF7-Fc. We first separate mice
inoculated with B16 tumors and treated with Ad-SF7-Fc into those who responded and those
who did not based on final tumor volume at time of sacrifice (Fig. 29A). Next, we pool together
all immune measurements made on these mice across various assays. We then generate a table
containing prior immunological knowledge about known responses to adenovirus vectors [31,
113, 279-285] and expected marker expression across different cell types (other immune
measurements were not weighted in our priors so as to not bias the algorithm) (Supplemental
table 2). We input all immune measurements into the immunological Elastic Net (iEN) algorithm
along with our priors and perform 10-fold cross validation. [261] Model validation is performed
by calculating the AUROC. Networks were generated as previously described. [261] Briefly, each

node is a feature entered into the iEN model and node sizes are scaled by their individual
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AUROC. Edges are significant spearman correlations between features (p<0.05) after bonferroni

correction for multiple comparisons. Imbedding in 2-D space was performed with tSNE.

Statistical analysis. Data in all graphs is presented as mean + SEM. Statistical analysis are listed
in all figure legends and were performed in either GraphPad Prism V8 or the R computing
environment. Cell subset frequency comparisons and differential marker expression on cell
subsets from experiments employing high dimensional spectral cytometry were statistically
compared with a GLMM implemented through the diffcyt R package. [286] All heatmaps were
locally scaled. No samples/mice were excluded from any analysis except for one Ad-null treated
WT and one Ad-SF7-Fc treated WT mouse from the same B16 tumor growth experiment, where

an outlier test identified the tumor volume in each mouse as a statistically significant outlier.

Data availability. Raw data and code used is available from authors upon reasonable request.
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Abstract
Background: Multiple sclerosis (MS) is a chronic, debilitating condition resulting from
autoimmunity against the CNS. The etiology is MS is complex, involving both environmental and
genetic factors, and is not yet fully understood. The body of research into MS points to
dysregulation of the immune system as the most likely culprit in driving disease susceptibility,
however, we still lack an understanding of how the many MS-associated genes contribute to
MS-driving immune disruption. We undertook a series of studies using the murine model of
CNS autoimmunity, experimental autoimmune encephalomyelitis (EAE), in order to determine

why the SLAMF7 gene has been linked to MS.

Methods: We subjected WT and SLAMF77- mice to EAE induced with the rmMOGj.15 antigen,
compared diseases severity between genotypes, and comprehensively profiled the CNS
immune landscape of these mice. We employed high dimensional single-cell spectral cytometry
on CNS immune cells of these mice allowing identification of all SLAMF7 expressing CNS
immune cells and comparison of the entire CNS immune niche. Studies were repeated with WT
and SLAMF77" mice on an IL-10° background allowing us to determine if SLAMF7 altered IL-10
production in the setting of EAE. We performed deep phenotyping of B cells using a targeted
high dimensional B cell spectral cytometry panel. Adoptive transfer studies involving the

transfer of WT and SLAMF77- B cells in to B cell deficient mice (LMT) were also performed.

Results: We found SLAMF77- mice to be more susceptible to EAE compared to WT mice and

found SLAMF7 to be expressed on numerous CNS immune cell subsets, but notable absent on
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microglia and exhibiting downregulation during EAE only on B cells. The absence of SLAMF7 did
not grossly alter the CNS immune landscape, but allowed for increased CNS B and CD4* T cell
infiltration during EAE. We confirmed that SLAMF7 does not alter CNS-specificimmune cell IL-
10 responses during EAE. Deep phenotyping of B cells from revealed disease and
microenvironment-specific SLAMF7 changes on plasma cells along with increased plasma cell
activation in SLAMF77- mice. Adoptive transfer studies revealed that the increased susceptibility
of SLAMF77/ mice to EAE is partly B cell dependent which correlated with studies showing

SLAMF7 drives B cell maturation.

Conclusions: Our investigations on the genetic linkage between SLAMF7 and MS have identified
novel roles for SLAMF7 in CNS immune regulation and revealed a new role for SLAMF7 in the

control of B cell maturation, particularly during CNS autoimmunity.

Introduction
Autoimmune diseases represent some of the most pathologically complex conditions in modern
medicine, both in terms of their causes and response to therapies. Multiple sclerosis (MS) is no
exception, and takes a significant toll on all those it affects as it often appears early in life,
progressively gets worse, and consequently, leads to many years of disability and hardship
[287]. Since the disease MS was first termed in 1868 [288], efforts have been underway to
identify both the underlying causative mechanisms and effective treatments. Our current
understanding of MS has identified both environmental and genetic links to MS susceptibility

[289], with immune dysfunction emerging as a unifying feature [4]. However, the immune
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system is recognized as one of the human body’s most complex organ systems, and we still
have much to learn regarding how complex immune interaction networks maintain health and

drive disease susceptibility [290, 291].

While there are a considerable number of available therapies for MS, most of them targeting
the immune system [292-294], many patients, particularly those with more aggressive forms of
the disease, fail to respond to these [8]. An example is the newer B cell depleting antibodies
(Ocrelizumab, Ofatumumab, etc) which have shown remarkable success in inducing remissions
in MS patients with the relapsing remitting subtype [294, 295], yet fail on patients with the
more severe primary progressive subtype [8]. To develop better MS therapeutics, we must first
understand how many of the genes linked to MS contribute to disease pathogenesis, allowing
for the construction of a unified framework linking specific disruptions in immune networks to

pathogenesis.

The International Multiple Sclerosis Genetics Consortium has made great strides in identifying
the plethora of genes linked to MS [4], yet few of these genes have been investigated in depth
to determine mechanistically how they contribute to susceptibility to CNS autoimmunity. Here,
we investigated the link between the SLAMF7 gene and MS [4, 116, 117]. SLAMF7 is a member
of the signaling lymphocytic activation molecule [SLAM] family of genes and is expressed only
on hematopoietic cells [9, 215]. SLAMF7 can drive either activating, proinflammatory signaling
in a cell or inhibitory signals, and which type of signaling SLAMF7 induces depends on the

presence of its intracellular adaptor, Ewing sarcoma-associated transcript 2 (EAT-2) [215]. In
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general, in cells with EAT-2, SLAMF7 signaling is activating and in the absence of EAT-2, it is
inhibitory [27, 215]. We have previously defined roles for SLAMF7 in a number of conditions
including HIV infection [27] and cancer [255], and have also worked to modulate SLAMF7
signaling for therapeutic benefit (O’Connell, P., et al. Under Review) [31, 80, 81, 112-114]. Using
the mouse model of MS, experimental autoimmune encephalomyelitis (EAE), we find SLAMF77/
mice to be more susceptible to CNS autoimmunity and we characterize SLAMF7 expression
across the CNS immune landscape. We further define CNS immune cell-specific changes driven
by SLAMF7 and identify a role for SLAMF7 in the modulation of B cell responses. Deep
phenotyping studies highlight specifically how SLAMF7 alters B and plasma cell responses, while
adoptive transfer studies confirm that a lack of SLAMF7 signaling on B cells contributes to EAE
susceptibility. These studies identify a novel role for SLAMF7 in the modulation of B cell
responses and provide early mechanistic evidence supporting the genetic link between SLAMF7

and MS.

Results
SLAMF?7 is protective against CNS autoimmunity and displays unique cell type expression
patterns.
To assess the global impact of SLAMF7 signaling on neuroinflammation, we subjected WT and
SLAMF77 mice to EAE induced with the rmMOGi.12s protein [132]. We found SLAMF77 mice to
be significantly more susceptible to EAE compared to WT mice (Fig. 30A, B). Since SLAMF7 is

only expressed on immune cells [9] and since immunological determinants are one of the
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(A) Clinical scores of WT (n=14) and SLAMF7/- mice (n=16) subjected to EAE induced with rmMOGj.1,s. (B)
Change in baseline weight for mice in (A). (C) UMAP of the entire CNS immune landscape in WT and SLAMF7-
/" mice subjected to EAE. The complete CNS immune landscape was assessed via high dimensional single-cell
spectral cytometry. (D) Marker expression on CNS immune cell subsets from (C). (E) Density plots of SLAMF7
expression across CNS immune subsets from (C). (F) Scaled SLAMF7 expression plotted on the UMAP
projection of all CNS immune cells from (C). (G) Histograms of SLAMF7 expression on CNS immune cell
subsets at steady state and during active EAE neuroinflammation. (H) SLAMF7 expression on all CNS immune
cells at steady state and during EAE. (I) Conical imagining of SLAMF7 and Ibal on mouse brain tissue during
peak EAE. Magnifications 1 and 2 highlight regions with SLAMF7* Ibal non-microglial cells and SLAMF7 Ibal*
microglia, respectively. Groups in (A) compared with a two-way ANOVA with Sidak’s multiple comparison
test, displayed with mean + SEM, and representative of two independent experiments showing similar
results. Groups in (B) compared with a two-way ANOVA with Fisher’s LSD test. Groups in (H) compared with
an unpaired two-way t-test and representative of a single experiment. *p<0.05, **p<0.01. BAMS, border-
associated macrophages; MdCs, myeloid-derived cells; AF, autofluorescence.

primary factors controlling EAE susceptibility [4], we profiled the entire CNS of mice during EAE
to both determine which cells express SLAMF7 and how SLAMF7 expression changes during

neuroinflammation. Employing high dimensional single-cell spectral cytometry [193, 255, 296]
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we reconstruct the entire CNS immune landscape during EAE and identify 11 immune cell
subsets (Fig. 30C, D and Supplementary Fig. 12A). We find SLAMF7 is expressed on many of the
same cell types in the CNS as in the periphery including: macrophages (termed border-
associated macrophages [BAMs] in the CNS), myeloid-derived cells (MdCs), pDCs, DCs, CD8+ T
cells, NK cells, and B cells, with minimal expression on a few other subsets (Fig. 30E, F).
Comparing SLAMF7 expression on various CNS immune cell subsets during steady state or
active neuroinflammation with EAE we found that SLAMF7 expression increased on BAMs, CD8*
T cells, and CD4* T cells (Fig. 30G), while decreasing on B cells (Fig. 30G). We also observed a
significant increase in the total frequency of SLAMF7* cells in the CNS during EAE compared to
steady state (Fig. 30H). This is to be expected since many of the infiltrating immune cells into
the CNS during EAE also express SLAMF7. Finally, while we found SLAMF7 expressed on a
number of CNS myeloid cell types, we did not observe any SLAMF7 expression on the most
populous CNS myeloid cell type, microglia (Fig. 30E, G). To confirm that microglia truly do not
express SLAMF7 we imaged brain of WT mice during EAE with confocal microscopy and found
punctate SLAMF7 staining on Ibal CNS immune cells and no SLAMF7 staining on any lbal*
microglial cells (Fig. 301). Together, these results highlight that SLAMF7 is broadly expressed in
the CNS at steady state and during neuroinflammation and plays some role in the regulation of

the latter.

SLAMF7-mediated changes in the CNS immune landscape during EAE.
We next compared the frequency of all CNS immune cell subsets (identified using our high

dimensional spectral cytometry approach) during EAE between WT and SLAMF77 mice and
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FIGURE 31: SLAMF7-induced changes in the CNS immune cell landscape and elsewhere during EAE.

(A) Frequency of various CNS immune cell subsets between WT (n=8) and SLAMF7- mice (n=8) during EAE
induced with rmMOGy.125. (B) Total number of various immune cell subsets in the CNS of WT (n=8) and SLAMF7/
mice (n=8) during EAE induced with rmMOGi.1;s. (C) Heatmap of differential marker expression on all CNS
immune cell subsets from WT and SLAMF77" mice during EAE with a FDR < 0.05. Adjusted p-value displayed on
the right of each row. (D) Interesting co-expression patterns of SLAMF7 with other regulatory markers on various
CNS immune cell subsets during EAE. Top left, co-expression of SLAMF7 and PD-1 on CD8* T cells; Top right,
SLAMF7 co-expression with CD38 on CD8* T cells; Bottom left, co-expression of SLAMF7 and Tim-3 on ¢DC1 cells;
Bottom right, co-expression of MHC-Il and SLAMF7 on MdCs. (E) Temporal expression of various
cytokines/chemokines in WT (n=6) and SLAMF77" mice (n=8) during EAE induced with rmMOG1.15s. (F) Top,
UMAP of all CNS microglia in WT mice during EAE with FlowSOM-defined clusters differentially colored. Bottom,
histograms of activation marker expression on microglia subsets from above. Notably, activated microglia have
very high protein-level expression of SLAMF9. Groups in (A, B) compared using unpaired two-way t-tests and
representative of two independent experiments showing similar results. Groups in (C) compared using a GLMM
and representative of a single experiment. Groups in (E) compared using a mixed effects model with Sidak’s
post-hoc test implemented through GraphPad Prism and representative of a single experiment. *p<0.05,
**p<0.01. BAMS, border-associated macrophages; MdCs, myeloid-derived cells.

found no significant changes (Fig. 31A). However, comparing the total number of various CNS

immune cell subsets in WT and SLAMF77- mice during EAE we found increased numbers of B
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cells, CD4* T cells, and MdCs in SLAMF77- mice (Fig. 31B). Interesting findings, considering both
B cell and CD4* T cells play critical roles in the pathogenesis of EAE and MS [5, 132, 133, 294,
297]. We also compared all significantly differentially expressed markers on all CNS immune cell
subsets between WT and SLAMF77- mice during EAE and found multiple changes on B cells (Fig.
31C). Specifically, SLAMF77- B cells had higher MHC-II expression, Tim3 expression, and
autofluorescence (Fig. 31C), suggesting these cells are highly-activated. We also observed a
number of interesting instances of SLAMF7 co-expressing with other regulatory receptors on
CNS immune cells during EAE including: PD-1 on CD8* T cells [255] (Fig. 31D), CD38 on CD8* T
cells (Fig. 31D), Tim3 on cDC1 cells (Fig. 31D), and MHC-Il on MdCs (Fig. 31D). After observing
that SLAMF7 was capable of modulating the phenotype of various CNS immune cells, we
wished to determine if SLAMF7 is also capable of modulating cytokine and chemokine
responses in mice during the course of EAE. We serially profiled plasma levels of multiple
cytokines and chemokines in WT and SLAMF77- mice and found a pattern of increased soluble
inflammatory mediators later in the disease course in SLAMF77- mice compared to WT mice
(Fig. 31E). Notably, while WT mice displayed a spike in plasma IL-17 levels at day five post-EAE
induction (Fig. 31E), SLAMF77- mice did not have increased levels of IL-17 (Fig. 31E). This
suggests that the increased susceptibility to EAE in SLAMF77/" mice is independent of Th17
responses, which are known to be a critical inflammatory pathway in the pathogenesis of

EAE/MS [298].

As an aside, we also measured the expression of a receptor related to SLAMF7, SLAMF9, on

microglial cells during EAE. SLAMF9 is one of the least studied members of the SLAM family, yet
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it has been linked to modulation of EAE susceptibility via control of pDC responses [38] and has
been identified at the mRNA level as being a specific marker of disease-associated microglia
(DAMs) [299]. Using high dimensional spectral cytometry and unbiased clustering with
FlowSOM, we identified a population of activated microglia in WT mice during EAE which
expressed high levels of MHC-1I, CD80, and SLAMF9, while expressing low levels of SiglecH; all
markers of microglia activation (Fig. 31F) [193]. By validating that SLAMF9 is expressed on the
cell surface of microglia at the protein level, this opens up the opportunity to both use SLAMF9

as a marker of DAMs and as a potential therapeutic target [300].

SLAMF7 does not alter the CNS-resident IL-10 immune niche during EAE.

A common mechanism of altered susceptibility to CNS autoimmunity is dysregulated immune
suppressive mechanisms, primarily IL-10-mediated [301-304]. Importantly, our previous work
found that SLAMF7 signaling was capable of driving STAT3 phosphorylation [255], which is a
critical driver of IL-10 production [305, 306]. Therefore, we hypothesized that lack of SLAMF7
signaling may be preventing appropriate pSTAT3-mediated IL-10 suppressive responses. To
examine this, we cross our SLAMF77- mice to IL-10°"" mice [307] allowing us to accurately
measure IL-10 across all cell types. We induced EAE with rmMOGi.125 in WT-IL-10%"" and

SLAMF77/--IL-10%F" mice and assessed the resident CNS immune landscape. We also performed
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(A) Frequency of resident [IV] versus circulating (IV*) CNS
immune cells in WT-IL-10%F" (n=3) and SLAMF77/--|L-10°" (n=5)
mice during EAE induced with rmMOGj.12s. (B) Frequency of IL-
10 producing cells in the CNS of WT-IL-10 (n=3) and SLAMF77
-IL-10%F7 (n=5) mice during EAE induced with rmMOG.12s. (C)
UMAP of all CNS-resident IL-10* immune cells in WT-IL-10°F and
SLAMF77/-IL-10%F mice during EAE. (D) Pie charts of all CNS-
resident IL-10* immune cells in WT-IL-10%7" and SLAMF7/-|L-
10° mice during EAE. Groups in (D) compared with a GLMM.
Data in (A-D) representative of a single experiment. BAMS,
border-associated macrophages; MdCs, myeloid-derived cells.

in vivo labeling before harvest of CNS tissue to allow for identification of bona fide resident CNS
immune cells (O’Connell, P., et al. Under Review). We found the majority of immune cells from

most cell types were CNS resident, particularly for microglia and BAMs, while cell types such as

159



CCR2* monocytes and NK cells were slightly more likely to be non-resident (Fig. 32A and
Supplementary Fig. 12B). We performed all downstream analyses using only resident CNS
immune cells. Comparing the frequency of IL-10* cells per immune subset we found CD4* T cells
to have the largest fraction of IL-10* cells (Fig. 32B). We next reconstructed the CNS resident IL-
10 immune landscape (Fig. 32C) and found CD4"* T cells and microglia to be the predominant
sources of IL-10 during EAE, and that this was consistent between IL-10°" and SLAMF77/~-IL-
10%F" mice (Fig. 32D). These results suggest that SLAMF7 does not alter the CNS IL-10 immune
niche during EAE and argue in favor of alternative mechanisms explaining SLAMF77- mice

susceptibility to EAE.

SLAMF7 induced changes in B cell maturation.

We next decided to look closer at how SLAMF7 signaling modulated B cell responses in our
model due to the fact that we were using a B cell-dependent model of EAE [rmMOG1-125 protein
[308-311]], since we noted increased numbers of B cells in the CNS of SLAMF77 mice during
EAE (Fig. 31B), and because B cells were the only CNS immune cell subset where SLAMF7
expression was decreased during EAE compared to steady state (Fig. 30G). Comparing splenic B
cells from WT and SLAMF77 mice during EAE we noted SLAMF77- mice had fewer B220'°"|gD'o%
mature B cells (Fig. 33A) [312]. We also found that in vitro activation of the SLAMF7 receptor on
B cells via antibody cross-linking [27, 255] resulted in an increased frequency of mature B cells
(Fig. 33B), together suggesting that SLAMF7 receptor signaling is important for B cell
maturation to some degree. A lack of mature B cells, and more immature B cells in SLAMF7-

mice, may explain the increased susceptibility to EAE since these mature B220'°%IgD'*" B cells
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are known to play an important IL-10-independent regulatory role during EAE [312].
Additionally, the immature B cell subset (which SLAMF77- mice have more of) has high MHC-II
expression (Fig. 33C) indicating a potential to activate CD4* T cells [297]. We next looked at CNS

B cells more in depth using our high dimensional spectral profiling approach and identified six B
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cell subsets in an unbiased manner (Fig. 33D and Supplemental Fig. 13A). Our approach
identified a putative Breg cluster expressing high levels of IL-10 (B_1) (Fig. 33E), but we did not
observe changes in this subset between WT and SLAMF77mice during EAE (Fig. 33F),
consistent with an IL-10-independent mechanism. We did however, find an increased frequency
of the B_3 subset SLAMF77- mice which had higher expression of B220 and IgD (Fig. 33E),
consistent with a more immature B cell subset and aligning with our previous data from splenic
B cells. These findings identify a defect in B cell maturation in the absence of SLAMF7 signaling
which may implicate B cells as responsible for the association of SLAMF7 with increased

susceptibility to CNS autoimmunity.

Deep phenotyping of B cells at steady state and during EAE reveals plasma cell alterations in
SLAMF77/- mice.

In order to more comprehensively investigate B cells in our model we developed a high
dimensional spectral cytometry B cell profiling panel (Supplementary Fig. 14A and
Supplementary table 6) and analyzed both splenic and CNS B cells from WT and SLAMF77- at
steady state and during EAE. We found interesting changes in SLAMF7 expression across
various B and plasma cell subsets in the CNS, observing decreased SLAMF7 expression on
mature plasma cells and T1 B cells during EAE (Fig. 34A). However, in the spleens of the same
mice we noted increased SLAMF7 expression on immature and mature plasma cells during EAE
(Fig. 34B). Comparing the frequency of each of the 12 splenic B cell subsets we identified
between WT and SLAMF77- mice, we only observed a minor decrease in T2 B cells in SLAMF77-

mice during EAE compared to WT mice (Fig. 34C). Similarly, in the CNS we only observed a small
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FIGURE 34: Deep phenotyping of splenic and CNS B cell subsets in WT and SLAMF7-/- mice.

(A, B) SLAMF7 expression level across CNS (A) and splenic (B) B cell subsets at steady state and during active
EAE neuroinflammation in WT mice. (C) Frequency of various B cell subsets from total splenic B cells in WT
and SLAMF77 mice at steady state and during EAE. (D) Frequency of various B cell subsets from total CNS B
cells in WT and SLAMF77 mice at steady state and during EAE. (E) MHC-Il expression on splenic immature
plasma cells. (F) CD80 expression on splenic immature plasma cells. (G) CD43 expression on splenic immature
plasma cells. (H) IgM expression on splenic immature plasma cells. () Changes in the ratio of IgD*IgM'""
memory B cells to IgD’lgM* memory B cells in WT and SLAMF7- mice at steady state and during EAE. Data in
(A-1) representative of a single experiment. Groups in (A, B) compared with multiple unpaired two-way t-tests
with a Holm-Sidak correction for multiple comparisons. Groups in (C-1) compared with a two-way ANOVA with
Sidak’s test for multiple comparisons. FO, follicular; MZ, marginal zone; Bregs, regulatory B cells.

decrease in the frequency of B1b cells in SLAMF77 mice at steady state compared to WT mice

(Fig. 34D). Together, these suggest that SLAMF7 expression does not globally remodel either
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the CNS or splenic B cell compartments at steady state or during active neuroinflammation.

Further investigations into these various B and plasma cell subsets uncovered interesting
phenotypic differences between WT and SLAMF77/- mice. We found increased expression of the
activation markers MHC-II (Fig. 34E), CD80 (Fig. 34F), and CD43 (Fig. 34G) on immature plasma
cells of SLAMF77- mice only during EAE compared to WT. We also observed increased
expression of IgM on SLAMF77- immature plasma cells only during EAE (Fig. 34H) which is
intriguing since IgM* plasma cells are known to retain a functional BCR and are potent cytokine
producers [313]. Furthermore, we observed two subsets of memory B cells which could be
separated by IgD and IgM expression into IgD*IgM'" and IgDIgM* subsets (Fig. 341) which have

previously been described [314, 315].

We also noted a number of phenotypic differences on T2 and MZ B cells including: decreased
CD1d expression on MZ (Supplementary Fig. 3B) and T2 (Supplementary Fig. 3C) B cells from
SLAMF77 mice and increased MHC-II (Supplementary Fig. 14D) and GL7 (Supplementary Fig.
14E) on T2 B cells from SLAMF77- mice during EAE. Since T2 B cells are recognized as a
precursor to MZ B cells [316, 317], the latter of which expand greatly during EAE, our findings of
increased activation in these cells suggests SLAMF7 may affect responses in this cell lineage

early in their development.
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Discussion
The increased susceptibility to EAE we observe in SLAMF77/- mice links well to GWAS studies
showing an association of polymorphisms in SLAMF7 with MS [4, 116, 117]. It supports a role
for SLAMF7 in dampening over-zealous, pathology-inciting immune responses, which when
perturbed, lead to MS susceptibility. This fits with our current understanding of SLAMF7, since
most immune cells which express SLAMF7 do not express EAT-2, meaning that SLAMF7

signaling on most immune cells should be anti-inflammatory [9, 27].

After profiling the expression of SLAMF7 across the entire CNS immune landscape, we found
SLAMF7 expression to closely mirror that seen in the periphery [9, 215], with the notable
exception of B cells where a decrease in SLAMF7 expression is observed during EAE. This
decrease in SLAMF7 expression in the setting of a highly inflammatory environment is out of
character for SLAMF7, as this receptor is quite responsive to inflammatory stimuli and usually
increases in expression in these settings [27, 164, 255]. This points to a potentially unique role

for SLAMF7 in B cells, of which we have only scratched the surface of here.

How exactly SLAMF7 controls B/plasma cell responses remains to be seen, however, our semi-
targeted high dimensional approach found particularly interesting changes in the maturation
state of these cells. In particular, the changes we see in immature plasma cells, coupled with
the lack of mature B cells in SLAMF77" mice, and that SLAMF7 activation on B cells causes
maturation, points to a role for SLAMF7 in B/plasma cell maturation. While further studies are

needed to confirm this, the fact that the Blimp-1 transcription factor is critical to plasma cell
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differentiation [318] and considering we recently published that SLAMF7 signaling drives Blimp-
1 expression [255], suggests this pathway (and/or others) may be responsible. These defects in
B cell maturation may be linked to the increased susceptibility to EAE in SLAMF77/- mice,
considering recent work showing that a mature B220'°%IgD'*¥ population of B cells suppressed

immune responses in an IL-10-independent manner and protects from EAE [312].

In a similar vein, the changes we observed on plasma cells between the CNS and spleen point to
the presence of an unknown factor in the CNS responsible for decreases in SLAMF7 expression
in @ microenvironment-specific manner. This is evidenced from the decreases in SLAMF7
expression on plasma cells in the CNS compared to the spleen at steady state (Fig. 34A, B). This
factor may be increased in the CNS during EAE, which would explain why mature plasma cells in
the CNS decrease their SLAMF7 expression during EAE compared to steady state (Fig. 34A). This
unknown factor must be B/plasma cell specific since other cell types (ie. CD8* T cells) increase
SLAMF7 expression during EAE. Supporting the theory that this factor must be CNS-specific
comes from the fact that in the spleen, plasma cells increase SLAMF7 expression during EAE
(Fig. 34B); however, more research is certainly warranted regarding the identity of this

unknown factor.

That our large, unbiased phenotyping panels detected changes in B cells in SLAMF77- mice
during EAE over other cell types, provides strong evidence that B cells are responsible for the
increased susceptibility to EAE in SLAMF77/- mice. This is supported by our adoptive transfer

studies and is particularly exciting considering how the new B cell depleting monoclonal
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antibodies are changing the way we treat MS [294, 319]. How B cells contribute to MS
pathogenesis is one of the most pressing questions in the MS field, and a number of theories
have been proposed and studied, yet none has emerged as a unifying mechanism [5, 319].
Interestingly, there is also an FDA-approved therapy targeting SLAMF7, Elotuzumab [320].
Elotuzumab is approved for the treatment of multiple myeloma and functions primarily via
antibody-dependent cellular cytotoxicity, but has also been shown to have SLAMF7 agonistic
activity [321]. Considering our results in a pre-clinical model of MS, it would be interesting to
see how a SLAMF7 agonist would perform in MS patients, especially in combination with other

immuno-modulatory agents.

The discovery that microglia do not express SLAMF7 was unexpected considering most other
myeloid subsets express SLAMF7. There are a number of possible explanations for this, one of
which concerns the origin of microglia. Unlike other myeloid cells, microglia have a unique
ontogeny, arising from the yolk sac during development [322, 323], which may play a role in the
unique cellular programs present in microglia compared to other myeloid cells. Whether this
effect is conserved for other SLAM receptors and potential functional consequences of this are
interesting questions for future investigations. Additionally, recent work has shown that a
subset of CNS-resident border-associated macrophages (BAMs) are yolk sac-derived [324, 325],
yet BAMs express SLAMF7. If different subsets of BAMs, from differing ontogenies, differentially
express SLAMF7 and other SLAM receptors, and what programs are responsible for this will be
important questions to answer as we begin to define the roles of SLAM receptors across the

CNS.
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Materials and Methods
EAE model
All animal procedures were approved by the Michigan State University Institutional Animal Care

and Use Committee (http://iacuc.msu.edu/). SLAMF77/" mice were generated as previously

described [255]. On day -2, mice were injected with 33ug full-length recombinant murine MOG
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(rmMOGa-125) (Anaspec) with equal parts complete Freund’s adjuvant (CFA) as previously
described [326]. 400ng of pertussis toxin (MilliporeSigma) was injected intraperitoneally on
days -2 and 0. Mice were scored daily on a scale of 0-5 as previously described [326], with a
score of 0 = no symptoms, 1 = tail paresis, 2 = partial hindlimb paresis, 3 = complete hindlimb
paresis, 4 = complete hindlimb paresis and front limb involvement, 5 = moribund or dead. Mice
were humanely euthanized if a score of 4 or 5 was reached. Investigators were blinded to
genotypes of mice during the 1% experiment comparing WT and SLAMF77- mice (presented in
Fig. 30). The WT mice used in experiments depicted in (Fig. 30A, B) were from a combined

experiment, the remainder of which is available elsewhere (O’Connell, P., et al. Under review).

Adoptive transfer study

Splenocytes were collected from WT and SLAMF77/-mice as previously described [124]. B cells
were isolated per manufacturer’s guidelines using the murine B cell isolation kit (Miltenyi
Biotec) and injected I.V. retro-orbitally (2x107cells) into uMT mice (The Jackson Laboratory).

Five days after transfer, EAE was induced in mice with rmMOGj1.125 as described above.

CNS immune cell isolation

Mice were anesthetized and trans-cardiac perfusion with 15-20mL of sterile PBS was
performed. Brains were then removed, placed in ice-cold 1X HBSS and minced using a scalpel.
Brains were digested using a digestion cocktail for 45 minutes at 37°C as previously described
[327]. Samples were then homogenized with a dounce homogenizer and the digestion reaction

was stopped using EDTA and 1X HBSS containing 10% FBS. The lysate was then subjected to
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gradient centrifugation using Percoll as previously described [328]. Isolated immune cells were
resuspended in FACS buffer and stained for spectral cytometry. For experiments involving in
vivo circulating immune cell labeling, before trans-cardiac perfusion, 5mg of anti-CD45
SparkBlue 550 antibody was injected trans-cardiac through the left ventricle and allowed to
circulate for three minutes. The mouse was then trans-cardiac perfused with PBS as described

above.

Spectral cytometry

Cells were isolated from the CNS and spleen as previously described [31]. Cells were stained
with various antibodies (Supplementary table 6) utilizing BD Brilliant Stain Buffer (50uL per
sample) whenever multiple Brilliant dyes were used in combination. Viability staining was
performed with Zombie NIR (BioLegend) and Fc receptors were blocked with murine Fc block
(BD Biosciences). Samples were acquired on a 5 laser Cytek Aurora Spectral Cytometer and data
was analyzed using FlowJo version 10.6.1 (Tree Star) and the R computing environment. High
dimensional single-cell spectral cytometry was performed in R. The CATALYST package was
used to perform all analyses with a cell annotation and dimensionality reduction approach as
previously described (O’Connell, et al., under review) [276]. After data clean up in Flowlo, files
were exported as FCS files, loaded into R, and an arcsinh transformation of 6000 was applied to
all spectral cytometry data. Unbiased clustering was performed with FlowSOM [223], and
clusters were annotated and manually merged as necessary down to functionally distinct

immune cell subsets.
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For experiments using IL-10°F" mice and/or in vivo labeling, IL-10-GFP* and negative (and IV* and
negative) cells were combinatorially boolean gated in FlowJo allowing for absolute
positive/negative discrimination in high dimensional analyses performed in R. In all analyses
where IV labeling was performed, IV* cells were removed before final generation of figures and
statistical analysis. Additionally, high dimensional spectral cytometry analysis performed in (Fig.
30A, B) was done entirely in FlowJo employing an exhaustive manual gating scheme allowing
identification of nearly all immune cells (Supplementary Fig. 12A), the accuracy of which was

confirmed by unbiased FlowSOM clustering also performed in FlowlJo (data not shown).

Confocal microscopy

EAE was induced in WT mice as described above and during the peak of EAE severity, mice were
sacrificed and brain tissue was harvested. Mice were perfused with 10% formalin before
collection of brain tissue which was stored in 10% formalin for approximately 24hrs before
being transferred into a 30% sucrose solution for approximately 72hrs. Brains were sectioned at
4um on a cryotome. Tissue was blocked with 3% normal donkey serum and 0.3% Triton X for
40min at 4°C. Primary staining with anti-SLAMF7 (1:500) and anti-lbal (1:1000) was performed
over night at 4°C in buffer containing 3% normal donkey serum and 0.3% Tween-20. Sections
were washed with PBST and PBS before secondary staining with Alexa 555 anti-rabbit (1:1000)
and Alexa 488 anti-goat (1:1000) at room temperature for 5.5hrs. Sections were rinsed in PBS,
mounted on slides, and counter stained with DAPI using ProLong Gold antifade reagent

(Invitrogen). Sections were imaged with an Olympus FluoView 1000 CSLM.
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Multiplex cytokine/chemokine analysis
Mouse 23-analyte multiplex-based assay was used to determine cytokine/chemokine
concentrations via Luminex 100 per manufacturer’s protocol (Bio-Rad), as previously described

using a 1:4 dilution of plasma [27, 112].

In vitro B cell stimulation

Splenic B cells were isolated from WT mice as described above. B cells were plated at 3x10°
cells/well for 10hrs. SLAMF7 cross-linking was performed by coating plates with 6ug/mL of anti-
SLAMF7 mAb (clone: 4G2) (Biolegend) as previously described [27, 255]. Cells were analyzed by

spectral cytometry for expression of B220 and IgD as a proxy for B cell maturation status.

Statistical analysis

Statistical analyses are listed in all figure legends and were performed in either GraphPad Prism
V8 or the R computing environment. Cell subset frequency comparisons and differential marker
expression on cell subsets from experiments employing high dimensional spectral cytometry
were statistically compared with a GLMM implemented through the diffcyt R package [286]. All

heatmaps were locally scaled.

Data and code availability
All raw data is available upon reasonable request. Analysis code can be found at:

https://github.com/poconnel3/0OConnell et al SLAMF7 EAE paper code.
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CHAPTER: 7 Absence of ERAP1 in B cells increases susceptibility to CNS autoimmunity, alters B
cell biology, and mechanistically explains genetic associations between ERAP1 and Multiple

Sclerosis

Authors: Patrick O’Connell, Maja K. Blake, Sarah Godbehere, Andrea Amalfitano, Yasser A.
Aldhamen
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Abstract
Hundreds of genes have been linked to Multiple Sclerosis (MS), yet the underlying mechanisms
behind these associations have only been investigated in a fraction of cases. One such gene is
ERAP1, an endoplasmic reticulum-localized aminopeptidase with important roles in trimming
peptides destined for MHC-I and regulation of innate immune responses. As such, genetic
polymorphisms in ERAP1 have been linked to multiple autoimmune diseases including MS.
Here, we present the first mechanistic studies performed to uncover why polymorphisms in
ERAP1 are associated with increased susceptibility to MS. Combining multiple mouse models of
CNS autoimmunity (EAE) with high dimensional single-cell spectral cytometry, adoptive transfer
studies, and integrative analysis of human single-cell RNA-seq datasets, we identify an intrinsic
defect in B cells as being primarily responsible for ERAP1-mediated EAE susceptibility. Not only
are mice lacking ERAP1 more susceptible to CNS autoimmunity, but adoptive transfer of B cells
lacking ERAP1 into B cell-deficient mice recapitulates this susceptibility. We find B cells lacking
ERAP1 display decreased proliferative capacities in vivo, while expressing higher levels of
activation/co-stimulatory markers, yet produce equivalent levels of IL-10 compared to WT B
cells. Through our studies using IL-10-GFP mice to study ERAP1’s ability to modulate IL-10
production from various immune cell subsets, we also generated the first murine protein-level
map of the CNS IL-10* immune compartment at steady state and during neuroinflammation.
Integrative analysis of sScRNA-seq of human B cells from 36 individuals revealed subset-
conserved differences in gene expression and pathway activation in individuals harboring the

MS-linked K528R ERAP1 SNP. Together, these studies identify a novel role for ERAP1 in the
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modulation of B cells and highlight this as one reason why polymorphisms in this gene are

linked to MS.

Introduction
Nearly 2.5 million people are living with Multiple Sclerosis (MS) worldwide, and despite new
therapies for MS, the chronic neuroinflammatory disease remains incurable and severely
debilitating for many [329, 330]. Known risk factors for MS include both genetic and non-
genetic components, with the role of innate inflammation becoming ever more important [289,
329, 331]. Various immune cells contribute to disease pathogenesis with characteristic brain
lesions containing: monocytes, CD4* T cells, CD8* T cells, and B cells, amongst others [297, 332].
Therapies targeting the immune response in MS patients have been developed to modulate
inflammatory signals and include interferon-beta [292] and specificimmune cell targeting
monoclonal antibodies [293]. More recently, B cells have been targeted for depletion, revealing
them as a critical driver of MS [294]. Despite great clinical benefit, these therapies are not
effective for disease prevention or reducing lesions, especially in more severe MS subtypes, as
well can result in significant immune-suppressive side-effects, highlighting the need to better

understand mechanisms underlying MS pathogenesis.

Early studies of monozygotic twins revealed that approximately 30% of all MS risk can be
attributed to genetics [333], with subsequent genome-wide association studies identifying over
500 genetic regions highly linked to MS [4, 116]. Interestingly, one specific single nucleotide

polymorphism (SNP) located within an important immune regulatory gene, ERAP1, has been
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linked with MS in large genome-wide association studies [4, 334]. Endoplasmic reticulum
aminopeptidase 1 (ERAP1) is a ubiquitously expressed protein located in the ER which trims
peptides prior to loading onto MHC-I molecules, which are then presented on the cell surface
for antigen identification [335]. Given these roles, it is not surprising that ERAP1 plays an
important role in adaptive immunity; however, it is also a well-known mediator of the innate
immune responses [129, 130]. ERAP1 also plays a pivotal role in TLR regulation [129, 130], and
may be involved with the NLRP3 inflammasome as well (Blake, M.K., et al. In Preparation) [130].
Critically, it has been shown that mice lacking ERAP1 spontaneously develop an autoimmune
disease phenotype similar to that of Ankylosing Spondylitis, which various ERAP1 SNPs are also

genetically linked to [131].

Here, we investigated the mechanistic underpinnings of the genetic association of ERAP1 with
MS which was accomplished using the well-studied experimental autoimmune
encephalomyelitis (EAE) mouse model of CNS autoimmunity [132]. We discovered that ERAP17
mice had exaggerated EAE severity and that this was partly B cell dependent. We also found
that B cells lacking ERAP1 exhibit impaired proliferation in vivo, express higher levels of multiple
activation markers, and have a specific deficit in the B1 cell compartment across the CNS and
spleen. Correlating with these findings, integrated analysis of human B cells from multiple
scRNA-seq datasets containing 36 individuals revealed that B cells containing the MS-linked
K528R ERAP1 SNP exhibit over-activation of elF2 signaling. Finally, we also present the first
single-cell protein-level reference map of the murine CNS resident IL-10* immune

compartment, and uncover ERAP1-specific modulations of the same. Together, our results link
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the genetic association between ERAP1 and MS to an intrinsic effect on B cells, uncovering a

novel immuno-modulatory role for ERAP1.

Results
ERAP1-/- mice have increased neuroinflammation and an altered CNS immune landscape
following EAE induction.
While polymorphisms in the ERAP1 gene in humans have been linked to MS, no studies have
been performed to date examining if mice lacking ERAP1 are differentially susceptible to MOG-
induced EAE (a well-established model for inducing CNS autoimmunity in mice [132]. WT and
ERAP17 mice had EAE induced with rmMOG1.125. We found that ERAP17" mice were
significantly more susceptible to EAE compared to WT mice (Fig. 35A), suggesting that ERAP1
function is important in regulating CNS autoimmunity. We next profiled of the CNS immune
compartment via high dimensional spectral cytometry. We utilized a panel capable of
identifying all CNS immune cell subsets and compared the CNS immune landscape of WT and
ERAP17- mice during active EAE (Fig. 35B and Supplemental Fig. 15A). We found our panel
capable of identifying all known CNS resident immune cell subsets, comparable to a previously
published reference map [193], with the CNS being dominated by microglia, and significant
lymphoid and myeloid cell infiltrates, indicative of active neuroinflammation (Fig. 35B).
Comparison of immune cell subset frequencies between WT and ERAP17-mice revealed
decreased border-associated macrophages (BAMs), increased NK cells, and increased myeloid-
derived cells (MdCs) in the ERAP17- CNS (Fig. 35C). We also found that ERAP17- mice had

increased total numbers of: B cells, BAMs, CD4* T cells, Ly6C* monocytes, NK cells, NKT cells,
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and MdCs (Fig. 35D); correlating with exaggerated EAE clinical symptoms in ERAP17- mice.

Interestingly, we observed strong increases in the expression of Tim3 on multiple CNS myeloid
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FIGURE 35: ERAP1-/- mice are more susceptible to EAE and exhibit alterations in the CNS

immune landscape.

(A) Clinical scores of WT and ERAP17- mice subjected to EAE induced with rmMOGy.1s. (B) UMAP
projection of the entire CNS immune landscape in WT and ERAP17" mice subjected to EAE. The complete
CNS immune landscape was assessed via high dimensional single-cell spectral cytometry. (C) Frequency of
all CNS immune cell subsets from (B) between WT and ERAP17- mice. (D) Total number of various immune
cell subsets in the CNS of WT and ERAP17- mice subjected to EAE. Groups in (A) compared with a two-way
ANOVA with Tukey’s multiple comparison test, displayed with mean + SEM, and representative of two
independent experiments showing similar results. Groups in (B, C) compared with unpaired two-way t-
test and representative of two independent experiments showing similar results. *p<0.05, **p<0.01,

***p<0.001.
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cell types, suggesting that ERAP1 may be able to module this emerging myeloid cell modulatory
receptor (Supplementary Fig. 16A-D) [336-338]. Together these results imply the association of
ERAP1 with MS is conserved in mice and that mice lacking ERAP 1 exhibit enhanced

neuroinflammation.

Exhaustive profiling of the resident CNS IL-10 immune compartment.

We previously published that mice lacking ERAP1 have decreased numbers of an important
regulatory immune cell type (Trl cells), known to modulate immunity via production of IL-10
[131, 339, 340]. Since IL-10 is known to play an important role in MS/EAE pathogenesis [301-
304], we examined IL-10 expressing cells in our EAE model. First, however, we combined our
high dimensional single-cell spectral cytometry approach with IL-10-GFP mice [307], in order to
generate a reference map of the CNS IL-10 immune compartment at steady state and during
EAE. In addition to accurate detection of IL-10* cells using our reporter mouse, we employ in
vivo cell labeling to discriminate bona fide resident from circulating immune cells (Fig. 36A, B).
We first generated a reference map of all CNS immune cell subsets at steady state and during
EAE, where cells are colored by FlowSOM-defined clusters (Fig. 36C). These cell subsets express
markers as typically expected (Fig. 36D). The importance of IV labeling to discriminate resident
from circulating cells can be appreciated when examining the fraction of each cell cluster
staining IV* at steady state (Fig. 36E, and Supplemental Fig. 17A) and during EAE (Fig. 36F); non-
resident cells were removed from downstream analysis. We found very few cells making IL-10
at steady state (Fig. 36G, and Supplemental Fig. 17B), but during active EAE one can appreciate

a considerable portion of CD4+ T cells now making IL-10 (Fig. 36H). By restricting our analysis to
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just IL-10* cells, we find that at steady state in WT mice, microglia are the primary cell type

responsible for IL-10 production (Flg 36I) In contrast, during EAE, CD4* T cells dominate the
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FIGURE 36: Single-cell profiling of the CNS resident IL-10+ immune compartment.

(A) Graphical overview of experimental design. (B) CNS immune cell gating scheme. All combinations of
IV*/IV and IL-10*/IL-10" were boolean gated and exported for high dimensional analysis. (C) UMAP projection
of the entire CNS immune cell landscape from WT mice at steady state and with EAE, where cells are colored
according to FlowSOM-defined clusters. (D) Heatmap of marker expression from all clusters in (C). (E, F)
Frequency of non-resident (IV*) immune cells across various subsets in WT mice at steady state (E) and during
EAE (F). (G, H) Frequency of IL-10* cells across various immune subsets in WT mice at steady state (G) and
during EAE (H). (I, J) Contributions of various IL-10* immune cells subsets to the entire CNS resident IL-10*
immune compartment for WT mice at steady state (I) and during EAE (J). (K) Changes in contributions to the
CNS resident IL-10* compartment between steady state and EAE in WT mice. Groups in (K) compared with a
GLMM. Results in (B-K) representative of a single experiment. ****p<0.0001. AF: autofluorescence.
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CNS IL-10* compartment (Fig. 36J, K).

Comparison of CNS immune cell states and IL-10 production between WT and ERAP1”/" mice.
We next compared the CNS immune landscape of WT/IL-10%F? and ERAP17-/IL-10%F" mice at
steady state and during MOG-induced EAE. Global dimension reduction with MDS reveals
samples clustering by disease status across the first MDS dimension and by genotype across the
second MDS dimension (Fig. 37A). Comparing the composition of the CNS resident
compartment at steady state, we find that while microglia make up about 80% of IL-10* cells in
WT mice, and in ERAP17- mice there are significantly less IL-10* microglia and more CD4* T cells
(Fig. 37B). We also find there are significantly less total IL-10* cells in the ERAP17- CNS at steady
state (Fig. 37C). Interestingly, during EAE, the CNS resident IL-10 compartment of WT and
ERAP17/ mice is equivalent (Fig. 37D), as are total numbers of CNS IL-10* cells (Fig. 37E). These
findings may point to the potential for ERAP1 to be important in early processes controlling the
development of CNS autoimmunity, and not during later stages. We next compared all
significantly differentially expressed markers across all CNS immune subsets between WT and

ERAP17 mice at steady state (Fig. 37F) and during EAE (Fig. 37G). We found decreased
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expression of CD90 of multiple lymphoid cell types in ERAP17- mice at steady state (Fig. 37F)

and decreased CD90 on multiple myeloid subsets in ERAP17- during EAE (Fig. 37G).
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(A) MDS plot of CNS immune cells from WT and ERAP17 mice at steady state and during EAE. (B) Comparison

of the CNS resident IL-10* immune cell compartment between WT and ERAP17- mice at steady state. (C)
Number of total IL-10* immune cells in the CNS of WT and ERAP17- mice at steady state. (D) Comparison of

the CNS resident IL-10* immune cell compartment between WT and ERAP17- mice during EAE. (E) Number of

total IL-10* immune cells in the CNS of WT and ERAP17" mice during EAE. (F, G) Heatmap of all statistically

significant (FDR<0.05) differentially expressed markers between WT and ERAP17" mice at steady state (F) and
during EAE (G). Adjusted p-values are listed next to each row. (H) UMAP of resident CNS T cell subsets colored

by FlowSOM-defined clusters. (I) Marker expression on clusters from (H). (J) T cell subset frequency

differences between WT and ERAP17- mice during EAE. Groups in (B, D, J) compared with a GLMM. Groups in

(C, E) compared with an unpaired two-way t-test. Differentially expressed markers shown in (F, G)
determined via a GLMM. Results in (A-K) representative of a single experiment. *p<0.05, **p<0.01, n.s. not

182



>
S
i

-o- WT

34
-~ ERAP1

N
1

EAE clinical score
N
1

39 o= WTBcells > pMT

@ | -0 ERAP1"Bcells — uMT
o
& 2-
=
QO
£
S
w 1
i
rmMOGi1-125

0—

Day 0 5 10 15 20 25

C

D E

Lymph node Spleen Blood

L. Xxk *k

(%) B cells (of CD45+ cells)
(%) B cells (of CD45+ cells)
(%) B cells (of CD45+ cells)

F

(%) GATA3+ (CD4+ T cells)

FIGURE 38: Loss of ERAP1 in B cells renders mice more susceptible to EAE.
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compared with a two-way ANOVA with Tukey’s multiple comparison test, displayed with mean + SEM, and
representative of two independent experiments showing similar results. Groups in [A] compared with an
unpaired two-way t-test and are representative of two independent experiments showing similar results.

Increases in Tim3 across myeloid cell subsets in ERAP17- mice are again observed, both at

steady state (Fig. 37F) and during EAE (Fig. 37G). We also observe alterations in CD8* T cell
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phenotypes, with ERAP17/- CD8* T cells expressing more SLAMF7 [255], more CD38 [255], more

CD11c [341], and more IL-10 (Fig. 37F, G).

Due to the important role of various T cell subsets in MS/EAE, we narrowed our analysisto T
cells and performed sub-clustering to investigate these cells on a more granular level. We
identified nine T cell subsets (Fig. 37H and Supplemental Fig. 18A) including two IL-10* CD4* T
cell subsets (Fig. 37H, | and Supplemental Fig. 18B). While none of these IL-10* CD4* T cell
subsets displayed characteristic Trl cell markers [340] (data not shown), they were generally
separable by their expression of CD90 (Fig. 371). We found that during EAE, ERAP17" mice lack
the CD90*IL-10*CD4"* T cell subset compared to WT mice and show significant changes in other
T cell subsets (Fig. 37)). Altogether, these results identify important differences in the CNS
immune compartment in mice lacking ERAP1, but do not reveal a defect in Trl cells per se. This
implies that mechanisms underpinning the susceptibility of ERAP17- mice to EAE, as well as AS,

may not be primarily due to intrinsic defects in Trl cells [131].

ERAP1-/- susceptibility to EAE is B cell-dependent.

In an effort to better identify the specific, non-Tr1l cells that may be mediating EAE
susceptibility in ERAP17" mice, we also induced EAE in WT and ERAP17- mice using the rhMOGss.
s5 peptide, known to induce a CD4* T cell-dependent, B cell-independent form of EAE [132,
308]. Surprisingly, we observed identical EAE susceptibility using this antigen (Fig. 38A). This
result, combined with the fact that EAE induced with rmMOG1-125 protein is known to be B cell-

dependent [308-311], led us to hypothesize that an intrinsic defect in ERAP17-B cells may be
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responsible for their increased susceptibility to EAE. To test this we adoptively transferred WT
or ERAP17 B cells into mice genetically deficient in B cells (uMT mice [342]), confirmed
equivalent transfer of cells (Supplemental Fig. 19A), and then induced EAE with rmMOG1.12s.
Indeed, mice receiving ERAP17- B cells were significantly more susceptible to EAE compared to

mice receiving WT B cells, confirming this intrinsic defect in ERAP17- B cells (Fig. 38B).

During the late phase of EAE in these mice (day 38 post-EAE in duction) we profiled the inguinal
lymph nodes, spleen, and blood to assess B cell reconstitution and T cell phenotypes.
Interestingly, we found that while WT B cells reconstituted the spleen and lymph nodes
effectively (and to a lesser extent the peripheral blood), ERAP17- B cells were absent from all
three locations (Fig. 38C-E). The observed decreases in B cells were not due to NK cell-mediated
killing (Supplemental Fig. 19B). Assessing T cell phenotypes in the peripheral blood, mice
reconstituted with ERAP17" B cells showed a skewing of CD4* T cells away from GATA3* Th2
cells towards Tbet* proinflammatory Th1 cells (Fig. 38F, G), consistent with their more severe
EAE phenotype [343, 344]. Looking to other CD4* T cell subsets important in EAE/MS
pathogenesis (Th17 and Treg) we did not find any significant changes (Supplementary Fig. 19C-
E). Together, these findings not only point to an ERAP1-mediated dysfunction in B cells as
responsible for the EAE phenotype we originally observed in MOG protein treated ERAP17
mice, but identify a further defect in the ability of ERAP17- B cells to reconstitute secondary

lymphoid organs and a potential for them to bias CD4* T cell polarization.
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Deep phenotyping of B cells during EAE reveal increased activation and specific decreases in
B1 B cells in ERAP1”" mice.

To better understand how ERAP1 modulates B cells, we designed an exhaustive B cell
phenotyping panel to allow us to comprehensively profile all B cell subsets across the spleen
and CNS. In the spleens of WT and ERAP17- mice at peak EAE, we identified 12 different B and
plasma cell subsets via unbiased FlowSOM clustering (Fig. 39A), all expressing expected markers
(Fig. 39B). Notably, using mice on an IL-10-GFP background allowed measurement of IL-10
across all B cell subsets, however, the distinct regulatory B cell [Breg] subset (CD1d*CD5*) we
identified was clustered independently of IL-10 expression (Fig. 39A, B). We also used the same
panel to profile the CNS B cell compartment of the same mice, revealing many of the same B
cell subsets, except for the absence of follicular B cells, and the discovery of an undetermined
subset (Fig. 39C, D). As these undetermined cells are IgD*B220*CD21°CD23", make up the
majority of B cells in the CNS, and since it has been shown previously that most CNS B cells are
class-switched memory B cells [345], this unknown population likely represents these cells.
Comparison of the frequency of B cell subsets across the spleen and CNS in WT mice revealed
compartment-specific differences in follicular, undetermined, B1b, and marginal zone subsets
(Fig. 39E). Comparing the frequency of splenic B cell subsets between WT and ERAP17- mice

during EAE, we found significant decreases in both B1 cell subsets, and a minor decrease in
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FIGURE 39: Reconstruction of the splenic and CNS B cell compartments during EAE reveal specific
decreases in B1 cells and increased activation of ERAP1-/- B cells.

(A) UMAP projection of all splenic B cells from WT mice during EAE with cells colored by FlowSOM-defined
clusters. (B) B cell subset marker expression in cells from (A). (C) UMAP projection of all CNS B cells from WT mice
during EAE with cells colored by FlowSOM-defined clusters. (D) B cell subset marker expression in cells from (C).
(E) Comparison of B cell subset frequency across the spleen and CNS during EAE in WT mice. (F) Frequency of all
immune cell subsets in the spleen of WT and ERAP17- mice during EAE. (G) Frequency of all immune cell subsets
in the CNS of WT and ERAP17- mice during EAE. (H) Heatmap of all statistically significant (FDR<0.05) differentially
expressed markers on splenic B cells during EAE between WT and ERAP17 mice. (I) Heatmap of all statistically
significant (FDR<0.05) differentially expressed markers on CNS B cells during EAE between WT and ERAP17" mice.
Groups in (E) compared with a two-way ANOVA with Sidak’s multiple comparison test and representative of a
single experiment. Groups in (F-G) compared with a GLMM and are representative of a single experiment.
Differentially expressed markers shown in (H, 1) determined via a GLMM. *p<0.05, ***p<0.001, ****p<0.0001,
n.s. not significant. FO: follicular, MZ: marginal zone, Bin: B cells in inflamed nodes, Bregs: regulatory B cells.

plasma cells (Fig. 39F). Similarly, in the CNS we also found decreases in both B1 cell subsets in

ERAP17/- mice (Fig. 39G). Comparison of differentially expressed markers across all B cell subsets
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in the spleen uncovered higher expression of activation markers such as CD80, CD40, and GL7
on numerous ERAP17- B cell subsets (Fig. 39H). This was also observed in the CNS, but to a
lesser extent (Fig. 391). Together, this demonstrates that a lack of ERAP1 expression in B cells
results in excessive B cell activation and a specific decrease in the innate-like B1 cell subsets

during EAE.

Lack of ERAP1 in B cells leads to reduced proliferation in vivo and lack of B cell engraftment
during EAE.

B cells are known to have different roles in the modulation of EAE during different stages of the
disease [140, 346). Therefore, to help explain why uMT mice receiving ERAP17- B cells showed
increased susceptibility to EAE, and to help identify why ERAP17- B cells could not be detected
in these animals, we developed a unique in vivo assay (Fig. 40A). Here, we differentially labeled
WT and ERAP17- B cells with CFSE and CellTrace Violet, mixed them in a 1:1 ratio, adoptively
transferred them into uMT mice, induced EAE with rmMOGz.-125, and monitored B cell survival
and proliferation at various timepoints during the EAE disease course (Fig. 40A). We found
minor increases in the ratio of WT:ERAP17- B cells at day 2, with larger, more significant
increases on day 5, 10, and especially day 20, reflecting a higher survival rate for WT B cells
relative to ERAP17" B cells in mice experiencing EAE (Fig. 40B and Supplemental Fig. 20A). By
day 20, a consistent two-fold increase in the ratio of WT:ERAP17- B cells was evident across
multiple environments, with very few ERAP17- B cells present overall (Fig. 40B). We found that
the decreases in the numbers of ERAP17 B cells only occurred in mice with EAE, and did not

occur when ERAP17 B cells were transferred into uMT mice that did not have EAE (Fig. 40C-E).
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Finally, since we labeled our cells with commonly used proliferation dyes, we were able to

assess B cell proliferation in vivo. We found equivalent levels of WT and ERAP17- B cell
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FIGURE 40: ERAP1-/- B cells display impaired proliferation in vivo during EAE.

(A) Graphical overview of experimental design. (B) Top, Fold change in the ratio of WT to ERAP17 B
cells transferred into the same uMT mouse and assessed across various lymphoid organs at
multiple timepoints following induction of EAE with rmMOG;.125. Bottom, representative FACS plots
of differentially labeled WT and ERAP17- B cells at various timepoints during EAE. (C-E) Fold change
in the ratio of WT to ERAP17" B cells transferred into the same uMT mouse over time in mice
subjected to EAE or left untreated. (F-H) Frequency of adoptively transferred B cells actively
proliferating from the previous timepoint in mice subjected to EAE. Data in (B-H) representative of
a single experiment with three mice analyzed per timepoint in the EAE group and one mouse per
timepoint in the naive group. Groups in (B, F) compared with a two-way ANOVA with Sidak’s
multiple comparison test. Comparisons in (B) were performed by comparing the fold change from
baseline between WT and ERAP17 B cells. Groups in (G, H) compared with a mixed-effects analysis.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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proliferation across all locations up until day 10. By day 20, ERAP17" B cells exhibited a
significant reduction in the ability to proliferate compared to WT B cells across all locations (Fig.
40F-H). These findings suggest that B cells lacking ERAP1 are not able to cope well in settings of
prolonged immune activation, and that they reach a threshold at which point they can no

longer proliferate and survive.

Human B cell subset dysregulation in individuals carrying the ERAP1 K528R SNP.

While murine B cells completely lacking the ERAP1 gene show considerable differences from
their WT counterparts, in humans the presence of specific SNPs in ERAP1 results in dysfunction
of the protein and are linked to multiple autoimmune diseases [121, 334]. The most pathogenic
of these, the K528R SNP, genetically associated with MS [4, 334], and shows the strongest
associations with other autoimmune diseases [122, 347]. We have previously shown that the
presence of this SNP also induces the strongest changes in immune cells and activation of the
NLRP3 inflammasome compared to other ERAP1 variants [130]. Therefore, we wanted to
determine if human B cells carrying this pathogenic SNP exhibit dysregulated phenotypes. We
accomplished this by sourcing data from multiple published scRNA-seq datasets. We collected
data from PBMCs of 36 healthy individuals across six datasets encompassing a total of 24,795 B
cells (see Materials and Methods) (Fig. 41A). Critically, using the raw sequencing data, we were
able to determine which individuals carry the ERAP1 K528R SNP, identifying seven out of the 36

individuals as having at least one copy of this SNP.
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FIGURE 41: Integrated scRNA-seq analysis of human B cells reveal subset-conserved dysregulation in B cells
carrying the K528R ERAP1 SNP.

(A) UMAP of plasma cells/blasts and B cell subsets from an integrated analysis of six healthy human scRNA-seq
datasets incorporating 36 individual samples and 24,795 cells. Cells are colored based on cluster-level
annotations obtained using SingleR. (B) Stacked violin plots of expression of cluster-defining markers. (C)
UMAP of the expression of ERAP1 on B cell subsets revealing equal distribution across clusters. (D) Proportion
of various B cell subsets in individuals based on the presence or absence of the K528R SNP. (E) Heatmap of
ERAP1 expression on B cell subsets split by cells containing the K528R SNP or not. The exhausted B cell subset
contains only cells without the K528R SNP. (F) Volcano plot of differentially expressed genes (DEGSs) in plasma
cells/blasts based on the presence of the K528R ERAP1 SNP. (G) IPA canonical pathway analysis using DEGs
from (F) with bars colored based on whether the pathway is up- or down-regulated in cells with the K528R
SNP. Gray bars indicate no pathway directionality data is available. (H, 1) Same as (F, G), but for Naive B cells.
(J, K) Same as (F, G), but for Class-switched memory B cells. Same as (F, G), but for non-switched memory B
cells. Differential expression in (B, F, H, J, and L) performed with MAST.

Unbiased clustering (See Materials and Methods) identified five distinct B and plasma cell
subsets (Fig. 41A) expressing numerous subset-defining genes (Fig. 41B). Each of the six studies
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contributed evenly to these subsets with the exception of the “Exhausted B cell” subset which
was almost entirely from Kang, H.M., et al. (Supplementary Fig. 21A-C) [348]. We found that B
cells expressing high levels of ERAP1 were evenly distributed across all subsets (Fig. 41C) and
that the proportion of each subset per individual did not differ based on the presence of the
K528R SNP (Fig. 41D). However, individuals carrying K528R had decreased expression of ERAP1
in their naive B cells, class-switched memory B cells, and plasma cells/blasts (Fig. 41E). For each
B cell subset we identified differentially expressed genes (DEGs) and pathways between cells
with the K528R SNP and those without. We observed consistent findings across all cell subsets
noting decreased expression of: PTPRCAP, EEF1G, MT-ATP8, and MT-NDA4L (Fig. 41F, H, J, L), and
increased expression of: numerous ribosomal protein genes, ATP5E, and TIPIN (Fig. 41F, H, J, L)
in K528R containing B cells. Most interesting were the conserved pathways enriched in B cell
subsets carrying the K528R SNP, most notably upregulation of elF2 signaling and oxidative
phosphorylation (Fig. 41G, I, K, M). These results suggest that the presence of the K528R ERAP1
SNP in human B cells correlates with an up-regulation of ribosomal translation machinery and

altered metabolism; both of which are known to affect immune cell function [349-351].

Discussion
Hundreds of genes have been linked to MS [4], yet we still understand little of the mechanisms
underlying each of these associations. Through incremental discoveries of these mechanisms,
we can hope to reveal conserved master pathogenesis archetypes responsible for MS, that can
then be therapeutically targeted. To this end, we sought to understand the mechanism(s)

linking SNPs in the ERAP1 gene to MS. Identifying mechanisms underlying ERAP1’s link to MS is
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significant as ERAP1 is linked to many other autoimmune diseases [121, 122]. An understanding
of the relationship between ERAP1 and MS may also identify key commonalities across multiple
human autoimmune diseases to which ERAP1 has also been linked, including: AS, Psoriatic

Arthritis, and Behcet’s disease.

Our finding that mice lacking ERAP1 are at increased susceptibility to a rodent form of
autoimmune neuroinflammation that mirrors MS supports the link between human ERAP1
SNPs and susceptibility to MS. Specifically, since we and others have shown that these ERAP1
SNPs can drastically alter its enzymatic function to cause disruption of peptide trimming in the
ER, resulting in loss of cell surface MHC I/antigen complexes, and impact global innate and

adaptive immune responses [123-125, 130, 131].

In this study we confirm that lack of ERAP1 function leads to decreased numbers of IL-10*
immune cells at steady state [131]. Yet our finding that CNS levels of IL-10-producing CD4* T
cells remain unchanged in ERAP17-mice is interesting and suggests that like our previous work

showed [131], ERAP1 does modulate regulatory cells, but perhaps in a context-specific manner.

The localization of ERAP1’s contribution to CNS autoimmunity via B cells links well with current
theories regarding MS pathogenesis since B cell depleting monoclonal antibodies are now a
mainstay of MS treatment [293]. Why depleting B cells leads to robust clinical responses in
some MS patients is currently a heavily investigated topic, with a number of potential

mechanisms postulated, including: B cell antigen presentation [319], B cell cytokine production
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[5], B cell-mediated T cell co-stimulation [319], Epstein-Barr virus infection of B cells [352], and
contributions from Bregs [319]. Importantly, B cell depletion therapies are far from a cure, and
show limited efficacy in MS patients with more severe forms of MS such as primary progressive
MS [8]. Accordingly, groups have been vigorously researching how B cells contribute to MS [5,
319], and if more targeted B cell therapies can achieve superior responses [319]. Our results
show that B cells lacking ERAP1 have both exaggerated expression of T cell co-
stimulatory/activation markers and fail to proliferate in vivo. Both of these may explain why
mice lacking ERAP1 are more susceptible to EAE since increased B cell activation during the
initiation phase of EAE and impaired B cell regulatory responses during the chronic phase of
EAE are linked to more severe pathology [319]. Such findings tie in with the currently
appreciated divergent roles for B cells during the pathogenesis of CNS autoimmunity, where B
cells are capable of harboring both disease-inducing roles early on and protective roles later

during the resolution phase [140, 346].

Intriguingly, mice lacking ERAP1 also have drastically reduced numbers of the innate-like B1 cell
subsets. This effect is likely due to an intrinsic defect, but we cannot fully rule out an extrinsic
one, such as NK cell-mediated depletion, however, our ex vivo studies argue against such a
possibility. While B1 cells are understudied, they are known to be able to secrete auto-
antibodies, function as APCs, secrete cytokines, and respond to pathogen infection in an innate
manner [353]. They have also been linked to a number of autoimmune diseases including MS,
however their precise role in the pathogenesis of MS is unclear, as B1 cells have been shown to

have both protective and pathogenic roles in EAE depending on the stage of disease [354, 355].
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If this lack of B1 cells contributes to diseases susceptibility in mice lacking ERAP1, or if it is just a
consequence of ERAP1’s ability to broadly dysregulate B cells, remains to be seen and is an

interesting area of future investigation.

In a further effort to tie our B cell findings back to humans carrying the actual MS-linked ERAP1
SNP, we took advantage of publicly available scRNA-seq datasets and found well conserved
transcriptional changes across multiple B cell subsets. A consistent decrease in the expression
of PTPRCAP (CD45-associated protein [CD45-AP]) in B cells carrying the ERAP1 K528R SNP stood
out. CD45-AP is an understudied protein known to interact with CD45 and modulate its
behavior in a number of ways, but generally thought to augment CD45 signal transduction
[356]. How a lack of normal ERAP1 function causes altered expression of CD45-AP in B cells, and
how that might affect cellular function is a more complicated manner, as CD45 plays complex
roles in B cells [357]. As CD45-AP increases CD45 signaling and CD45 signaling activates Src
kinases which leads to B cell proliferation [356, 357], B cells carrying the K528R SNP would be
expected to have decreased CDA45 signaling due to less CD45-AP and consequently may have
impaired capacity to proliferate. This fits with our data showing murine B cells lacking ERAP1
have impaired proliferation when transferred into B cell deficient hosts. Additionally, CD45
signaling is known to inhibit cytokine secretion [357], thus B cells with K528R may also have an
increased propensity for cytokine secretion which can be deleterious in an autoimmune disease
like MS [358]. ERAP1 direct and indirect effects on CD45-AP is another area for future

investigation and potential therapeutic targeting in ERAP1-linked autoimmune diseases.
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Similarly, we also found upregulation of elF2 signaling and oxidative phosphorylation pathways
in all B cell subsets bearing the K528R SNP, suggesting ERAP1’s ability to modulate these
pathways is conserved across B cells. As ERAP1 is an endoplasmic reticulum-localized peptidase,
it is possible that dysfunctional ERAP1 variants may lead to issues with protein
processing/production, thus requiring the cell to up-regulate translation machinery to maintain
protein production. Importantly, many of the genes we see upregulated in the elF2 signaling
pathway in cells with K528R are involved in translation. Since endoplasmic reticulum function is
tied to cell metabolism and immune responses [359, 360], this may explain the concerted
dysregulation of these pathways in B cells in particular [361, 362], and possibly the increased
susceptibility to MS, although there is a paucity of studies regarding the effects of ER
dysfunction in B cells as it relates to autoimmunity [363]. It is also important to note that all of
these findings are from healthy individuals at baseline and that these DEGs and pathways may

be exacerbated during settings of inflammation/immune activation.

We also observed some interesting CNS T cell phenotypes, such as a subset of IL-10*CD4*CD90"
T cells only in mice lacking ERAP1. CD90 has been found to affect T cells in a number of ways
including: modulation of proliferation, cytokine production, cell-adhesion, apoptosis, and more
[364, 365]. It is tempting to speculate how these IL-10*CD4*CD90" T cells, found in the CNS of
mice lacking ERAP1, may be functioning compared to their CD90* counterparts found in the WT
CNS, and how this may relate to B cell-dependent EAE phenotypes, but proper functional

studies will be required for this.
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An alternative hypothesis not investigated here concerns ERAP1’s canonical role in antigen
presentation. While ERAP1’s ability to shape the immuno-peptidome is well understood [123],
this particular function has not been shown to be the sole cause of ERAP1’s genetic associations
with multiple autoimmune diseases [347]. This is critical when considering the linkage to MS,
since no set of conserved immunogenic epitopes has been confirmed to underlie susceptibility
to all cases of MS [366, 367], unlike related neuroinflammatory diseases such as anti-MOG
associated encephalitis [136] and neuromyelitis optica spectrum disorder [368]. This implies
that polymorphisms in ERAP1 may be causing increased susceptibility to MS via alternative
mechanisms, some of which we have previously identified [124, 129-131]. It has recently been
shown that B cells present a unique repertoire of self-peptides on HLA-DR15 (MHC-II), a gene
accounting for almost half of all genetic risk for MS [367]. Critically, memory CSF CD4* T cells
responded to these self-peptides, the most reactive of which, have been previously linked to
MS [367]. It is therefore, conceivable, that since ERAP1 plays an important role in processing
self-peptides for presentation on MHC-I [347], and that since the K528R SNP is known to
modulate this trimming ability and alter the immunopeptidome [369], that B cells carrying the
K528R SNP may be more likely to present CNS autoimmunity-driving auto-antigens on HLA-
DR15. While it is commonly believed that ERAP1 only trims peptides presented on MHC-1 [347],
there is no conclusive evidence showing that ERAP1 does not affect the MHC-II
immunopeptidome. Studies ruling out possible MHC-II involvement by ERAP1 only looked at
MHC-II surface expression and CD4* T cell responses to a handful of antigens [370]. Since it is

now recognized that B cells can actually present self-antigens on MHC-II [367], and that this
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may drive MS, further investigations into if and how ERAP1 shapes the MHC-II

immunopeptidome are certainly warranted.

Finally, our studies here lead to the creation of the first map of the CNS resident IL-10" immune
compartment at the protein level in mice; an important resource for those investigating CNS
regulatory mechanisms. Our map is similar to that determined using scRNA-seq [371], but with
a couple of important differences potentially related to both the technology and animal models
used. While we found microglia to be the primary source of IL-10 at steady state and CD4* T
cells the dominant source during EAE, Shemer, A., et al. claim microglia are unable to make IL-
10 and that with LPS stimulation NK cells and neutrophils are the primary sources of IL-10 in the
CNS [371]. Our protein level assessment of IL-10 using a highly specific reporter mouse [307]
contradicts the idea that microglia do not make IL-10 and our results are consistent with other
published work [372]. One reason for the discrepancy between our datasets is likely due to
Shemer, A., et al. only measuring IL-10 at the mRNA level, while we measure it at the protein
level. Measurements at the protein level are critical for a cytokine such as IL-10, as its mRNA is
subject to multiple post-transcriptional regulation mechanisms [373] and because IL-10 protein
negatively regulates its own mRNA [374]; autocrine signaling which may explain the
discrepancy between our results. Lastly, while we employ the EAE model of neuroinflammation,
Shemer, A,, et al. use the LPS model, which may further explain why we identify different
immune cell subsets are making IL-10, notably neutrophils [375]. While it has been reported
that this strain of IL-10-GFP mouse is unsuitable for IL-10 detection in myeloid cell during

inflammation [376], through the use of spectral cytometry we are able to detect and subtract
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out autofluorescence signals from microglia, thus allowing accurate IL-10 detection even on

highly autofluorescent cells such as microglia [296].

In total, our efforts to investigate the genetic association between polymorphisms in the ERAP1
gene and MS have begun to unravel this mystery and focus attention on B cell biology as a
potential key regulator in autoimmune neuroinflammation. This correlates with the current
clinical treatment of MS using non-discriminate, B cell-depleting regimens. Our work suggests
that there may be an opportunity to further target these interventions to specific B cell subsets,
both to enhance efficacy, as well as prevent known complications to these approaches, such as
global immune-suppression.

Materials and Methods
EAE model
All animal procedures were approved by the Michigan State University Institutional Animal Care

and Use Committee (http://iacuc.msu.edu/). On day -2, mice were injected with 300ug

recombinant human MOG peptide (rhMOGss.ss) (SigmaAldrich) or 33ug full-length recombinant
murine MOG (rmMOGi-125) (Anaspec) with equal parts complete Freund’s adjuvant (CFA) as
previously described [326]. 400ng of pertussis toxin (MilliporeSigma) was injected
intraperitoneally on days -2 and 0. Mice were scored daily on a scale of 0-5 as previously
described [326], with a score of 0 = no symptoms, 1 = tail paresis, 2 = partial hindlimb paresis, 3
= complete hindlimb paresis, 4 = complete hindlimb paresis and front limb involvement, 5 =

moribund or dead. Mice were humanely euthanized if a score of 4 or 5 was reached.
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Investigators were blinded to genotypes of mice during the 1% attempt at each experiment

(these are presented as representative in figures).

Adoptive transfer studies

Splenocytes were collected from WT and ERAP17- mice as previously described [124]. B cells
were isolated per manufacturer’s guidelines using the murine B cell isolation kit (Miltenyi
Biotec) and injected I.V. retro-orbitally (1x107 cells) into uMT mice (The Jackson Laboratory).
Mice were bled to confirm B cell adoptive transfer two days later via FACS. Five days after
transfer, EAE was induced in mice with rmMOGa1.125 as described above. For co-transfer of both
WT and ERAP17 B cells into the same mouse, WT B cells were first isolated and labeled with
CFSE [377] and ERAP17- B cells were labeled with CellTrace Violet [377] per manufacturer’s
guidelines. Cells were mixed in a 1:1 ratio and a total of 1x107 cells were injected I.V. into each

UMT mouse.

CNS immune cell isolation

Mice were anesthetized and trans-cardiac perfusion with 15-20mL of sterile PBS was
performed. Brains were then removed, placed in ice-cold 1X HBSS and minced using a scalpel.
Brains were digested using a digestion cocktail for 45 minutes at 37°C as previously described
[327]. Samples were then homogenized with a dounce homogenizer and the digestion reaction
was stopped using EDTA and 1X HBSS containing 10% FBS. The lysate was then subjected to
gradient centrifugation using Percoll as previously described [328]. Isolated immune cells were

resuspended in FACS buffer and stained for spectral cytometry. For experiments involving in
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vivo circulating immune cell labeling, before trans-cardiac perfusion, 5ug of anti-CD45
SparkBlue 550 antibody was injected trans-cardiac through the left ventricle and allowed to
circulate for three minutes. The mouse was then trans-cardiac perfused with PBS as described

above.

Flow cytometry and spectral cytometry

Cells were isolated from the CNS, spleen, blood, and inguinal lymph nodes as previously
described [31]. Cells were stained with various antibodies (Supplementary table 7) utilizing BD
Brilliant Stain Buffer (50uL per sample) whenever multiple Brilliant dyes were used in
combination. Viability staining was performed with Zombie NIR (BioLegend) and Fc receptors
were blocked with murine Fc block (BD Biosciences). Intranuclear staining was performed with
the BD Transcription Factor Buffer Set kit (BD Biosciences) per manufacturer’s instructions.
Samples were acquired on a 5 laser Cytek Aurora Spectral Cytometer or a 3 laser BD LSR Il and
data was analyzed using FlowJo version 10.6.1 (Tree Star) and the R computing environment.
High dimensional single-cell spectral cytometry was performed in R. The CATALYST package was
used to perform all analyses with a cell annotation and dimensionality reduction approach as
previously described (O’Connell, et al., under review) [276]. After data clean up in Flowlo, files
were exported as FCS files, loaded into R, and an arcsinh transformation of 6000 was applied to
all spectral cytometry data. Unbiased clustering was performed with FlowSOM [223], and
clusters were annotated and manually merged as necessary down to functionally distinct

immune cell subsets.
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For experiments using IL-10-GFP mice and/or in vivo labeling, IL-10-GFP* and negative (and IV*
and negative) cells were combinatorially boolean gated in FlowJo allowing for absolute
positive/negative discrimination in high dimensional analyses performed in R. In all analyses
where IV labeling was performed, IV* cells were removed before final generation of figures and
statistical analysis. Additionally, high dimensional spectral cytometry analysis performed in (Fig.
35) was done entirely in FlowJo employing an exhaustive manual gating scheme allowing
identification of nearly all immune cells (Supplementary fig. 14A), the accuracy of which was

confirmed by unbiased FlowSOM clustering also performed in FlowlJo (data not shown).

For the in vivo analysis of B cell proliferation, proliferation was measured via CFSE or CTV dye
dilution. Specifically, we analyzed the proportion of cells actively proliferating from the previous
measurement. This was done since the baseline population will shift over time since all cells are
proliferating to some degree over this extended time period. By shifting the baseline from
previous timepoints we are able to assess which cells are continuing to proliferate at

substantial levels.

Integrated scRNA-seq analysis

We first searched for scRNA-seq datasets containing publicly available raw sequencing data of
PBMCs from healthy individuals. We identified seven datasets [345, 348, 378-382] meeting
these criteria, six of which used the 10X Genomics platform [345, 348, 378-381], and one which
used Seq-well [382]. For 10X datasets, we downloaded the raw FASTQ files, processed them

through the CellRanger pipeline and aligned reads to the GRCh38-3.0.0 human reference
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genome. Resulting count matrices were saved for later analysis with the Seurat package [383].
We then used the output .bam file from CellRanger to call each individual sample for the
presence or absence of the ERAP1 K528R SNP. This was accomplished by running mpileup from
BCFtools with the following command: -Ou -A -r 5:96700273-96995983 -f

~/hg38 ref fasta/Homo_sapiens.GRCh38.dna.primary_assembly.fa. SNPs were called from the
resulting .bcf file using the call command from BCF tools with the following command: -mv -Ob
-0 snp_calls_XX.bcf. BCFtools was then used to index the .bcf file and a list of all SNPs in the
ERAP1 region was generated using the BCFtools query command as follows: -f '%CHROM %POS
%REF %END %ALT\n' -r 5:96760273-96935983 snp_calls_XX.bcf > ERAP1_snps_XX.txt. Resulting
SNPs were run through a custom R script to identify the presence of the K528R SNP for each
individual. Notably, for a few individuals, we tested if applying Q30 phred-score filtering

affected our ERAP1 SNP calls and found that it did not (data not shown).

Seg-well data was downloaded as SRA files which were converted to FASTQ files using faster-
dump from SRAtoolkit. Reads were aligned to GRCh38-3.0.0 using STAR, indexed with
SAMtools, and SNPs were called as described above. Count matrices were downloaded from

publicly available pre-processed data from the original authors [382].

All count matrices were loaded into R as Seurat objects using Seurat V4.0.3 and 10X datasets
were merged together. Metadata containing K528R SNP info, study info, sample_ID info, etc
was appended to all cells. Seq-well data was read into R and merged together into a Seurat

object using the EpicTools package (https://github.com/ajwilk/EpicTools). Metadata was
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appended to these files and all 10X data was merged with Seq-well data. Cells with < 200

features, > 4100 features, or > 20% of transcripts being mitochondrial were removed.

For dataset integration the harmony R package was used [384]. Briefly, the Seurat object
containing all cells from all datasets was processed with SCTransform, the percent of
mitochondrial transcripts was regressed out, and 30 PCA dimensions were calculated. Harmony
was then run on the SCT assay of this Seurat object and both study and individual donor
variability were regressed out of the integration. The standard SCTransform Seurat workflow
was then continued and putative B cells were identified from UMAP plots and DEGs across cell
clusters. Putative B cells were subsetted out from the rest of cells. Visual inspection of data
revealed that there were very few cells from the Seqg-well technology, and that these cells

exhibited technology-specific clustering; hence, they were removed from downstream analysis.

B cells still exhibited study-specific clustering so the B cells were subjected to further dataset
integration using the SCTransform integration approach embedded in Seurat V4.0.3. Briefly,
SCTranform was rerun on all cells after splitting them up by study and the SCT assay was used
to find integration anchors and to integrate the data. Visual inspection of this data now

revealed minimal technology-specific clustering confirming efficient integration.

Re-clustering and differential marker analysis identified a few clusters of non-B cells/plasma
cells which were removed. Data was re-clustered again and dimensionality reduction was also

performed again. Clusters were annotated in an unbiased manner using the SingleR package
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[385]. Here, we performed cluster-level annotation using three reference datasets (HPCA,
Blueprint, and Monaco). SingleR effectively annotated all of our clusters with high confidence
into five distinct B cell/plasma cell clusters. These clusters exhibit no study-specific biases, with
the exception of the “Exhausted B cell” cluster which is composed almost entirely of cells from

Kang, et al. (Supplementary fig. 21B) [348].

DEG’s and data visualization of the resulting high-quality single-cell dataset were performed
using the normalized RNA counts (and not SCTransformed or integrated data) as recommended
by the Seurat development team. DEGs were called using MAST [386] and these DEGs were
validated using a second approach (Wilcoxon rank sum test) showing very high concordance
(data not shown). Pathway-level analyses were performed using IPA (Qiagen) on statistically
significant DEGs from various B cell subsets. Bar plots of enriched pathways are colored
according to the directionality of the changes in that pathway with more purple color indicating
increased pathway activation and more tan color indicating less pathway activation in cells

containing the K528R ERAP1 SNP.

Statistical analysis

Statistical analyses are listed in all figure legends and were performed in either GraphPad Prism
V8 or the R computing environment. Cell subset frequency comparisons and differential marker
expression on cell subsets from experiments employing high dimensional spectral cytometry
were statistically compared with a GLMM implemented through the diffcyt R package [286]. All

heatmaps were locally scaled.
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Data and code availability
All raw data is available upon reasonable request. Analysis code can be found at:

https://github.com/poconnel3/0OConnell et-al ERAP1 MS manuscript
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CHAPTER: 8 Summary/Discussion
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Our multifaceted work presented in this thesis has helped to broaden our understanding as to
how genetic association studies of MS have identified two genes, SLAMF7 and ERAP1 that not
only predispose to this condition, but may also that may modulate key immunoregulatory
mechanisms common to autoimmune diseases generally. Our investigations into SLAMF7’s
biological functions have expanded the scope of SLAMF7’s known roles across immune cell
types and diseases. Specifically, we described for the first time roles for SLAMF7 in the setting of
chronic HIV infection as well as in T cell-mediated cancer responses [27, 255]. We also defined
new cell type-specific functions for SLAMF7 on monocytes and T cells [27, 255]. In particular, we
showed the ability of SLAMF7 to counteract type | IFN responses of monocytes; responses
important during chronic HIV infection, as well as a number of other diseases [27, 387, 388]. As
aberrant type I IFN responses have been identified to play important roles across a wide array of
pathologies/conditions [387, 389], it will be interesting to see if SLAMF7 modulation of these
responses can prove beneficial in these conditions. Indeed, as type | IFNs play an important role
in the body’s response to the current pandemic-causing virus, SARS-CoV-2 [390, 391], there
have already been reports discussing a potential role for SLAMF7 in the pathogenesis of this
infection [392-394]. Likewise, while we focused our studies of SLAMF7’s role in T cell exhaustion
to cancer [255], T cell exhaustion also plays roles in a number of other pathological states [115,
395]. It will be interesting for future studies to not only investigate this function of SLAMF7
more thoroughly, but also to see if modulation of this pathway can have beneficial outcomes in

other disease models where T cell exhaustion is known to be involved.

As our group always has the end goal of improving patient outcomes in mind, we have already
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begun to take our newfound knowledge of SLAMF7’s diverse biological functions and translating
them into potential therapeutics. A prime example of this is our work constructing and testing
Ad-SF7-Fc, where we designed an adenovirus which expresses a recombinant protein composed
of the extracellular domain of SLAMF7 attached to IgG1 (Chapter 5, this work). Our work here
has shown it is possible to modulate this receptor in vivo to achieve positive disease outcomes,
but has also highlighted the difficulty of such an approach. This difficulty comes from the nature
of SLAMF7 being a homotypic receptor and also that it has differing functions on different
immune cell types [27, 215, 255]. This means that a broad-based SLAMF7 targeting approach
like the one we employed can actually be partially self-defeating, as it can induce cell type
responses with opposing effects on the biological outcome desired. When modulating a
receptor like SLAMF7, what is really needed is a targeted, precision approach tailored to the
disease in question. Such an approach is currently feasible with currently available technologies

such as bi-specific antibodies [396].

Our investigations into the role of SLAMF7 in CNS immunoregulation have uncovered multiple
new areas for future investigation. They have also unexpectedly revealed similar mechanisms
underlying this genes’ association to MS with that of ERAP1; being through modulation of B cell
responses. This highlights the importance of B cells in controlling CNS autoimmunity and
suggests that B cells are particularly sensitive to any type of perturbation in regards to their
ability to drive CNS autoimmunity, both genetic and environmental. This may help explain why
so many genes have thus far been linked to MS susceptibility as B cells are a diverse group of

immune cells with multiple function [4]. Such findings provide hope that in the future, once
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more is known about master regulatory pathways controlling B cells and how changes in these
cause autoimmunity, therapeutics may be developed to stabilize B cells against such
perturbations. Such therapeutics should, in theory, prove superior to the current, blunt

approach of merely depleting all B cells in individuals with MS or other autoimmune diseases.

Our work on another GWAS associated susceptibility gene for MS, ERAP1, demonstrates how
ERAP1 modulates immune responses to potentially increase susceptibility to autoimmune
conditions in a parallel manner to SLAMF7. Like SLAMF7, ERAP1 is able to modulate the immune
system via multiple mechanisms [121], making it a potential master regulator of the immune
system. However, unlike SLAMF7 which can affect different immune cell types in vastly different
ways [27, 215, 255], ERAP1 appears, in general, to have similar effects on most immune cells;
that is, it functions to dampen pro-inflammatory responses [121]. Our work showing ERAP1
increases susceptibility to EAE via a B cell-dependent mechanism is intriguing, since there has
never before been published studies showing a mechanistic role for ERAP1 in B cells driving
disease (Chapter 7, this work). Based upon these efforts, our group has expanded ERAP1’s
known functions to include modulation of innate immune functions as well, as well as now B
cells specifically [129-131]. It is certainly possible (and highly likely) that ERAP1 has yet more
undiscovered roles in the regulation of the immune system which await discovery. Studies
investigating the intracellular interaction partners of ERAP1 will be critical, not only in
uncovering these, but also at helping to provide more detailed mechanistic evidence for
ERAP1’s other non-canonical functions. In total, our efforts here have advanced mankind’s

knowledge of how two proteins, SLAMF7 and ERAP1, modulate immune responses, how this
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can alter diseases susceptibility/progression, and ways in which we might be able to

therapeutically modulate such responses for clinical benefit.

The combined efforts from our studies of ERAP1 and SLAMF7 in MS/EAE align well with current
research in the field of autoimmunity showing that B cells play a much more critical role then
once thought. For decades much of the research into causes underlying autoimmune diseases
focused on immune suppressive factors (ie. IL-10), which while an important factor in many
cases, have emerged as secondary to other master regulatory mechanisms. Now that the
immunological community has recognized the critical roles B cells play in orchestrating immune
responses, beyond their well-known role in antibody production, new efforts are underway to
characterize the full extent of the roles B cells play in immunoregulation. For example, recent
work from Marco Colonna and Jonathan Kipnis on CNS B cells has revealed surprising CNS B cell
heterogeneity and novel cranial bone marrow reservoirs for CNS B cells [397, 398]. The impetus
for such in depth studies was likely driven by the recently appreciated critical roles B cells play in

CNS autoimmunity.

Taken together with our studies here, a new picture of autoimmunity is emerging; one in which
B cell-mediated orchestration of the global immune system is key to autoimmune disease
susceptibility. It is also clear that we have much to learn regarding the precise B cell-specific
mechanisms important in controlling these processes. With this knowledge we can begin to
move away from our current hard-handed clinical B cell targeting approach (pan-depletion) and

move on to more elegant, targeted B cell therapeutics.
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CHAPTER: 9 Future work
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All of the work presented here could benefit from additional follow-up studies providing more
mechanistic evidence supporting and expanding upon our multiple findings. In regards to our
studies of SLAMF7 in the setting of HIV [27], some additional studies important to perform
include experiments to fully define the mechanism by which SLAMF7 is able to suppress alpha
chemokine production from IFNa-stimulated monocytes. In particular, RNA-seq studies paired
with SLAMF7 IP-LC MS/MS, followed by integrated analysis using Ingenuity Pathway Analysis
software (Qiagen) would provide a powerful combination to help identify potential
transcriptional gene networks for more in-depth biochemical studies. Additionally, modulating
SLAMF7 in vivo in a mouse (via cre-lox conditional targeting or SLAMF7-targeting antibodies) or
using a non-human primate model of HIV-1 infection would provide important proof-of-concept
that targeting of the SLAMF7 receptor can have positive disease outcomes. These studies would
require appropriate therapeutic modalities to specifically target SLAMF7, which would need to
be developed first, such as bi-specific adaptions of our recently developed SLAMF7-Fc protein
[112]. It would also be interesting to further investigate how precisely SLAMF7 activation on

monocytes is able to inhibit their infection with HIV-1 and if this effect is also true in vivo.

Our work examining how SLAMF7 signaling on CD8* T cells drives them towards exhaustion
could also benefit from mechanistic work looking to understand this process at the molecular
level. This could be accomplished via a large integrated experiment where CD8" TILs are sorted
out from B16 tumors grown in WT or SLAMF7/- mice. The sorted cells are then subjected to
combined scRNA-seq, scATAC-seq, and scTCR-seq [399]. This would not only identify gene

transcription networks, but also allow for analysis of epigenetic changes on these cells, which is
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critical because of the important role of epigenetics in T cell exhaustion [400, 401], and how we
found SLAMF7 modulated the important epigenetic remodeling transcription factors YY1, TOX,
and Blimp-1in T cells [255]. There are of course other ways this could be accomplished,
including in vitro stimulation studies of SLAMF7-stimulated T cells paired with SLAMF7-specific
cite-seq to help target analyses to just T cells which have had their SLAMF7 receptor activated
(this takes advantage of the knowledge that once SLAMF7 is activated it becomes down-
regulated at the protein level (O'Connell, 2018 #1639) so comparing protein and RNA
expression of SLAMF7 can allow identification of cells w/ bona fide SLAMF7 activation). It would
also be important to confirm the enhanced tumor control in SLAMF77- mice is due to defects in
CD8* T cells, since our work used a whole mouse knockout. This can be easily accomplished
using a CD8-cre driver line crossed to a SLAMF7%f mouse (which our group has recently
generated, shown to be non-embryonically lethal, and specifically deletes SLAMF7 on CD8* T

cells [data not shown]).

A few important questions remain from our work developing the Ad-SF7-Fc virus. Specifically,
work confirming that SLAMF7 signaling can alter pDC production of type | IFNs, can induce IL-12
from DCs, and/or can module TAM PD-L1 expression, would all help to bolster the conclusions
from that work. Much of this could be accomplished with simple in vitro assays utilizing cells
from SLAMF77/- mice and also crosslinking of the SLAMF7 receptor in cells from WT mice.
Combining studies utilizing SLAMF77 mice and SLAMF7 activation on WT mice should allow for
a more robust assessment of the impacts of SLAMF7 signaling, as factors modulated in one

direction in SLAMF77- immune cells should be modulated in the opposite direction when
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SLAMF7 is activated on WT immune cells. It would also be interesting to investigate if SLAMF7
signaling on TAMs alters just PD-L1 expression, or if it alters TAMs in any other way, so
transcriptome-wide studies may be useful here. Such studies would provide a global view of
how SLAMF7 signaling alters TAMs and would provide information on potential mechanisms

linking SLAMF7 signaling to PD-L1 expression.

Perhaps the study prompting the most follow-up work is our investigation into the role of
SLAMF7 in MS. Our early work has determined that the mechanism is independent of IL-10,
which is important since our work showing SLAMF7 can module STAT3 phosphorylation [255],
and the knowledge that pSTAT3 drives IL-10 [305, 402], made this a logical potential
mechanism. Preliminary data suggests that SLAMF7 signaling on B cells may be responsible for
this increased EAE susceptibility, possibly via IL-10-independent regulatory mechanisms, but
adoptive transfer and/or conditional targeting studies will be needed to confirm this.
Importantly, our group has both the protocol and uMT mice in place for adoptive transfer
studies, and we also have SLAMF7%f mice available for breeding to CD19-Cre driver lines.
Molecular-level mechanism studies could be undertaken with RNA-seq and SLAMF7 IP LC-
MS/MS experiments as described above. As there is very little in the literature regarding the
role of SLAMF7 on B cells, any results of these investigations would prove important in the

SLAM receptor field.

Because we have narrowed down the culprit cell to B cells as being intrinsically susceptible to

loss of ERAP1 functions to promote EAE, and that current MS therapies focus on B cell depletion
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strategies, future investigations are more straight forward here. The most pressing studies will
be ones investigating the molecular mechanism using ERAP17- deficient B cells largely
accomplished via RNA-seq of WT and ERAP17- B cells from mice with EAE and at steady state.
Potentially interesting transcriptional networks identified as underlying mechanisms can be
validated (reversed) in vitro, and in vivo to determine if they can reverse the EAE phenotype of
ERAP17 mice. Potentially interesting mechanisms can be validated in vitro, or even in vivo to
see if they can reverse the EAE phenotype in ERAP17- mice. Moreover, from RNA-seq data, we
can calculate an ERAP17- gene signature, convert these genes to their human homologues, and
map this signature back to our human scRNA-seq dataset. This would allow us determine
whether individuals carrying the ERAP1 K528R SNP have more B cells with a high risk ERAP17-
signature, as would be expected and would help link our murine findings back to humans. By
focusing on factors and pathways similarly dysregulated in murine ERAP17- B cells and human B
cells carrying the K528R SNP, we could then begin functional studies aimed at determining
precisely how ERAP1 modulates B cell functions to predispose to autoimmunity. With this
functional knowledge of how ERAP1 modulates B cells, translational studies on B cells from MS
patients (and patients with other ERAP1-linked autoimmune diseases) could be undertaken.
Such studies could investigate if these ERAP1-mediated functional defects in B cells from MS
patients are only present in individuals carrying the ERAP1 K528R SNP, or if they are conserved
in B cells from individuals with MS not carrying the K528R SNP. If the latter is true, this would
point to a conserved pathway in B cells underlying MS susceptibility, (as well additional
autoimmune diseases ERAP1 has been linked to) which ERAP1 and other genes may

independently be able to contribute too.
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