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Elucidating the Mechanistic Role of ADAM17 in IL-18 Induced “Memory-Like” Natural
Killer Cell Differentiation and Helper Function

Alexandra Mullen, MPH

University of Pittsburgh, 2024

HIV-1 infection causes a skewed phenotypic and functional repertoire of natural killer
(NK) cells, which continues to be present in people living with HIV-1 (PLWH) following effective
control of HIV-1 viremia with long-term antiretroviral therapy (ART). This is highlighted by the
expansion of a rare and highly differentiated population of ADCC hyper-responsive CD16" FcRy
NK cells that exhibit adaptive immune characteristics, such as immunological memory. In addition
to the FcRy” NK population, NK cells can differentiate into a cytokine-induced “memory-like”
population that lacks CD16 expression and acquires characteristics more commonly associated
with T helper cells. Our lab has shown that IL-18 stimulation proved to be critical for
distinguishing the capacity of an NK cell to differentiate into either a cytolytic FcRy” NK cell or a
helper -like NK cell as FcRy cells are rendered unresponsive to IL-18 stimulation and maintain
CD16 expression. However, the mechanism involved in this IL-18 mediated NK cell
differentiation process is still not completely known. The TNFa converting enzyme, ADAM17,
has been implicated in the shedding of NK cell receptor CD16, and is therefore an interesting
molecule of study for the mechanism of NK cell differentiation. The results of this study highlight
the roles of both IL-18 and ADAM17 in the differentiation of NK cells into a functionally distinct
“memory-like” NK helper cell subset and implicates a potential role of ADAMI7 in the
development of FcRy” NK cells. Moreover, this study highlights the parallel that exists between

NK cells and T cells, with both having the capacity to differentiate into adaptive cytolytic vs helper
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cell subsets. Overall, this underscores the need to continue to identify and study the causative
mechanisms contributing to NK cell immune irregularities seen in PLWH. A better understanding
of how these different NK cell populations arise naturally, how they can be induced, and their role
in chronic HIV-1 infection and associated comorbidities can lead to more effective targeting of

NK cells in HIV-1 comorbidity and remission studies.
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1.0 Introduction: Natural Killer Cells and the Immune Response

1.1 NK Cells in the Innate Immune Response

The versatile and complex roles natural killer (NK) cells play in the immune system offer
a unique perspective into the functionality of immune cell interactions. NK cells are lymphoid
progenitor cells that, unlike T and B cells, play a major role in the innate immune response [1].
These cells have the ability to mount an innate killing response to virally infected cells as well as
tumor cells [2-4]. Importantly, NK cells are able to mount this response without any prior exposure
or priming, making them critical mediators of the innate immune response [3, 5]. Another critical
aspect of their innate functionality is their ability to lyse any cell in the immune environment that
lacks “self” major histocompatibility complex (MHC) class 1 due to their mixed repertoire of
activating and inhibitory surface receptors. Typically, inhibitory receptors on the NK cells will
engage with MHC class I, halting cell lysis. However, if a cell is missing MHC class I and fails to
engage with an NK cell inhibitory receptor, activating receptor signaling pathways are triggered,
and the NK cell will lyse the target [6-9].

The natural ability of NK cells to lyse target cells is the most common feature of their
innate immune function, and this cytolytic capacity is an important first-line mechanism of host

defense for most infections.



1.1.1 Classical Phenotypical Characterization of NK Cells

Most often, NK cells are classified by their relative expression of two surface molecules,
CD56 and CD16, and their absence of CD3. In the peripheral blood, about 10% of NK cells are
characterized as having high expression of CD56 and lack of expression of CD16, also termed
CD56"e"CD16 NK cells. These NK cells are unique in their ability to migrate to the lymph node
due to their surface expression of CCR7 and CD62L [10, 11]. The other 90% of NK cells in the
peripheral blood have a reduced level of CD56, but have high expression of CD16 and are termed
CD56%™CD16" NK cells [12, 13]. The population of CD56%™CD16* NK cells also displays higher
levels of inhibitory NK receptors (iNKRs) that recognize and engage with various MHC class |
molecules [14, 15]. The CD56#" population of NK cells is thought to be a younger or immature
NK population that will eventually lose CD56 expression and acquire CD16 as they mature [16].
Once these mature or conventional NK cells have the CD56%™CD16" phenotype, they display a

decrease in proliferative capacity and an increase in cytotoxicity [17].

1.1.2 Diverse Effector Functions of NK Cells

Although NK cells are often classified by only a handful of surface molecules, their
functionality extends beyond this simple characterization. As previously described, NK cells have
an innate ability to lyse cells undergoing stress due to viral infection, tumor transformation, or
because of lack of self-MHC presentation. However, NK cells function beyond their cytolytic
potential. At the most basic level, CD56™"CDI16" NK cells are recognized for their

immunomodulatory function as major cytokine producers with little cytolytic ability [18, 19]. On



the other hand, CD56%™CD16" NK cells are recognized more for their killing capacity [20, 21]

(Fig. 1).
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Figure 1. Classical characterization of NK cell subsets

(A) NK cells defined by a CD56brightCD16- phenotype exhibit higher levels of CD56,
inhibitory NKG2A, IL-2 receptor CD25, and other cytokine receptors. These cells are defined
by their increased ability to produce cytokines upon stimulation, increased expression of
inhibitory NK receptors such as NKG2A, as well as traffic to the lymph node due to the
expression of CCR7 and CD62L. (B) NK cells defined by a CD56dimCD16+ phenotype
exhibit higher levels of CD16, activating NK receptors such as NKG2C, and inhibitory
immunoglobulin-like receptors (iKIRs), but lower levels of IL-2 receptor CD25. These cells
are defined by their increased cytolytic potential (Ref: Anderko et al, 2021) [22].

The increased cytolytic ability of the CD56%™CD16" NK cells comes from their increased
expression of activating receptors, as well as their maintained expression of the low-affinity IgG
Fc receptor surface molecule CD16 (or FcyRIIIA) [23-25]. This expression of CD16 allows NK
cells to be good mediators of antibody-dependent cellular cytotoxicity (ADCC). When CD16 is
engaged with the Fc portion of an antibody on an opsonized cell, an intracellular signaling cascade
takes place in the NK cell that leads to target cell lysis and cytokine secretion [26, 27].
CD56"e"CD16™ NK cells, however, cannot mediate ADCC due to their lack of CD16 expression.

These cells instead are able to quickly produce higher levels of cytokines, such as IFNy, TNF-a.,



and IL-10, in response to innate cytokine stimulation as compared to the CD56%™CD16"
population [19, 28]. In addition, these cells express chemokine receptors CCR7 and CXCR3,
which make them more abundant in the lymph nodes than the CD56%™CD16" cells [10, 29]. Put
together, the presence of the CD56™€"CD16 NK cells in peripheral and lymphoid tissues, along
with their increased capacity to produce cytokines, allows for them to provide important immune
help to other immune cells in the environment to influence the character of the immune response

[28].

1.1.3 NK Cell-Mediated “Help” to Dendritic Cells

As mentioned above, besides their killing responses, NK cells an important role by
providing immune “help” to other cells by producing an array of effector cytokines [28]. Their
impact on dendritic cells (DCs) in particular is important for shaping the character of the adaptive
immune response. DCs are antigen-presenting cells that bridge the gap between the innate and
adaptive immune response as they carry information from the periphery to the lymph node and
subsequently interact with and prime T-cells to mount specific immune responses [30]. NK cells
and DCs exhibit a cross-talk that can shape the landscape of the immune environment [31]. DCs
produce a variety of NK cell activating cytokines including IL-12, IL-15, and IL18, each of which
contributes to NK cell proliferation, cytolytic function, and production of cytokines including IFNy
[31-33].

In addition to the DCs providing immune signaling to the NK cells, the NK cells in turn
are able to provide immune help to modulate the phenotype and function of DCs. Activated NK
cells produce IFNy and TNFa, which promote DC maturation and enhance their capacity to

produce high levels of IL-12p70 when interacting with CD40L-expressing T helper cells [34]. In
4



addition, this bidirectional signaling between NK cells and DCs often occurs before T cell priming
events. The nature of this communication can contribute to the environmental milieu by providing
instruction for the proper development of polarized T helper responses [35, 36]. The NK cytokine
production can also promote DC migration to the draining lymph nodes where the DCs can
continue to prime effector T cells to mount an appropriate immune response [31]. Importantly, NK
cells present in secondary lymphoid organs (SLO) are also able to participate in this NK-DC cross-
talk, adding to that immune environment within the lymphoid tissue [37]. Conventional NK cells
that are induced to differentiate and migrate from the periphery to the lymph nodes to provide this
immune help are phenotypically characterized by their expression of the markers, CD83, CD25,

and CCR7 [34].

1.2 NK Cells and HIV-1

NK cells have been shown to be important players in HIV-1 infection, progression, and
outcomes. More specifically, their germline-encoded killer receptors interact with HLA molecules
presenting HIV peptides, and this interaction has been associated with a delayed progression to
AIDS, as well as protection against initial viral infection [38, 39]. Their cytokine and chemokine-
producing abilities can also aid in the response to HIV infection. When NK cells produce
chemokines, such as CCL3 and CCL4, they can act as competitive ligands to HIV co-receptor
CCRS5, thereby preventing viral entry into the host cell [40]. Not only do the NK cells produce
chemokines to block viral entry, but they also produce cytokines that interact with DCs that have

downstream effects on shaping the adaptive response to HIV- infection [41, 42]. In addition, NK



cells also contribute to the effectiveness of HIV-1 vaccines due to their increased ADCC potential

when their CD16 receptor i1s engaged with vaccine-induced antibodies [43, 44] (Fig. 2).
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Figure 2. The role of NK cells in HIV-1 infection

(A) NK cells’ different surface receptors, such as CD16 and KIRs, can interact with antibodies or
HLA presenting HIV peptides in the environment and create a cytolytic environment to control
HIV infection. (B) NK cells can produce various forms of chemokines that can bind to CCRS,
thereby preventing viral entry into the host, as well as other chemokines that increase the
production of antimicrobial molecules in the epithelium to protect against the virus. (C) NK cells
are also able to produce various cytokines in their environment that mature and activate DCs,
therefore, having a downstream effect on the adaptative response to HIV infection. NK cells also
play a role in editing the germinal center and reducing viral reservoirs in adaptive cells (Ref:
Florez-Alvarez et al. 2018) [45]. Copyright © 2018, Frontiers in Immunology.



1.2.1 NK Cell Dysfunction in HIV-1

Although NK cells can play a protective role in HIV-1 infection, the virus is still able to
infect and remain latent in its host and cause immune dysfunction. Part of this immune dysfunction
can be seen in the NK cell population itself, causing these cells to become less effective in
controlling the virus [40, 46]. Upon HIV infection, the proportion of NK cells shifts and there
becomes a depletion in the CD56"#"CD16° NK cells, but an increase in the CD564™CD16" cells
[46]. Eventually, when untreated, chronic viremia leads to an expansion of a CD56°CD16" subset
of NK cells, which exhibit dysfunctional cytotoxic activity, including ADCC [47, 48]. This
dysfunctional subset also shows an increase in NKG2C expression, but a decrease in NKG2A,
lending to a more activated state but still functionally impaired [49]. In addition, these NK cells
also display weakened cytokine production, which can impair effective immune cross-talk and
subsequent adaptive immune responses [46, 47].

The NK cell dysfunction can be slightly restored through the use of antiretroviral therapy
(ART) [50]. The levels of NKG2A can be seen to increase on the NK cells once the viremia has
been suppressed through treatment, and improvements in ADCC capacity occur [49, 51].
However, even with this phenotypical restoration, the NK cells of those virally suppressed on ART
still exhibit a chronic activation state as seen by increased rates of degranulation and expression
of HLA-DR [52]. This chronic immune activation status can lead to a pro-apoptotic state in
immune cells, therefore allowing the virus to continue to evade its host’s defenses [53]. In addition,
although ART can restore levels of cytolytic CD56%™CD16" NK cells, terminal differentiation of
this population can lead to an overall decrease in NK cell functional proliferative activity [54].

The continued immune dysfunction, in addition to the ability of the virus to remain latent

during ART, has led researchers to focus attention towards a functional cure for HIV-1 [55]. As
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part of implementing and testing functional cure strategies, the removal of ART is needed to
determine efficacy. Therefore, a need exists to better understand how these dysfunctional immune
characteristics arise in chronic HIV infection, and how their effect can be minimized to ensure that
study participants will be provided the best chance for successful immune control of the virus upon

cessation of ART.

1.2.2 FcRy Deficient NK Cell Population

Another atypical subset of NK cells commonly seen in HIV infection is a group of NK
cells deficient in the intracellular CD16 adaptor protein, FcRy. Typically, the FcRy adaptor protein
associates with CD16 as either a homodimer or as a heterodimer with an intracellular CD3C chain
protein leading to an immunoreceptor tyrosine-based activation motifs (ITAMs) signaling cascade
upon CD16 engagement [56, 57]. However, those living with HIV exhibit an inflated percentage
of this rare population of NK cells that lack the FcRy adaptor protein that typically associates with

CD16, which instead is replaced with a singular CD3( protein [58] (Fig. 3).



cD16 CD16

NKp30/46
" NKp30/46'=

FcRy

i &

CD3T

Helper and effector

- Effector function
functions

Figure 3. Dysfunctional FcRy NK cell population
(A) Typical NK cell distributions contain a CD16 adaptor protein, FcRy, that acts as a heterodimer
or homodimer and contains one ITAM molecule. When the NK cell is activated, this signaling
cascade leads to a variety of effector functions. (B) A subset of NK cells in those living with HIV
are deficient in the FcRy adaptor protein and instead contain a single CD3C protein, which has
three ITAM molecules and the signaling cascade leads to increased cytotoxic effector functions.
Figure made with BioRender. com.

As mentioned previously, NK cells respond to innate stimuli in their environment. In
particular, NK cells produce helper cytokines IFNy and TNFo when stimulated by pro-
inflammatory cytokines commonly made by DCs. However, there is a two-signal requirement for
induction of this NK helper function, and this is most pronounced in the presence of IL-18 in
conjunction with other innate cytokines, such as IL-12 or IL-15 [59]. In addition to producing high
levels of IFNy and TNFa, the CD56Y™CD16" NK population also downregulates its CD16
expression upon IL-18 co-stimulation, differentiating these cells into more of a classic NK helper
cell phenotype [34].

FcRy NK cells do not exhibit this same capacity to differentiate into NK helper cells. Upon

innate co-stimulation with IL-18, the NK cells deficient in the FcRy adaptor protein are unable to

produce high levels of IFNy, nor do they acquire the surface markers, CD25 and CD83 [59].



Moreover, when NK cells with high proportions of FcRy cells are put into culture with DCs, the
production of IL-12p70 by these DCs is reduced, emphasizing their dysfunctional capacity to
effectively cross-talk with DCs [59]. Although FcRy” NK cells exhibit a reduced ability to provide
immune help, these cells do show an increased capacity for ADCC due to their retention of the Fc
receptor, CD16 [58]. Also contributing to their increase in CD16 responsiveness is the fact that
the FcRy” NK cells utilize the CD3( adaptor protein bearing three ITAMs, instead of one, leading
to a more robust signaling cascade [57].

Importantly, this subset of FcRy” NK cells is also associated with human cytomegalovirus
(HCMV) infection and those who are seropositive for HCMV exhibit higher levels of
dysfunctional FcRy” NK cells [60]. In addition, once these NK cells differentiate to an FcRy
phenotype, ART is not effective at restoring the original phenotype, and these cells are terminally

differentiated and specialized for enhanced ADCC function [61].

1.3 NK Cell “Memory-Like” Characteristics

Immunological memory is a characteristic of immune cells typically confined to the
adaptive immune response. More recently, there has been evidence supporting the notion that NK
cells can exhibit adaptive features, such as immunological memory, despite being innate cells [62].
Although they have germline-encoded receptors, some retain the ability to clonally expand in
response to an antigen-specific encounter, as well as maintain populations capable of recall
responses, all features of immunological memory [63, 64].

Early studies first demonstrating NK cell memory showed that when NK cells are primed

by tumors deficient in MHC class I, these NK cells become more potent effector NK cells, with

10



increased cytolytic potential and production of IFNy, when subsequently exposed to tumor antigen
[65]. More recently, NK cell memory was shown in an HCMV infection model where NK cells
bearing a receptor specific for the viral antigen were able to clonally expand upon infection, and
once reactivated, these cells exhibited an increase in cytokine production. In addition, the adoptive
transfer of this clonally expanded NK population into HCMV-challenged naive animals revealed
a secondary clonal expansion with heightened responses [66].

Not only has NK cell memory been shown in the context of a viral infection or MHC
priming, but there is also growing evidence to support the notion of cytokine-induced memory-
like NK populations [67]. Studies have shown that when NK cells are stimulated with innate
cytokine combinations (IL-12+15, IL-12+18, or IL-15+IL-18) they produce increased levels of
IFNy upon restimulation with the same innate cytokines. Moreover, both CD56°¢"CD16™ and
CD56%MCD16" NK cells exhibited this proliferation and increase in cytokine production upon
secondary stimulation [68]. Importantly, these NK cells do not exhibit increased cytolytic potential
upon re-stimulation, only increased cytokine production [69].

In addition to the cytokine-induced NK cells demonstrating “memory-like” characteristics,
the FcRy  NK cells also demonstrate similar “memory-like” features [70]. It has been shown that
FcRy NK cells clonally expand in response to HCMV-infected cells in an antibody-dependent
manner. These expanded cells exhibit increased cytokine production, as well as enhanced CD16
responses. This expansion, however, only takes place in HCMV seropositive individuals,

emphasizing the “memory-like” features of these cells and their HCMV association [70].
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1.4 Using IL-18 Responsiveness to Characterize NK Cell Subsets

NK cells differentiate into unique roles in the immune response, with each subset
expressing a different phenotype. The two “memory-like” NK cell subsets described have been
the NK cytokine-induced “memory-like” cells and the FcRy™ cytolytic “memory-like” NK cells.
These subsets represent different functionalities of the NK cell population, and the distinction of
these populations can be made based on their responsiveness to innate cytokine, IL-18 [59]. IL-18
is a pro-inflammatory cytokine that is made by DCs in the immune environment in response to
tissue damage, infection, or transformation [71]. As mentioned previously, IL-18 can be used to
prime NK cells to acquire their helper-like phenotype, which includes the downregulation of CD16
and upregulation of CD83, CD25, and CCR7 [34]. However, FcRy NK cells do not downregulate
their CD16 expression upon IL-18 stimulation and display a lack of IFNy production, and,
therefore, are considered unresponsive to IL-18 [59]. This difference in IL-18 responsiveness
between the cytokine-induced NK cells and FcRy” NK cells is a signature functional trait that can
be used to clearly distinguish these two populations in vitro.

However, even with the distinguishing differential responsiveness to IL-18, the mechanism
of how the IL-18-responsive cells undergo these phenotypical and functional changes is still not
greatly understood. One proposed mechanism of responsiveness to IL-18 is the presence of IL-
18Ra, where it was shown that FcRy” NK cells have a diminished expression of IL-18Ra., partially

explaining why these cells fail to respond to IL-18 [59].
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1.5 ADAM17 and NK Cells

ADAM17 is a TNFa-converting enzyme (TACE) that plays a role in ectodomain shedding
and is present on most leukocytes [72, 73]. ADAMI17 has been well-studied in neutrophils where
it has been shown to cleave TNFa, CD62L, and CD16B [74-77]. More recently, ADAM17 has
been looked at in the context of NK cells [78]. Studies have found that ADAM17 is also involved
in the cleavage of CD16A on NK cells. Moreover, it was shown that ADAM17 inhibition on NK
cells led to increased cytokine production, such as IFNy, after engagement with CD16A through
ADCC-dependent mechanisms [74]. More recently, it was shown that IL-18 stimulation of NK
cells plays a role in increasing the surface expression of ADAM17 on NK cells [78]. These
characterized mechanisms of ADAM17 have been used to study the effects of ADAM17 blockade
in cancer immunotherapy to increase the ADCC potential of the NK cells in response to antibody
therapies, but the systemic effects of the blockade are still unknown [79]. In addition, there is still
a lack of information related to the functional mechanisms of ADAMI17 and its effects on NK
cells, specifically regarding how it might contribute to the differentiation of cytokine-induced

“memory-like” NK helper cells and FcRy™ “memory-like” cytolytic NK cells.

13



2.0 Specific Aims

Despite viral suppression on long-term ART, PLWH still exhibit significant aspects of
immune dysfunction. This immune dysfunction is highlighted by the NK cell population where
NK cells get terminally differentiated and exhibit various effector functions. These two major
differentiated NK populations, the cytokine-induced “memory-like” NK helper cells and FcRy
“memory-like” cytolytic NK cells, are typically distinguished by their responsiveness to innate
cytokine, IL-18. Although IL-18 is capable of phenotypically and functionally distinguishing these
populations in vitro, the exact functional mechanism of how these populations differentiate in vivo
remains unknown. Therefore, I hypothesize that the TACE, ADAMI7, plays a functional and
mechanistic role in the distinct differentiation of the cytokine-induced “memory-like” NK helper
cells and FcRy™ “memory-like” cytolytic NK cells. To test this hypothesis, I propose the following
aims:

Aim 1: Define the role of ADAM17 on IL-18-induced differentiation of “memory-like” NK
cells.
A. Verify the selective loss of CD16 expression in conventional FcRy" NK cells, and
not FcRy" cells, induced by IL-18 co-stimulation.
B. Characterize transcriptional changes in NK cells associated with IL-18 co-
stimulation using single cell RNAseq.
C. Determine the impact of ADAMI17 inhibition on IL-18 modulation of CD16 and

helper marker surface expression on responsive NK cells.
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Aim 2: Determine the role of ADAM17 on IL-18-induced “memory-like” NK cell helper
activity.
A. Characterize the helper cytokine production profile of IL-18-treated NK cells co-
stimulated with various innate cytokines.
B. Determine the impact of ADAM17 inhibition on the helper cytokine profile of IL-
18 co-stimulated NK cells.
C. Assess the impact of ADAMI17 inhibition on IL-18-mediated NK cell activation of

DCs through DC phenotyping and DC cytokine production.
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3.0 Materials and Methods

3.1 Cell Culture

Daudi and K562 cells were cultured in RPMI (Gibco) and IMDM (Gibco) containing 10%
fetal bovine serum (Gemini), 1% Gentamicin (Gibco), and 0.5% GlutaMAX (Gibco) (cRPMI,
cIMDM), maintained at 37°C in 5% CO,. Mel-285 cells were similarly maintained but cultured in
IMDM (Gibco) containing 10% fetal bovine serum (Gemini), 1% Gentamicin (Gibco), and 0.5%
GlutaMAX (Gibco). In addition, Mel-285 were passaged with 1X PBS (Cytiva) and 0.25%

Trypsin-EDTA (Gibco).

3.1.1 Isolation of Monocytes and Peripheral Blood Lymphocytes (PBLs)

PBMC were isolated from the whole blood of participants from the MACS/WIHS
Combined Cohort Study (MWCCS) by a density gradient separation using lymphocyte separation
medium (Corning). PBMCs were then separated into monocytes and PBLs using human CD14

MicroBeads (Miltenyi Biotec).

3.1.2 Isolation of Natural Killer (NK) Cells from PBLs

NK cells were purified from PBLs by two different separation techniques. The first
technique utilized a magnetic bead negative selection NK cell enrichment kit on previously

isolated PBLs (STEMCELL EasySep™). The second technique involved further separating the
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PBLs into NK cells by negative selection using human CD3 and CD19 MicroBeads (Miltenyi

Biotec).

3.1.3 Generation of Monocyte-Derived Immature DCs (iDCs)

To generate iDCs, isolated monocytes were cultured for six days in 24-well plates (Costar)
at a concentration of 7x10° cells/well in cRPMI. Cultures were maintained with GM-CSF (1000

[U/ml; Sanofi-Aventis) and IL-4 (1000 IU/ml; R&D Systems).

3.1.4 Inhibition of DC Maturation by NK Cells

Autologous isolated NK cells were added directly to the day 6 iDC cultures at a density of
2 million cells/ml. Following the addition of NK cells, an anti-TACE/ADAM17 antibody (6pg/ml;
clone D1(A12), Millipore Sigma) or IgG isotype antibody (6pg/ml; clone MOPC 21, Sigma) was
incubated at 37°C in 5% CO: with the co-cultures for 30 minutes. Following the 30-minute
incubation, co-cultures were cultured for an additional 48 hours in the presence or absence of NK
innate stimuli. The NK cell innate stimuli were IL-18 (1pg/ml, MBL International) and IL-12p70
(20 ng/ml, R&D Systems). After innate stimulation, DCs were harvested, washed, and plated for
phenotypical and functional analysis using flow cytometry and an IL-12p70 producing ELISA. To
analyze the DC’s ability to produce IL-12p70, harvested DCs were plated onto a 96-well flat-
bottom plate (Costar) at 3.0x10* cells/well with or without the addition of recombinant human (rh)
soluble CD40L (hereinafter referred to as CD40L; 0.1mg/ml; Enzo Life Sciences). Cultures were
incubated for 24 hours after which supernatants were collected to analyze using the IL-12p70
EILSA.
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3.1.5 NK Cell Cultures

Purified NK cells were cultured in cRPMI in a 96-well round bottom plate (Costar) at a
density of 2 million cells/ml. NK cells were then cultured with or without an anti-TACE/ADAMI17
(6pg/ml; clone D1(A12), Millipore Sigma) or IgG isotype antibody (6pg/ml; clone MOPC 21,
Sigma) and incubated for 30 minutes at 37°C in 5% CO.. After incubation, NK cells were cultured
for 48 hours in the presence of various innate stimuli. Innate stimulation included combinations of
IL-18 (1pg/ml, MBL International), IL-12p70 (20 ng/ml, R&D Systems), IL-2 (6000 IU/ml,
Prometheus Laboratories) and IL-15 (20 ng/ml, R&D Systems). After 48 hours, NK supernatants
were collected and analyzed using the MESO Scale Diagnostics (MSD) U-Plex Assay Platform to
measure various levels of cytokine production. In addition, NK cells were stained for flow

cytometry to analyze their phenotypical profiles.

3.2 Antibody Dependent Cellular Cytotoxicity (ADCC) and Kill Assay

Purified effector NK cells were analyzed for their ADCC and killing abilities against a
variety of target cells in a co-culture. ADCC and killing were measured by evaluating the
depolarization of the target cells’ mitochondrial membranes through the use of a fluorescent dye,

MitoProbe™ JC-1 (hereinafter referred to as JC-1; Thermo Fisher Scientific).
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3.2.1 ADCC Assay Preparation

Activated NK effector cells were prepared by using purified NK cells and plating them on
a 24-well plate (Costar) at a density of 2 million cells/ml and stimulating the cells with IL-2 (1000
IU/ml, Prometheus Laboratories) in cRPMI for 24 hours. After the 24 hour incubation, the effector
NK cells were plated on a 96-well flat bottom plate (Costar) at a two-fold serial dilution starting
at a density of 100,000 cells/well. The Mel-285 cell line was used as the target cell and prepared
at a density of 1 million cells/ml. The JC-1 dye (2uM, Thermo Fisher Scientific) was added to the
target cells and incubated for 25 minutes at 37°C in 5% COz. In addition, a mitochondrial
membrane disrupter, CCCP (50uM, Thermo Fisher Scientific), was added to target cells as a
positive control.

After the 25 minute incubation, target cells were washed with warmed PBS. Following the
wash, an anti-ganglioside GD3 antibody (1 mg/ml, clone R24, Abcam) was added to the target
cells and incubated for 20 minutes at 37°C in 5% COz. Following the 20 minute incubation, target
cells were washed with PBS and resuspended in cRPMI. Target cells were plated on the 96-well
plate with the effector cells at a density of 10,000 cells/well in an effector-to-target ratio of 10:1,
5:1, 2:1, 1:1. The 96-well plate was then centrifuged at 1000 RPM for 2 minutes and incubated at

37°C in 5% CO; for 4 hours before the readout.

3.2.2 ADCC Assay Readout

After the target and effector cells are incubated, the fluorescence of the JC-1 dye in the
target cells is measured using the Varioskan LUX Multimode Microplate Reader (Thermo Fisher

Scientific). ADCC activity was measured by calculating the ratio of red fluorescence (excitation:
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550nm and emission: 600nm) to green fluorescence (excitation: 550nm and emission: 535nm) of

the target cells. A smaller red-to-green ratio indicated more cell death of target cells.

3.2.3 Target Only Kill Assay Preparation and Readout

Various target cell lines including, Daudi, K562, and Mel-285 were prepared at a
concentration of 1 million cells/ml. The JC-1 dye (2uM, Thermo Fisher Scientific) was added to
the target cells and incubated for 25 minutes at 37°C in 5% CO.. In addition, a mitochondrial
membrane disrupter, CCCP (50uM, Thermo Fisher Scientific), was added to target cells as a
positive control. After the 25 minute incubation, target cells were washed with warmed PBS and
plated on a 96-well plate at a two-fold serial dilution starting at a density of 100,000 cells/well.
The 96-well plate was then centrifuged at 1000 RPM for 2 minutes and incubated at 37°C in 5%
CO2 for 4 hours. Following the 4 hour incubation, TritonX-100 (Sigma) was added as an additional
positive control. The fluorescence of the target cell assay was read using the Varioskan LUX plate

reader (see ADCC Assay Readout).

3.3 Single Cell RNA and Abseq Multiomics

Transcriptional and protein expression profiles of differentially activated NK cells were
found using the BD Rhapsody™ Single-Cell Analysis System. Bioinformatic analysis was done

utilizing R programming language and platform.
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3.3.1 Single Cell Sample Preparation

Isolated NK cells from PBMC of n =2 MWCCS donors were stimulated with a variety of
innate cytokine stimulation for 6 hours before continuing to cell harvest. Stimulation included
combinations of IL-12p70 (20 ng/ml, R&D Systems), I[L-18 (1ug/ml, MBL International), and IL-
15 (20 ng/ml, R&D Systems). After the 6 hour stimulation, NK cells were harvested and stained
for Abseq antibodies CD3 (clone SK7, BD™), CD16 (clone 3G8, BD™), and CD56 (clone
NCAM16.2, BD™). In addition to Abseq antibodies, NK cells were stained with a BD™ universal
antibody-oligo that contains a unique barcode used to sample tag each NK cell stimulation
condition. Following cell labeling, each stimulation condition was equally pooled to create one
sample of NK cells to be loaded on a BD™ Rhapsody cartridge. After cell loading, RNA
transcripts were captured following the BD™ Rhapsody Single-Cell Analysis System protocol,
and whole transcriptome cDNA libraries were made and amplified using reverse transcription and
PCR. Whole transcriptome and Abseq sequencing were done at Emory Yerkes National Primate
Research Center Genomics Core on the Illumina NovaSeq6000. Sequencing read quality,
alignment, and annotation were done using the BD™ Rhapsody WTA Analysis Pipeline on the
Seven Bridges Genomics Platform. Sequencing data stored as a Seurat object was then imported
into R Studio version 9.1. Further quality control was done to remove multiplets and filter for only
cells with <25% mitochondrial reads. Following this filtering, N= 20,022 cells from n=2 samples
were analyzed for their differential gene expression. The SCpubr package, version 1.1.2, was used
to create a dimensional reduction plot (DimPlot) to visualize the cells in a dimensional reduction
embedding [80]. In addition, SCpubr was used to create dot plots and volcano plots to visualize

the highly differentiated expressed genes in each stimulation condition of the NK cells.
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3.3.2 Single Cell Statistical Analysis

Normalization and differential gene expression on the single cell multiomic data were
analyzed using Seurat::SCTransform and Seurat:: FindAllMarkers in the Seurat package version
5. Seurat:: FindAllMarkers differential gene expression was performed with a non-parametric

Wilcoxon rank sum test [81].

3.4 Flow Cytometry

PBMC and isolated NK cells and DCs were phenotyped by immunostaining through
combinations of various antibody stains. The viability of the cells was checked using the
LIVE/DEAD™ Fixable Aqua stain (Thermo Fisher Scientific). After staining for viability, the
following antibodies were used for staining in FACS buffer with 1X PBS, 0.5% BSA (Sigma), and
0.1% sodium azide (Sigma): CD3-APC-H7 (clone SK7, BD Biosciences), CD16-PerCP-Cy™S5.5
(clone 3G8, BD Biosciences), CD25-BV711 (clone 2A3, BD Biosciences), CD28-PE (clone
CD28.2, Biolegend), CD56-PE-Cy7 (clone N901, Beckman Coulter), CD83-PE (clone HB15a,
Beckman Culter), CD86-PE (clone HAS5.2B7, Beckman Coulter), CD169-PE (clone 7-239,
Biolegend), HLA-DR-PE (clone TU36, BD Biosciences), CCR7-APC (clone 150503, R&D
Systems), anti-hTACE/ADAMI17 (clone 111608, R&D Systems) and F(ab’) anti-mouse IgG-APC
(eBioscience). Following surface staining with these antibodies, intracellular staining with an
FcRy-FITC (Milli-Mark®) antibody was done by permeabilizing the cells with the

Cytofix/Cytoperm™ Fixation/Permeabilization kit from BD Biosciences. The stained samples
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were fixed in 2% PFA (Sigma) and analyzed on the BD LSRFortessa™ cytometer. Flow cytometry

data was analyzed using FlowJo version 10.10.

3.5 MSD U-Plex Assay

The supernatants from various cell cultures were collected and analyzed for their cytokine
production using the MSD U-Plex Assay Platform. A 96-well plate density was used, and the
following cytokine analytes were measured according to the manufacturer’s instructions: human
IFN-y, IL-10, IL-12p70, IL-13, IL-23, IL-6, IP-10, MIP-3b, MIP-3a, and TNF-a. Data was
acquired on the MESO QuickPlex SQ 120 plate reader and cytokine concentrations were found

using the standard curve generated through the MSD Discovery Workbench version 4.0 software.

3.6 IL-12p70 ELISA

The supernatants from DC co-cultures with ADAM17-inhibited NK cells were collected
and analyzed for their IL-12p70 production after incubation with CD40L. Supernatants from n=2

DC cultures were analyzed.

3.6.1 ELISA Plate Preparation

A 96-well EIA plate (Costar) was coated in 100ul of Spug/ml primary IL-12p70 capture

antibody (Invitrogen) and incubated at room temperature overnight, covered from light. After the

23



overnight incubation, the plate was blocked with assay buffer (powdered BSA in 1X PBS) for one
hour at room temperature then washed with assay wash buffer (5% TRIS and 0.2% Tween®20 in

1L of Millipore water).

3.6.2 ELISA Assay Procedure

Once the plate was washed, CD40L-stimulated and unstimulated DC supernatants were
plated in triplicate at SOul/well. An 8-point standard curve was generated by plating 50ul of a 1:2
serial dilution of the IL-12p70 standard concentration (R&D Systems). The highest standard
concentration was 5000 pg/ml, and the lowest concentration was 39.06 pg/ml. The samples and
standards were then incubated at room temperature for 1 hour. After incubation, the secondary,
detection antibody (Thermo Fisher Scientific) was diluted in assay buffer, and 50ul was added to
each well on the plate and incubated at room temperature for an additional 1 hour. The plate was
then washed and 100ul of 1:10 diluted horseradish-peroxidase (HRP)-conjugated streptavidin
(Thermo Fisher Scientific) in assay buffer was added to each well and incubated at room
temperature for 30 minutes. A final wash was done and 100ul of tetramethylbenzidine (TMB)
substrate (Thermo Fisher Scientific) was added to each well. After 5-7 minutes, 100ulL of ELISA
Stop solution (Thermo Fisher Scientific) was added to each well. Following the addition of the
stop solution, the plate absorbances were read on the Varioskan LUX Multimode Microplate

Reader, and sample IL-12p70 concentrations were determined based on the standard curve.
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4.0 Results

4.1 Aim I: Define the Role of ADAM17 on IL-18-Induced Differentiation of “Memory-

Like” NK Cells

4.1.1 The Selective Loss of CD16 Expression in Conventional FcRy" NK Cells, and not

FcRy Cells, is Induced by IL-18 Co-Stimulation

In typical CD56%™CD16" NK cell populations, IL-18 stimulation promotes the
downregulation of surface molecule CD16 (Fig. 4A). This downregulation is driven by co-
stimulation with IL-18. Stimulation with only one innate cytokine, such as IL-12, does not drive
downregulation of CD16. Stimulation with only IL-18 drives some of the CD16 downregulation,
but when stimulated together, IL-12 and IL-18 push the NK cells to a complete loss of CD16
expression (Fig. 4B) [59]. The NK cell populations that exhibit close to complete loss of CD16 are
made up of mostly FcRy" cells. However, in NK cell populations where there is a high proportion
of FcRy™ cells, the same CD16 downregulation does not occur. When NK cells stimulated with
innate cytokine combinations do not exhibit significant CD16 downregulation, the population still
expressing surface CD16 is characterized by containing a high proportion of FcRy™ cells. On the
other hand, the stimulated population that does downregulate CD16 contains a minimal proportion
of FcRy cells and a majority of FcRy" cells (Fig. 4C-D).

Selective loss of CD16 on NK cells is a defining feature of these cells, and the FcRy™ cells
that do not downregulate CD16 exhibit a unique phenotype not typically seen in NK cell

populations. Understanding the mechanism of FcRy” NK cells’ unresponsiveness to innate
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cytokines will allow for a better understanding of how these cells function in the immune

environment and how they affect the overall immune response.
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Figure 4. FcRy- NK cells are unresponsive to IL-18 stimulation
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NK cells were stimulated with various combinations of IL-12 and IL-18 for 48 hours and then
analyzed by flow cytometry for the presence of different phenotypical markers. (A-B) NK cells
with a high proportion of FcRy" show almost complete downregulation of CD16 upon stimulation
with IL-12 and IL-18 but do not show the same downregulation with only one cytokine. (C-D) NK
populations with a high proportion of FcRy cells do not exhibit the same CD16 downregulation
when stimulated with IL-12 and IL-18. Statistical significance was determined using a one-way
ANOVA (p=0.05).

4.1.2 Transcriptional Changes in NK Cells Associated with IL-18 Co-Stimulation are

Confirmed Using Single Cell RNAseq

As previously shown, innate cytokine IL-18 can be used to differentiate the cytokine-
induced “memory-like” NK helper cells and the FcRy™ “memory-like” cytolytic NK cells [59]. The
differentiation of these NK subsets has been characterized by surface expression loss of CD16, as
well as increased surface expression of various helper receptor molecules, such as CD25 and CD83
[34]. Therefore, to better describe the functional changes that occur in NK cells when differentiated
using IL-18, single cell transcriptomics was performed on unstimulated NK cells along with NK
cells stimulated with various forms of innate cytokines for a total of six hours.

Stimulation with the various innate cytokines revealed distinct transcriptional clusters
defined by their unique differential gene expression (Fig. 5A). Specifically, when looking at the
cells that were stimulated with IL-18 in combination with IL-15 there is a significant increase in
the percent of cells that express helper markers, CD25, IFNy, CCL3, and CD83 (Fig. 5B.). This
increase in helper markers is only seen in the co-stimulated conditions emphasizing the role that
IL-18 plays in differentiating NK cells to a helper-like phenotype. Moreover, the same increase in
helper markers is seen in stimulation conditions with IL-18 in combination with IL-12, further

emphasizing the effect of IL-18 in NK differentiation (Fig. 5C).
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Figure 5. IL-18 drives helper NK cell transcriptional profile

NK cells were stimulated for 6 hours in the presence or absence of various innate cytokines and
then captured for single cell analysis using the BD™ Rhapsody Protocol. (A) NK cells stimulated
with various innate cytokines reveal distinct transcriptional clusters. (B) Differential gene
expression shows NK cells stimulated with IL-18 in combination with IL-15 exhibit an increase
in helper molecules and (C) the same increase in helper molecules is seen in stimulation with IL-
18 and IL-12. The Dim plot, dot plot, and volcano plot were made using the SCpubr package and
statistical analysis was determined using a non-parametric Wilcoxon rank sum test. Fold changes
were determined by comparing the gene expression of group A (specified stimulation condition)
to the gene expression of group B (the other 3 stimulation conditions combined) using

Seurat::FindMarkers.
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4.1.3 The Role of ADAM17 Inhibition on IL-18 Modulation of CD16 and Helper Marker

Surface Expression on Responsive NK cells

ADAMI17 has been implicated in the shedding of CD16B in neutrophils and CD16A in NK
cells [74, 77]. To confirm the role of ADAMI17 in a population of FcRy" NK cells, an ADAM17
inhibitor was used to block its activity in culture. Once the inhibitor was added, the FcRy" NK
cells were stimulated with both IL-12 and IL-18. Typically, this stimulation condition will lead to
a complete loss of CD16 on the NK cells. However, when ADAM]17 is inhibited, the stimulated
NK cells show only a minor loss of CD16 and phenotypically resemble unstimulated NK cells
more than the IL-12 and IL-18 stimulated NK cells (Fig. 6A). This confirmed the role ADAM17
is playing in the CD16 downregulation in cytokine-induced “memory-like” FcRy" NK cells, and
with this understanding, the next question to be answered is the role of ADAM17 in FcRy” NK
cells. As stated earlier, FcRy" NK cells are unresponsive to IL-18 and therefore do not
downregulate their CD16 molecule, despite any innate co-stimulation [59].

To determine if ADAM17 is playing any role in FcRy” NK cells not downregulating CD16,
the first thing characterized was the presence of ADAM17 on both FcRy" and FcRy NK cells. If
the FcRy” NK cells are unable to downregulate CD16, then perhaps they are missing their
ADAM17 molecule altogether and when stimulated with IL-18, there is no ADAM17 available to
cleave CD16. However, when NK populations with proportions of both FcRy" and FcRy cells are
stained for the presence of ADAM17, there is no significant difference in the presence of ADAM17
between the two populations (Fig. 6B). Therefore, if ADAMI17 is playing a role in the

unresponsiveness of FcRy™ cells, it is not due to the presence or absence of the molecule, but rather
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a mechanistic role that could be occurring intracellularly, and potentially due to interactions with
innate cytokine IL-18.

In addition to the role of ADAMI17 on CD16 surface expression, it was also determined if
ADAMI17 inhibition on IL-18-induced phenotypes revealed phenotypical differences on IL-18-
responsive FcRy" NK cells. IL-18 has been found to induce a helper-like role in FcRy" NK cells,
in addition to driving their CD16 downregulation [34]. Therefore, to determine the impact of
ADAMI17 on the surface molecules that characterize this helper phenotype, ADAMI17 was
inhibited on the FcRy" NK cells and then stimulated with IL-12 and IL-18. ADAM17 inhibition
revealed no difference in the presence of CD83 on the stimulated cells, but a slight increase in the
presence of CD25 (Fig. 6C).

The downregulation of CD16 due to ADAM17 lends to ADAMI17 driving a helper-like
role in the NK cells. However, inhibition of ADAM17 also leads to an increase in CD25 which
alludes to a more cytolytic role of ADAM17 when not inhibited. Therefore, taken together, these
results further stimulate the question of ADAM17’s role in differentiating “memory-like” NK cells

down a helper or cytolytic pathway.
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Figure 6. ADAM17 drives phenotypical changes in FcRy+ NK cells

NK cells were inhibited with an anti-TACE molecule and then stimulated for 48 hours with IL-12
and IL-18 for phenotypical analysis using flow cytometry. (A) Inhibition of ADAMI17 on
stimulated NK cells revealed no CD16 downregulation. (B) No significant difference in the
presence or absence of ADAM17 was observed in the FcRy" vs the FcRy” NK cell populations.
(C) ADAMI17 inhibition led to an increase in CD25 on stimulated NK cells, but no difference in
CD83. Statistical significance was determined using a one-way ANOVA (p=0.05).
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4.2 Aim II: Determine the Role of ADAM17 on IL-18-Induced “Memory-Like” NK Cell

Helper Activity

4.2.1 Characterize the Helper Cytokine Production Profile of IL-18-Treated NK Cells Co-

Stimulated with Various Innate Cytokines

IL-18-responsive NK cells are able to differentiate to a helper-like phenotype when
stimulated with various innate cytokines [34, 82]. This helper-like phenotype is characterized by
the NK cells’ ability to produce different cytokines that interact and educate the immune
environment. To better characterize the helper role that these NK cells play in the immune
response, NK cells were stimulated with various combinations of innate cytokines, driven by co-
stimulation with IL-18. After stimulation, supernatants from the culture were analyzed for NK cell
production of numerous cytokines. Analysis of NK cell cytokine production showed that 1L-18
co-stimulation with either IL-2, IL-12, or IL-15 results in high levels of type one cytokine, IFNy
(Fig. 7A). The increased IFNy levels were dependent only on IL-18 co-stimulation and not as much
on the other innate cytokine it was stimulated with. NK cell production of TNFa was also increased
in all IL-18 co-stimulated conditions but was the highest in conditions stimulated with IL-2 and
IL-18 (Fig. 7B). Interestingly, IL-18 co-stimulated NK cells were able to produce increased levels
of type two cytokine, IL-13, but this production was only seen in stimulated condition with IL-2
or IL-15 (Fig. 7C).

The increase in NK cell cytokine production upon innate stimulation verifies the role NK
cells play in providing a helper-like role in the immune environment. Moreover, these results
indicate that not only are NK cells capable of providing immune help, but they can be differentiated

to create a type one or type two immune response dependent on their innate stimulation. This
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model of differentiation closely resembles the T-helper cell dogma of differentiation where T-
helper cells are capable of differentiating down a Th1 or Th2 immune response [83]. Similar to T-
helper cell differentiation, NK cell helper differentiation seems to be dependent on the innate
cytokines they are co-stimulated with. IL-18 co-stimulation with IL-12 results in high levels of
IFNy and low levels of IL-13 resembling a type one immune response. However, IL-18 co-
stimulation with IL-2 or IL-15 results in high levels of IL-13 resembling more of a type two
response. Further characterizing the functionality of these differentiated NK cells will allow for a

better understanding of the role these various NK cell subsets play in the immune response.
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Figure 7. NK cell type 1 and type 2 cytokine production based on innate co-stimulation

NK cells were stimulated with various combinations of innate cytokines for 48 hours and
supernatants were harvested for analysis on the MSD platform. (A) Co-stimulation with IL-18 and
any other innate cytokine results in high levels of type one cytokine, IFNy. (B) Co-stimulation
with IL-18 leads to increased levels of type one cytokine TNFa, with the highest levels seen in IL-

2 and IL-18 co-stimulation. (C) Only IL-18 co-stimulation with either IL-2 or IL-15 leads to the
production of type two cytokine IL-13.
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4.2.2 Determine the Impact of ADAM17 Inhibition on the Helper Cytokine Profile of IL-18

Co-Stimulated NK cells

As mentioned above, NK cells can differentiate into different subsets of helper-like cells,
producing a variety of innate cytokines. In addition, ADAMI17 has been implicated in the
downregulation of NK surface molecule CD16, and therefore potentially the mechanism of how
these NK cells respond to innate stimulation and differentiate into helper-like cells. Further,
ADAM17 is known as a TNFa-converting enzyme (TACE) that cleaves TNFa to its active form
on the NK cell surface [76]. Taken together, this points to ADAM17 being involved in the creation
of distinct helper-like NK cell subsets. Therefore, to evaluate ADAM17’s role in NK cell helper-
like differentiation, NK cells were stimulated with various combinations of innate cytokines in the
presence or absence of an ADAM17 inhibitor. The supernatants from the culture were analyzed
for their differential cytokine production.

Analysis revealed that upon innate stimulation and ADAM]17 inhibition, NK cells showed
a stable level of expression of IFNy in comparison to those only co-stimulated (Fig. 8A). However,
ADAMI17 inhibition did decrease the expression of TNFa by half (Fig. 8B). In addition, inhibition
resulted in NK cell expression of innate cytokine IL-10. However, IL-10 was only produced in
ADAM17-inhibited NK cells that were co-stimulated with IL-12 and IL-18 (Fig. 8C). Inhibition
and co-stimulation with IL-2 or IL-15 and IL-18 did not result in increased levels of IL-10 (Fig.
8D).

The results of these experiments show that ADAM17 may play a role in the functional
response of NK cells upon innate stimulation. Although IFNy levels remain constant, the decrease

in NK cell production of TNFa, due to ADAMI17 inhibition, can have dramatic effects on NK
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cells’ abilities to provide immune instruction to cells in the environment, thereby greatly impacting
the overall immune response. In addition, IL-10 is a pleiotropic cytokine that can have anti-
inflammatory properties or immune-stimulating properties depending on the immune environment
[84]. The increased expression of IL-10 when ADAM17 is inhibited points to some kind of role
ADAMI17 could be playing in modulating the response of NK cells to innate stimulation, and
therefore the overall immune response. The induction of IL-10 by IL-12 and IL-18 and no other
co-stimulation condition also points to the relationship between IL-18 and ADAM17. Being able
to define the mechanism of ADAMI17 in modulating NK cell responses will result in a greater

understanding of how NK cells differentiate to provide immune help.
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Figure 8. ADAM17 inhibition leads to changes in NK cell cytokine production

NK cells stimulated with various combinations of innate cytokines for 48 hours were inhibited
with an anti-ADAM]17 molecule and supernatants were collected for analysis on the MSD
platform. (A) ADAM17 inhibition made no impact on the production of IFNy from IL-12+18 co-
stimulated NK cells. (B) TNFa production was decreased by half when NK cells had ADAM17
inhibited during IL-12+18 co-stimulation. (C) IL-12+18 co-stimulated NK cells only expressed
cytokine IL-10 when ADAMI17 was inhibited. (D) ADAMI17-inhibited NK cells co-stimulated
with IL-2 or IL-15+18 did not produce similar levels of IL-10 compared to IL-12+18 co-stimulated

NK cells.
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4.2.3 The Role of ADAM17 Inhibition on IL-18-Mediated NK Cell Activation of DCs

Characterization of ADAMI17-inhibited NK cells revealed the potential mechanistic role
of ADAMI17 in mediating NK cell differentiation to a helper-like phenotype. When ADAM17 is
inhibited, NK cells stimulated with IL-12 and IL-18 produce lower levels of TNFa, and NK cells
are known to be able to polarize and mature DCs through the production of IFNy and TNFa [31].
Therefore, if ADAM17 is inhibited, the question arises if NK cells are still capable of maturing
and polarizing DCs, or if their immune crosstalk capabilities have become impaired through an
ADAM17-dependent mechanism.

To try and answer this question, DCs were grown and then cultured with autologous NK
cells in the presence or absence of ADAM17 inhibition, along with innate cytokine IL-12 and IL-
18 co-stimulation. After two days in culture with the NK cells, DCs were harvested and analyzed
for phenotypical and functional differences. The DCs’ morphological changes were first assessed
while still in culture, and results revealed that the DCs co-cultured in the presence of ADAMI17-
inhibited NK cells more closely resemble an immature phenotype characterized by a rounded
shape and short dendrites, similar to the DCs cultured with unstimulated NK cells [85]. On the
other hand, the stimulated NK cells that do not have ADAMI17 inhibited can mature the DCs,
which can be seen by the morphological changes to the cells (Fig. 9A). These morphological
changes seen on mature DCs are characterized by an elongated shape and extended dendrites [85].

The immature morphological characterization of DCs in culture with ADAM]17-inhibited
NK cells points to these DCs not being phenotypically or functionally mature as well. To assess
whether the DCs were phenotypically matured, surface marker expression was analyzed. The most

notable changes to DCs cultured with ADAMI17-inhibited NK cells were a slight decrease in
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surface molecule CD86 and a significant increase in Siglec-1 expression (Fig. 9B-D). CD86 and
Siglec-1 are both known markers seen on matured DCs [86, 87]. The slight decrease in CD86 but
increase in Siglec-1 points to the idea that DCs cultured in the presence of ADAM17-inhibited NK
cells could potentially still be phenotypically mature despite their immature morphological
appearance.

With this information, the next step was to look to see how functionally mature and
polarized the DCs were by characterizing their production of IL-12p70 in response to CD40L
stimulation. For DCs to provide immune help to T-cells, they must be polarized and able to produce
high levels of IL-12 which in turn activates T-cells into Thl cells [88]. Therefore, to analyze the
ability of the DCs in culture with NK cells to provide immune help to T-cells, DCs from the
cultures were harvested and stimulated with CD40L before taking supernatants to analyze with an
IL-12p70 ELISA. The results revealed that NK cells alone are unable to produce detectable
amounts of IL-12 from the DC culture but when the NK cells are stimulated, the DCs produce high
levels of IL-12. Moreover, when the DCs are cultured with ADAM|17-inhibited NK cells, the levels
of IL-12 decrease slightly but they still produce high amounts of the cytokine (Fig. 9D).

Taken together, the results of this experiment show the ability of ADAM17-inhibited NK
cells to act on the maturation of DCs. Although the DCs cultured with ADAM]17-inhibited NK
cells show an immature morphology, their mature and polarized phenotypical and functional
profiles contradict the morphology. Therefore, more work needs to be done to explain the

mechanistic role of ADAM17 in DC maturation and its impact on T-cell activation.
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Figure 9. ADAM17 inhibition results in phenotypical changes of DCs in NK cell-mediated help

DCs were cultured for six days and matured with autologous NK cells for two days in the presence
or absence of an ADAM17 inhibitor and IL-12 and IL-18. Phenotypical and functional analyses
of the DCs were done using flow cytometry and an IL-12p70 ELISA on DC supernatants. (A) DCs
cultured in the presence of NK cells and IL-12+18 show a matured phenotype with elongated
dendrites whereas DCs cultured with ADAM17-inhibited NK cells resemble more of an immature
DC cultured with NK cells alone. (B) DCs matured in the presence of ADAMI17-inhibited NK
cells show an increase in the presence of CD86 and (C-D) Siglec-1 surface expression. (E) DCs
matured with NK cells and IL-12+18 show a slight increase in their IL-12p70 production after
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stimulation with CD40L compared to those matured with ADAM17-inhibited NK cells. Statistical
significance was determined using a one-way ANOVA (p=0.05).
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5.0 Conclusions and Discussion

Natural killer cells exhibit various functions in the immune response beyond their innate
cytolytic activity. NK cells have been shown to differentiate into distinct subsets characterized by
either their helper or cytolytic phenotypes, with both exhibiting “memory-like” features [34, 58,
62]. However, the mechanisms of how these NK cells can differentiate into these distinct subsets
are still not fully understood. Therefore, my project focused on elucidating the mechanisms of how
these subsets arise, with a focus on the TACE, ADAM17. My findings indicate that ADAM17
plays a contributing role in both NK cell differentiation as well as their function in the immune
response.

First, I was able to confirm the use of IL-18 co-stimulation to drive NK cell differentiation
into their previously reported NK helper cell phenotype [34, 59] (Fig. 4-5). Furthermore, I showed
that when driven by IL-18, the presence of different -co-stimulators (IL-2, IL-12, or IL-15)
promoted unique cytokine production profiles of the NK cells (Fig. 7). The NK cells not only
acquired the basic phenotype of typical NK helper cells, but they could also be further
characterized into different NK helper subsets that produced different patterns of type I or type 11
cytokines, analogous to that of T helper (Th) cells. Importantly, the overall character of the NK
cell cytokine response was dependent on the co-stimulatory factor used with IL-18.

These findings highlight the versatile role NK cells play in the immune response, and their
functional ability is more sophisticated than just being limited to their cytolytic function. The
flexibility in NK cell helper function closely resembles that of Th cells or the more recently
described innate lymphoid cells (ILCs). Th cells can differentiate into distinct subsets that each
have a unique role to play in the immune response, such as providing pro-inflammatory, anti-
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inflammatory, or even regulatory immune help to cells in the environment [89]. Furthermore, ILCs
have been described as non-T cell lymphocytes that secrete various effector cytokines without
having antigen specificity [90]. ILCs are characterized by their transcriptional factor profile, as
well as the cytokines they produce upon stimulation. For example, ILC1s are most often described
as being the most closely related to NK cells because of their Tbet transcriptional profile and
production of IFNy and TNFa. ILC2s, however, are characterized by their ability to produce
cytokines such as IL-13 and IL-10 [91]. The work shown here reveals the ability of NK cells to
produce a variety of different cytokines, such as IFNy, TNFa, IL-13, and IL-10 in response to
different stimulation conditions further implicating their functional similarity to other lymphocyte
populations, such as Th cells and ILCs (Fig. 7 and Fig. 8). Moreover, this also suggests that the
tissue-derived ILCs identified in vivo may originate from conventional NK cells that undergo
helper differentiation through an IL-18 driven pathway, similar to what we describe in vitro.
After revealing the flexibility NK cells demonstrate in their ability to carry out different
helper functions in the immune response, I next confirmed the presence of the rare and highly
differentiated FcRy™ cytolytic NK cell subset in PLWH (Fig. 4). Further, I showed that ADAM17
may be implicated in the differentiation process of this cytolytic “memory-like” subset (Fig. 6). In
a typical NK cell population with a low proportion of FcRy  NK cells, the surface receptor CD16
is downregulated upon innate cytokine stimulation when IL-18 is present [21]. However, in
populations with a high proportion of FcRy cells, CD16 does not get downregulated when
stimulated, and this subset of NK cells becomes highly specialized for their cytolytic and ADCC
capabilities [59, 67]. The mechanism of how these FcRy” NK cells remain unresponsive to innate
stimulation and maintain CD16 expression is not currently known. A TNF-converting enzyme,

ADAMI17, has been shown to be involved in CD16 downregulation on NK cells and neutrophils,
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leading me to further assess its role in IL-18-mediated NK cell differentiation. The results here
show that inhibition of ADAM17 in an NK cell population with a low proportion of FcRy™ cells
leads to the blocking of CD16 downregulation upon NK cell co-stimulation in IL-18 responsive
cells (Fig. 6A). This reveals the role of ADAMI17 in NK cell CD16 downregulation, further
stimulating the question of whether ADAM17 or ADAM17 dysfunction is also playing a role in
the IL-18 unresponsiveness of FcRy™ cells. However, when comparing the expression level of
ADAMI17 on FcRy" vs FcRy™ cells, there does not seem to be a significant difference (Fig. 6B).

Taken together, these results show that ADAM17 is involved in CD16 downregulation in
IL-18 responsive NK cells, but its role in FcRy™ cells remains unknown. It is possible that although
the surface expression of ADAMI17 on FcRy" and FcRy cells is not different, ADAMI17 is still
playing an intracellular role in the function of FcRy cells. Recent work has revealed the
relationship between IL-18 stimulation and activation of ADAM17 [78]. Researchers from this
study were able to demonstrate the intracellular signaling cascade that results from IL-18-induced
ADAMI17 activation. However, this work focused on the ADAM17-driven downregulation of
CDI16 in FcRy" NK cells and not the implication of ADAM17 in FcRy NK cells. Therefore, it
remains possible that even with comparable surface expression of ADAM17, the FcRy  NK cells
do not have a properly functioning or stimulated ADAM17 to create the same intracellular cascade
that is seen in FcRy" NK cells leading to CD16 downregulation.

To further elucidate the role of ADAMI17 in NK cell differentiation, I showed the impact
on NK cell phenotype and function when ADAMI17 was inhibited (Fig. 6C and Fig. 8). If
ADAM17 is involved in the downregulation of CD16, I next explored its involvement in further
driving the NK cells down a helper-like path. If ADAM17 is inhibited on the NK cells, the question

becomes if NK cells then show a more helper or cytolytic phenotype. The results of my experiment
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show that when ADAM17 is inhibited on NK cells with a low proportion of FcRy™ cells, the NK
cells will increase their expression of CD25 but maintain a similar expression of CD83 compared
to NK cells with no ADAM17 inhibition (Fig. 6C). This finding implicated ADAMI17 inhibition
as driving more of a helper-like role in the NK cells given it led to an increase in the high affinity
IL-2 receptor, CD25. However, given the unchanged CD83 expression on ADAM17-inhibited NK
cells, these implications still need to be supported by further experimentation. Therefore, I next
went on to characterize the cytokine production in ADAMI17-inhibited NK cells (Fig. 8).
ADAM17-inhibited NK cells produced equivalent levels of IFNy compared to unstimulated NK
cells, however, they produced half the amount of TNFa and showed a dramatic increase in
production of IL-10. The decrease in TNFa was expected given that ADAMI17 is a TNFa-
converting enzyme, so when ADAM17 is inhibited, TNFa is unable to be cleaved to its active
form as effectively as when it is present and active. The stable production of IFNy points to
ADAMI17 inhibition as still being able to drive a helper-like role of the NK cells. Moreover, the
increase in IL-10 production implicates ADAM17 inhibition as influencing and regulating the
overall helper cytokine profile of the NK cells. IL-10 has been described as a pleiotropic cytokine
capable of exerting various functions on many different cell types [84]. IL-10 can have an
inhibitory effect on T-helper cell type I cytokine production, such as IFNy, but also is capable of
causing an enhancement in IFNy production in the presence of IL-18, as well as upregulation in
MHC expression on cytolytic effector T-cells [92, 93]. The multifaceted functionality of IL-10
points to ADAMI17 inhibition still allowing for a helper-like response of the NK cells, but in
addition, drives a regulatory role of the NK cells to promote a more specific immune response

dependent on the immune environment. This regulatory role of NK cells supports the notion
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mentioned above of ADAM17 playing a role in NK cells differentiating to distinct subsets with
unique roles in the immune response.

Further, the increase in IL-10 expression by ADAM17-inhibited NK cells was only seen
in cells co-stimulated with IL-12 and IL-18. IL-10 production was not observed when NK cells
were stimulated with IL-2 or IL-15 and IL-18 (Fig. 8). This points to a relationship between 1L-12
and IL-18, as well as an interaction with ADAMI17. It has previously been shown that NK cell
stimulation with IL-12 leads to an increase in the NK cell IL18Ra, and NK cell stimulation with
IL-18 leads to an increase in the NK cell ILI2RB2 [59]. Moreover, studies have shown a
relationship between IL-18 and ADAMI17, revealing a signaling cascade between IL-18 and
ADAMI17 that ultimately leads to the downregulation of CD16 [78]. Put together, this implicates
the potential of ADAMI17 inhibition to act upon this IL-18 signaling cascade, therefore leading to
a reciprocal decrease in IL12RP2 and IL18Ra. This decrease in functional IL-12 and IL-18
receptors could potentially explain why the cytokine profile of ADAMI17-inhibited NK cells
differs in IL-12 and IL-18-stimulated NK cells compared to those co-stimulated with IL-12 or IL-
15 and IL-18.

Given that ADAM17-inhibited NK cells produce half the amount of TNFa as those without
inhibition and the fact that TNFo is needed to mature DCs, I then went on to understand the
functional consequences of ADAMI17-driven NK cell help. I looked at the effects of ADAM17
inhibition on the ability of NK cells to provide help to and mature DCs. DCs were maintained for
six days, and then autologous NK cells were added to the culture and stimulated for an additional
48 hours with or without an ADAMI17 inhibitor. The results of this experiment showed
morphological differences in DCs cultured in the presence of ADAMI17-inhibited NK cells

compared to DCs cultured with just stimulated NK cells (Fig. 9A). DCs cultured with ADAM17-
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inhibited NK cells looked morphologically immature compared to the DCs cultured only
stimulated NK cells. The ADAM17-inhibited cultures had DCs that were more rounded and did
not have elongated dendrites, whereas the cultures with only stimulated NK cells had DCs with a
more extended shape and elongated dendrites which are characteristics of more mature DCs. The
morphological similarities of the ADAM17-inhibited culture compared to the cultures with only
unstimulated NK cells reveal the possibility that not only is stimulation required to mature DCs,
but also the presence of a functioning ADAM17 molecule.

However, to confirm this possibility, the DCs were phenotypically and functionally
characterized to assess maturity and polarization status. The results of the phenotyping revealed
that DCs in culture with ADAMI17-inhibited NK cells show a significant increase in Siglec-1
expression and a slight decrease in CD86 expression (Fig. 9B-D). This finding indicates that
ADAMI17-inhibited NK cells are still capable of phenotypically maturing the DCs, despite their
decreased TNFa production; although, the decreased TNFa production could have led to the slight
decrease in CD86. To confirm the functional character of the DCs, the DCs were exposed to
CD40L, and the supernatant was collected and analyzed for IL-12p70 production. Results of this
experiment revealed that DCs cultured with ADAMI17-inhibited NK cells produce slightly lower,
but not significant, levels of IL-12 (Fig. 9D). The IL-12 producing capacity of the DCs further
validates the finding that although ADAM17-inhibited NK cells produce lower levels of TNFa,
they still can phenotypically and functionally mature DCs, despite the morphological differences.

Interestingly to these results is the striking increase in Siglec-1 expression seen on the DCs
cultured with the ADAM17-inhibited NK cells. Siglec-1 is expressed on type-I polarized mature
DCs and functions as a sialic-acid-binding immunoglobulin-like lectin that can allow the mature

DC to internalize antigens and sustain the adaptive immune response through their antigen-
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presenting capabilities [94-96]. Siglec-1 becomes upregulated upon DC exposure to type one
interferons, as well as DC exposure to IFNy [97]. Given that ADAM17-inhibited and non-inhibited
NK cells produce equivalent amounts of IFNy, this leads to the question as to what the ADAM17-
inhibited NK cells are producing that is causing the Siglec-1 upregulation on the DCs. Therefore,
I have hypothesized two different situations that could explain the NK cell-mediated upregulation
of Siglec-1 on DCs.

The first explanation for the DC Siglec-1 upregulation is the synergy between IL-10 and
IL-18. As previously mentioned, ADAM17-inhibited NK cells stimulated with IL-12 and IL-18
produce increased levels of IL-10 (Fig. 8). Furthermore, studies have shown that IL-10 can
increase the cytotoxic potential and proliferation of NK cells when combined with IL-18 [98, 99].
Therefore, upon IL-12 and IL-18 stimulation of the ADAMI17-inhibited NK cells, the IL-10
produced from these NK cells could potentially be synergizing with IL-18 to produce an increased
type I cytokine response that acts upon the DC to upregulate their Siglec-1 expression.

The next explanation for the increased expression of Siglec-1 on the DCs is the relationship
between the IL-10 receptor (IL-10R) and type I interferon receptors. Previous work has shown that
the IL-10R 1is structurally related to the interferon receptor with both being classified as a type Il
cytokine receptor [100]. It is also known that DCs express the IL-10R at high levels [101].
Therefore, the IL-10 production from the NK cells treated with the ADAM17 inhibitor could be
acting upon the IL-10R on the DCs, and the signaling cascade from activation of the IL-10R could
mimic that of type I interferon receptors resulting in upregulation of Siglec-1.

Overall, the findings presented highlight a clear involvement of ADAMI17 in the
responsiveness of NK cells to IL-18 and their associated loss of CD16 and differentiation into NK

helper cells. This also supports the case that the continued study of ADAMI17 and its functional
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impact on NK cell differentiation and helper function is of importance. With further investigation,
this work could implicate the involvement of ADAMI17-driven mechanisms in the establishment
of and persistence of the FcRy NK cells commonly found in PLWH. In addition, further work with
ADAM17 could lead to the exact mechanisms of how the molecule is implicated in NK helper cell
differentiation, and more specifically, the type of help (i.e. type 1, type 2, or regulatory) the NK
cell may provide. Finally, the findings presented here further stimulate the question as to how
ADAM17 aids NK cells in providing help to different immune cells, such as DCs, and therefore

leads to an impact on the overall immune response.
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6.0 Future Directions

The work presented here offers many different avenues for future investigation. To fully
understand the mechanisms of ADAM17-induced differentiation in NK cells, various experiments
can be conducted. The first avenue for future exploration would be to determine if ADAM17 or
its modulation is involved in the persistence of FcRy  NK cells. To confirm the role ADAM17
plays, or fails to play, in the unresponsiveness of these cells, more in-depth intracellular signaling
experiments would need to be conducted. The goal of these experiments would be to determine if
the ADAMI17 molecule in FcRy cells functions in the same way as FcRy" NK cells. Different
methods, such as the phospho-flow assay, could be used to elucidate the signaling cascade that
results in FcRy versus FcRy" NK cells when ADAM17 is stimulated by IL-18 co-stimulation.
Determining the mechanisms of how FcRy NK cells remain unresponsive to cytokine stimulation
will allow for a better interpretation of their role in the immune response and how to utilize their
therapeutic potential due to their increased ADCC capacity. Furthermore, a better understanding
of the immune response to ADAMI17 inhibition could lead to more effective utilization of
ADAMI17 inhibitors in ADCC therapies. Therefore, further studies can be done to test the ADCC
capacity of different NK cell subsets in the presence or absence or ADAM17 inhibition.

In addition to investigating ADAMI17 in the FcRy NK cell population, further
experimentation into the “memory-like” responses of the differentiated NK helper cells can be
conducted. The NK cells that differentiate into a helper type I or type II can be re-stimulated to see

if they elicit a stronger secondary response that is skewed toward the production of type I or II
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cytokines. In addition, further experimentation can be done to see if any other combination of
cytokine stimulation can reveal other distinct subsets of NK cells, such as regulatory NK cells.
Next, to best understand the mechanisms that are contributing to ADAM17-driven NK
helper cell differentiation, additional intracellular signaling experiments could take place. These
experiments could involve comparing the signaling cascade of ADAM17-inhibited NK cells to
control NK cells to identify distinct pathways being utilized by ADAMI17. Further, a closer
investigation into the impact of IL-18 co-stimulation on ADAM17 function is necessary to
understand its mechanism of action. Stimulating NK cells with various combinations of innate
cytokines and profiling the intracellular effects of ADAMI17 inhibition could lead to a more
definitive understanding of the mechanism(s) involved in the activation of ADAM17 functioning.
Finally, to elucidate the impact of ADAM17 inhibition on NK cell-DC crosstalk, a more
thorough phenotype of the ADAM17-inhibited NK cells should be done. The supernatant analysis
of ADAMI17-inhibited NK cells did not include testing for type I interferons, which in the future
should be explored. This would confirm if ADAMI17-inhibited NK cells can produce these
cytokines and therefore contribute to the upregulated Siglec-1 on the DCs. In addition, a further
look into the function of IL-10 is critical to understanding the impact of ADAM17 on NK cell-
mediated immune help. Experiments testing the outcome of DC stimulation with IL-10 alone or in
combination with other cytokines that were present in our experiments could provide insight into
its effect on DC phenotype, as well as confirm if it can cause upregulation of Siglec-1.
Altogether, these results help to answer questions on the mechanisms of NK cell
differentiation but also lead to more questions as to the exact role ADAM17 is playing in this
process. Future work involving more in-depth analyses on ADAM17 will hopefully illuminate the

answers to these questions.

50



7.0 Public Health Significance

Even with the use of ART, HIV-1 remains a public health concern over the globe. Access
to ART is not always an equitable resource for those in need, and the strict adherence to the drug
regime leaves those living with HIV at risk for viral increase and progression to a worsened disease
state [102]. For these reasons, and others not mentioned, the search for a cure has been at the
forefront of HIV research. However, to implement a cure in the population, PLWH would have to
stop their ART regime to assess the efficacy of the cure. Therefore, to ethically interrupt ART, and
essentially take PLWH out of remission, a complete understanding of their immune state and its
function would need to be understood.

As mentioned earlier, HIV can cause many aspects of immune dysfunction, some of which
have yet to be fully characterized. Natural killer cells represent a population of cells that exhibit
significant immune dysfunction during HIV-1 acute and chronic infection despite long-term
treatment on ART [47, 52, 61]. Therefore, to implement an HIV cure, there is a need for a better
understanding of how optimal NK cell function can be fully recovered. The results of the research
I presented offer the beginnings of understanding the skewed NK cell populations and the
mechanisms of how these populations arise. In addition, my work highlights the therapeutic
potential of these dysfunctional cells to be utilized for therapy given their increased capacity for
ADCC. Furthermore, I have characterized potential mechanisms for how NK cells can become
helper-like cells. These mechanisms can also be utilized in research for HIV cure studies. Current
work on an HIV cure has looked into DCs as a way to expose HIV antigens from a latent reservoir

and interact with T-cells to essentially “kill” the virus [103]. Characterizing the mechanisms of
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how NK cells provide immune help to DCs will allow for a better understanding and use of DCs
in any HIV cure strategy.

In addition to characterizing NK cells to address this HIV public health crisis, the research
presented here extends beyond just HIV. NK cells are critical for the immune response to various
cancers, and a better understanding of their differentiation mechanisms can allow for improved
strategies for their utilization in different cellular and immunotherapies. A major type of
immunotherapy utilized in numerous solid-tumor cancer trials is monoclonal antibody (mAb)
therapy, which induces an ADCC response from NK cells. The increased ADCC activity of NK
cells can also lead to enhanced cytolytic responses from T-cells and therefore a better overall
immune response to the tumor [104]. The research I have presented shows the mechanism of how
NK cells maintain or lose their Fc receptor, the presence of which is critical in their capacity to
facilitate ADCC. Understanding ADAM17 and utilizing inhibitors against it could further increase
the efficacy of NK cells and mAb therapy for various cancers. Furthermore, elucidating how
ADAMI17 influences the differentiation of NK helper cells can lead to a better understanding of
the role these cells play in the immune response to cancer, other than their capacity to kill. This
may lead to their effective utilization in cellular therapies, such as CAR-NK cells where they are
not only able to bind and kill a target, but also provide help to other immune cells in the
environment leading to better clearance of the tumor.

Overall, the characterization of NK cells and their mechanisms of differentiation is crucial
in understanding their role in the immune response. NK cells are no longer thought of as cells with
only cytolytic abilities, and my research has shown how they can be better understood and utilized

in the treatment of various diseases.

52



10.

Bibliography

Kondo, M., I.L. Weissman, and K. Akashi, Identification of Clonogenic Common
Lymphoid Progenitors in Mouse Bone Marrow. Cell, 1997. 91(5): p. 661-672.

Rosenau, W. and H.D. Moon, Lysis of homologous cells by sensitized [ymphocytes in tissue
culture. J Natl Cancer Inst, 1961. 27: p. 471-83.

Herberman, R.B., et al., Natural cytotoxic reactivity of mouse lymphoid cells against
syngeneic and allogeneic tumors. Il. Characterization of effector cells. International
Journal of Cancer, 1975. 16(2): p. 230-239.

Bukowski, J.F., et al., Natural killer cell depletion enhances virus synthesis and virus-
induced hepatitis in vivo. The Journal of Immunology, 1983. 131(3): p. 1531-1538.

Lanier, L.L., et al., Natural killer cells: definition of a cell type rather than a function. The
Journal of Immunology, 1986. 137(9): p. 2735-2739.

Ljunggren, H.-G. and K. Kirre, In search of the ‘missing self’: MHC molecules and NK
cell recognition. Immunology Today, 1990. 11: p. 237-244.

Cudkowicz , G. and M. Bennett PECULIAR IMMUNOBIOLOGY OF BONE MARROW
ALLOGRAFTS : Il. REJECTION OF PARENTAL GRAFTS BY RESISTANT F1 HYBRID
MICE. Journal of Experimental Medicine, 1971. 134(6): p. 1513-1528.

Raulet, D.H., Missing self recognition and self tolerance of natural killer (NK) cells.
Seminars in Immunology, 2006. 18(3): p. 145-150.

Arase, H., et al., Direct Recognition of Cytomegalovirus by Activating and Inhibitory NK
Cell Receptors. Science, 2002. 296(5571): p. 1323-1326.

Campbell, J.J., et al., Unique subpopulations of CD56+ NK and NK-T peripheral blood
lymphocytes identified by chemokine receptor expression repertoire. J Immunol, 2001.
166(11): p. 6477-82.

53



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Fehniger, T.A., et al., CD56bright natural killer cells are present in human lymph nodes
and are activated by T cell-derived IL-2: a potential new link between adaptive and innate
immunity. Blood, 2003. 101(8): p. 3052-3057.

Del Zotto, G., et al., Comprehensive Phenotyping of Human PB NK Cells by Flow
Cytometry. Cytometry Part A, 2020. 97(9): p. 891-899.

Cossarizza, A., et al., Guidelines for the use of flow cytometry and cell sorting in
immunological studies (second edition). Eur J Immunol, 2019. 49(10): p. 1457-1973.

Lanier, L.L., NK cell receptors. Annu Rev Immunol, 1998. 16: p. 359-93.

Valiante, N.M., et al., Functionally and structurally distinct NK cell receptor repertoires
in the peripheral blood of two human donors. Immunity, 1997. 7(6): p. 739-51.

Romagnani, C., et al., CD56brightCD16— Killer Ig-Like Receptor— NK Cells Display
Longer Telomeres and Acquire Features of CD56dim NK Cells upon Activationl. The
Journal of Immunology, 2007. 178(8): p. 4947-4955.

Lopez-Verges, S., etal., CD57 defines a functionally distinct population of mature NK cells
in the human CD56dimCD16+ NK-cell subset. Blood, 2010. 116(19): p. 3865-3874.

Caligiuri, M.A., et al., Functional consequences of interleukin 2 receptor expression on
resting human lymphocytes. Identification of a novel natural killer cell subset with high
affinity receptors. J Exp Med, 1990. 171(5): p. 1509-26.

Cooper, M.A., et al., Human natural killer cells: a unique innate immunoregulatory role
for the CD56(bright) subset. Blood, 2001. 97(10): p. 3146-51.

Cooper, M.A., T.A. Fehniger, and M. A. Caligiuri, The biology of human natural killer-cell
subsets. Trends Immunol, 2001. 22(11): p. 633-40.

Nagler, A., et al., Comparative studies of human FcRIII-positive and negative natural killer
cells. J Immunol, 1989. 143(10): p. 3183-91.

Anderko, R., NK cell memory and help in HIV infection, in Graduate School of Public
Health 2021, University of Pittsburgh: D-Scholarship at Pitt. p. 120.

54



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Trinchieri, G. and N. Valiante, Receptors for the Fc fragment of IgG on natural killer cells.
Nat Immun, 1993. 12(4-5): p. 218-34.

Moretta, A., et al., Activating receptors and coreceptors involved in human natural killer
cell-mediated cytolysis. Annu Rev Immunol, 2001. 19: p. 197-223.

Lanier, L.L., G. Yu, and J.H. Phillips, Analysis of Fc gamma RIIl (CD16) membrane
expression and association with CD3 zeta and Fc epsilon RI-gamma by site-directed
mutation. J Immunol, 1991. 146(5): p. 1571-6.

Perussia, B., et al., The Fc receptor for IgG on human natural killer cells: phenotypic,
functional, and comparative studies with monoclonal antibodies. ] Immunol, 1984. 133(1):
p. 180-9.

Anegoén, 1., et al., Interaction of Fc receptor (CDI16) ligands induces transcription of
interleukin 2 receptor (CD25) and lymphokine genes and expression of their products in
human natural killer cells. J] Exp Med, 1988. 167(2): p. 452-72.

Dalbeth, N., et al., CD56bright NK cells are enriched at inflammatory sites and can engage
with monocytes in a reciprocal program of activation. ] Immunol, 2004. 173(10): p. 6418-
26.

Poli, A., et al., CD56bright natural killer (NK) cells: an important NK cell subset.
Immunology, 2009. 126(4): p. 458-465.

Steinman, R.M., Decisions About Dendritic Cells: Past, Present, and Future. Annual
Review of Immunology, 2012. 30(1): p. 1-22.

Ferlazzo, G. and B. Morandi, Cross-Talks between Natural Killer Cells and Distinct
Subsets of Dendritic Cells. Frontiers in Immunology, 2014. 5.

Walzer, T., et al., Natural-killer cells and dendritic cells: “l'union fait la force”. Blood,
2005. 106(7): p. 2252-2258.

Biron, C.A., et al., NATURAL KILLER CELLS IN ANTIVIRAL DEFENSE: Function and
Regulation by Innate Cytokines. Annual Review of Immunology, 1999. 17(1): p. 189-220.

55



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Mailliard, R.B., et al., IL-18-induced CD83+CCR7+ NK helper cells. ] Exp Med, 2005.
202(7): p. 941-53.

Adam, C., et al., DC-NK cell cross talk as a novel CD4+ T-cell-independent pathway for
antitumor CTL induction. Blood, 2005. 106(1): p. 338-344.

Morandi, B., et al., NK cells provide helper signal for CD8+ T cells by inducing the
expression of membrane-bound IL-15 on DCs. International Immunology, 2009. 21(5): p.
599-606.

Carrega, P., et al., CD56brightPerforinlow Noncytotoxic Human NK Cells Are Abundant
in Both Healthy and Neoplastic Solid Tissues and Recirculate to Secondary Lymphoid
Organs via Afferent Lymph. The Journal of Immunology, 2014. 192(8): p. 3805-3815.

Martin, M.P., et al., Epistatic interaction between KIR3DSI1 and HLA-B delays the
progression to AIDS. Nat Genet, 2002. 31(4): p. 429-34.

Boulet, S., etal., A combined genotype of KIR3DL1 high expressing alleles and HLA-B*57
is associated with a reduced risk of HIV infection. Aids, 2008. 22(12): p. 1487-91.

Fauci, A.S., D. Mavilio, and S. Kottilil, NK cells in HIV infection: Paradigm for protection
or targets for ambush. Nature Reviews Immunology, 2005. 5(11): p. 835-843.

Quaranta, M.G., et al., HIV-1 Nef impairs the dynamic of DC/NK crosstalk: different
outcome of CD56dim and CD56bright NK cell subsets. The FASEB Journal, 2007. 21(10):
p. 2323-2334.

Rydyznski, C., et al., Generation of cellular immune memory and B-cell immunity is
impaired by natural killer cells. Nature Communications, 2015. 6(1): p. 6375.

Wren, L.H., et al., Specific antibody-dependent cellular cytotoxicity responses associated
with slow progression of HIV infection. Immunology, 2013. 138(2): p. 116-123.

Haynes, B.F., et al., Immune-Correlates Analysis of an HIV-1 Vaccine Efficacy Trial. New
England Journal of Medicine, 2012. 366(14): p. 1275-1286.

Florez-Alvarez, L., J.C. Hernandez, and W. Zapata, NK Cells in HIV-1 Infection: From
Basic Science to Vaccine Strategies. Frontiers in Immunology, 2018. 9.

56



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Alter, G., et al., Sequential deregulation of NK cell subset distribution and function starting
in acute HIV-1 infection. Blood, 2005. 106(10): p. 3366-3369.

Mavilio, D., et al., Characterization of CD56—/CD16+ natural killer (NK) cells: A highly
dysfunctional NK subset expanded in HIV-infected viremic individuals. Proceedings of the
National Academy of Sciences, 2005. 102(8): p. 2886-2891.

Scully, E. and G. Alter, NK Cells in HIV Disease. Current HIV/AIDS Reports, 2016. 13(2):
p. 85-94.

Brunetta, E., et al., Chronic HIV-1 viremia reverses NKG2A/NKG2C ratio on natural killer
cells in patients with human cytomegalovirus co-infection. AIDS, 2010. 24(1).

Brunetta, E., et al., The decreased expression of Siglec-7 represents an early marker of
dysfunctional natural killer—cell subsets associated with high levels of HIV-1 viremia.
Blood, 2009. 114(18): p. 3822-3830.

Jensen, S.S., et al., HIV-Specific Antibody-Dependent Cellular Cytotoxicity (ADCC) -
Mediating Antibodies Decline while NK Cell Function Increases during Antiretroviral
Therapy (ART). PLOS ONE, 2015. 10(12): p. e0145249.

Lichtfuss, G.F., et al., Virologically Suppressed HIV Patients Show Activation of NK Cells
and Persistent Innate Immune Activation. The Journal of Immunology, 2012. 189(3): p.
1491-1499.

Gougeon, M.-L., Apoptosis as an HIV strategy to escape immune attack. Nature Reviews
Immunology, 2003. 3(5): p. 392-404.

Ahmad, F., et al., Terminal Differentiation of CD56dimCDI16+ Natural Killer Cells Is
Associated with Increase in Natural Killer Cell Frequencies After Antiretroviral Treatment
in HIV-1 Infection. AIDS Research and Human Retroviruses, 2015. 31(12): p. 1206-1212.

Xu, W., et al., Advancements in Developing Strategies for Sterilizing and Functional HIV
Cures. BioMed Research International, 2017. 2017: p. 6096134.

Vivier, E., et al., Structural similarity between Fc receptors and T cell receptors.
Expression of the gamma-subunit of Fc epsilon Rl in human T cells, natural killer cells and
thymocytes. J Immunol, 1991. 147(12): p. 4263-70.

57



57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lanier, L.L., Up on the tightrope: natural killer cell activation and inhibition. Nature
Immunology, 2008. 9(5): p. 495-502.

Hwang, 1., et al., Identification of human NK cells that are deficient for signaling adaptor
FcRy and specialized for antibody-dependent immune functions. International
Immunology, 2012. 24(12): p. 793-802.

Anderko, R.R., C.R. Rinaldo, and R.B. Mailliard, IL-18 Responsiveness Defines
Limitations in Immune Help for Specialized FcRy(-) NK Cells. ] Immunol, 2020. 205(12):
p. 3429-3442.

Schlums, H., et al., Cytomegalovirus infection drives adaptive epigenetic diversification of
NK cells with altered signaling and effector function. Immunity, 2015. 42(3): p. 443-56.

Zhou, J., et al., An NK Cell Population Lacking FcRy Is Expanded in Chronically Infected
HIV Patients. The Journal of Immunology, 2015. 194(10): p. 4688-4697.

Sun, J.C., et al., NK cells and immune "memory". J Immunol, 2011. 186(4): p. 1891-7.

Lopez-Verges, S., et al., Expansion of a unique CD57+NKG2Chi natural killer cell subset
during acute human cytomegalovirus infection. Proceedings of the National Academy of
Sciences, 2011. 108(36): p. 14725-14732.

Strauss-Albee, D.M., et al., Human NK cell repertoire diversity reflects immune experience
and correlates with viral susceptibility. Science Translational Medicine, 2015. 7(297): p.
297ral15-297ral 15.

Glas, R., et al., Recruitment and activation of natural killer (NK) cells in vivo determined
by the target cell phenotype. An adaptive component of NK cell-mediated responses. J Exp
Med, 2000. 191(1): p. 129-38.

Sun, J.C., J.N. Beilke, and L.L. Lanier, Adaptive immune features of natural killer cells.
Nature, 2009. 457(7229): p. 557-61.

Anderko, R.R. and R.B. Mailliard, Mapping the interplay between NK cells and HIV:
therapeutic implications. Journal of Leukocyte Biology, 2023. 113(2): p. 109-138.

58



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Romee, R., et al., Cytokine activation induces human memory-like NK cells. Blood, 2012.
120(24): p. 4751-4760.

Cooper, M.A., et al., Cytokine-induced memory-like natural killer cells. Proceedings of the
National Academy of Sciences, 2009. 106(6): p. 1915-1919.

Lee, J., et al., Epigenetic Modification and Antibody-Dependent Expansion of Memory-like
NK Cells in Human Cytomegalovirus-Infected Individuals. Immunity, 2015. 42(3): p. 431-
442.

Wong, J.L., et al., IL-18—Primed Helper NK Cells Collaborate with Dendritic Cells to
Promote Recruitment of Effector CD8+ T Cells to the Tumor Microenvironment. Cancer
Research, 2013. 73(15): p. 4653-4662.

Black, R.A., et al., A metalloproteinase disintegrin that releases tumour-necrosis factor-o.
from cells. Nature, 1997. 385(6618): p. 729-733.

Arribas, J. and C. Esselens, ADAMI17 as a therapeutic target in multiple diseases. Curr
Pharm Des, 2009. 15(20): p. 2319-35.

Romee, R., et al., NK cell CD16 surface expression and function is regulated by a
disintegrin and metalloprotease-17 (ADAM17). Blood, 2013. 121(18): p. 3599-608.

Li, Y., et al., ADAM17 deficiency by mature neutrophils has differential effects on L-
selectin shedding. Blood, 2006. 108(7): p. 2275-9.

Bell, J.H., et al., Role of ADAMI17 in the ectodomain shedding of TNF-alpha and its
receptors by neutrophils and macrophages. J Leukoc Biol, 2007. 82(1): p. 173-6.

Wang, Y., et al., ADAMI17 cleaves CDI16b (FcyRIIIb) in human neutrophils. Biochim
Biophys Acta, 2013. 1833(3): p. 680-5.

Sugawara, S., et al., Multiplex interrogation of the NK cell signalome reveals global
downregulation of CD16 signaling during lentivirus infection through an IL-18/ADAM]17-
dependent mechanism. PLOS Pathogens, 2023. 19(9): p. e1011629.

59



79.

80.

81.

82.

3.

&4.

85.

86.

87.

88.

89.

Mishra, H.K., et al., Abstract B57: Effect of ADAMI7 inhibition on the release of IFN-y
during natural killer cell-mediated antibody dependent cellular cytotoxicity in cancer.
Cancer Immunology Research, 2018. 6(9_Supplement): p. B57-B57.

Blanco-Carmona, E. Generating publication ready visualizations for Single Cell
transcriptomics using SCpubr. 2022.

Hao, Y. Dictionary learning for integrative, multimodal and scalable single-cell analysis.
2023.

Terrén, L., et al., Cytokine-Induced Memory-Like NK Cells: From the Basics to Clinical
Applications. Frontiers in Immunology, 2022. 13.

Dong, C. and R.A. Flavell, Cell fate decision: T-helper 1 and 2 subsets in immune
responses. Arthritis Research & Therapy, 2000. 2(3): p. 179.

Carlini, V., et al., The multifaceted nature of IL-10: regulation, role in immunological
homeostasis and its relevance to cancer, COVID-19 and post-COVID conditions. Frontiers
in Immunology, 2023. 14.

Kim, M.K. and J. Kim, Properties of immature and mature dendritic cells: phenotype,
morphology, phagocytosis, and migration. RSC Advances, 2019. 9(20): p. 11230-11238.

Ghada Mohammad Zaki, A.-A., Dendritic Cell Subsets, Maturation and Function, in
Dendritic Cells, P.C. Svetlana, Editor. 2018, IntechOpen: Rijeka. p. Ch. 2.

Izquierdo-Useros, N., et al., Siglec-1 is a novel dendritic cell receptor that mediates HIV-

1 trans-infection through recognition of viral membrane gangliosides. PLoS Biol, 2012.
10(12): p. €1001448.

Cella, M., et al., Ligation of CD40 on dendritic cells triggers production of high levels of
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation.
Journal of Experimental Medicine, 1996. 184(2): p. 747-752.

Luckheeram, R.V., et al., CD4'T cells: differentiation and functions. Clin Dev Immunol,
2012.2012: p. 925135.

60



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Nagasawa, M., H. Spits, and X.R. Ros, Innate Lymphoid Cells (ILCs): Cytokine Hubs
Regulating Immunity and Tissue Homeostasis. Cold Spring Harb Perspect Biol, 2018.
10(12).

Korchagina, A.A., E. Koroleva, and A.V. Tumanov, Innate Lymphoid Cells in Response to
Intracellular Pathogens: Protection Versus Immunopathology. Front Cell Infect
Microbiol, 2021. 11: p. 775554.

Oft, M., Immune regulation and cytotoxic T cell activation of IL-10 agonists - Preclinical
and clinical experience. Semin Immunol, 2019. 44: p. 101325.

Najafi-Fard, S., et al., Evaluation of the immunomodulatory effects of interleukin-10 on
peripheral blood immune cells of COVID-19 patients: Implication for COVID-19 therapy.
Front Immunol, 2022. 13: p. 984098.

Crocker, P.R., J.C. Paulson, and A. Varki, Siglecs and their roles in the immune system.
Nature Reviews Immunology, 2007. 7(4): p. 255-266.

Perez-Zsolt, D., J. Martinez-Picado, and N. Izquierdo-Useros, When Dendritic Cells Go
Viral: The Role of Siglec-1 in Host Defense and Dissemination of Enveloped Viruses.
Viruses, 2019. 12(1).

Prenzler, S., et al., The role of sialic acid-binding immunoglobulin-like-lectin-1 (siglec-1)
in immunology and infectious disease. Int Rev Immunol, 2023. 42(2): p. 113-138.

Xiong, Y.-S., et al., Increased expression of Siglec-1 on peripheral blood monocytes and

its role in mononuclear cell reactivity to autoantigen in rheumatoid arthritis.
Rheumatology, 2014. 53(2): p. 250-259.

Sato, K., et al., AB0066 Combination of il-10 and il-18 but not il-6 and il-18 induces ifn-
gamma production and surface expression of trail on nk cells. Annals of the Rheumatic
Diseases, 2018. 77(Suppl 2): p. 1231.

Cai, G., R.A. Kastelein, and C.A. Hunter, IL-10 enhances NK cell proliferation,
cytotoxicity and production of IFN-y when combined with IL-18. European Journal of
Immunology, 1999. 29(9): p. 2658-2665.

Zhang, H., H.S. Li, and S.S. Watowich, Jak-STAT Signaling Pathways, in Encyclopedia of
Immunobiology, M.J.H. Ratcliffe, Editor. 2016, Academic Press: Oxford. p. 134-145.

61



101.

102.

103.

104.

Moore, K.W., et al., Interleukin-10 and the Interleukin-10 Receptor. Annual Review of
Immunology, 2001. 19(Volume 19, 2001): p. 683-765.

Bai, R.J., L.L. Dai, and H. Wu, Advances and challenges in antiretroviral therapy for
acquired immunodeficiency syndrome. Chin Med J (Engl), 2020. 133(23): p. 2775-2777.

Kristoff, J., C.R. Rinaldo, and R.B. Mailliard Role of Dendritic Cells in Exposing Latent
HIV-1 for the Kill. Viruses, 2020. 12, DOI: 10.3390/v12010037.

Li, F. and S. Liu, Focusing on NK cells and ADCC: A promising immunotherapy approach
in targeted therapy for HER2-positive breast cancer. Frontiers in Immunology, 2022. 13.

62



	Title Page
	Committee Membership Page
	Abstract
	Table of Contents
	List of Figures
	1.0 Introduction: Natural Killer Cells and the Immune Response
	1.1 NK Cells in the Innate Immune Response
	1.1.1 Classical Phenotypical Characterization of NK Cells
	1.1.2 Diverse Effector Functions of NK Cells
	Figure 1. Classical characterization of NK cell subsets

	1.1.3 NK Cell-Mediated “Help” to Dendritic Cells

	1.2 NK Cells and HIV-1
	Figure 2. The role of NK cells in HIV-1 infection
	1.2.1 NK Cell Dysfunction in HIV-1
	1.2.2 FcR( Deficient NK Cell Population
	Figure 3. Dysfunctional FcRy NK cell population


	1.3 NK Cell “Memory-Like” Characteristics
	1.4 Using IL-18 Responsiveness to Characterize NK Cell Subsets
	1.5 ADAM17 and NK Cells

	2.0 Specific Aims
	3.0 Materials and Methods
	3.1 Cell Culture
	3.1.1 Isolation of Monocytes and Peripheral Blood Lymphocytes (PBLs)
	3.1.2 Isolation of Natural Killer (NK) Cells from PBLs
	3.1.3 Generation of Monocyte-Derived Immature DCs (iDCs)
	3.1.4 Inhibition of DC Maturation by NK Cells
	3.1.5 NK Cell Cultures

	3.2 Antibody Dependent Cellular Cytotoxicity (ADCC) and Kill Assay
	3.2.1 ADCC Assay Preparation
	3.2.2 ADCC Assay Readout
	3.2.3 Target Only Kill Assay Preparation and Readout

	3.3  Single Cell RNA and Abseq Multiomics
	3.3.1 Single Cell Sample Preparation
	3.3.2 Single Cell Statistical Analysis

	3.4 Flow Cytometry
	3.5 MSD U-Plex Assay
	3.6 IL-12p70 ELISA
	3.6.1 ELISA Plate Preparation
	3.6.2 ELISA Assay Procedure


	4.0 Results
	4.1 Aim I: Define the Role of ADAM17 on IL-18-Induced Differentiation of “Memory-Like” NK Cells
	4.1.1 The Selective Loss of CD16 Expression in Conventional FcR(+ NK Cells, and not FcR(- Cells, is Induced by IL-18 Co-Stimulation
	Figure 4. FcRy- NK cells are unresponsive to IL-18 stimulation

	4.1.2 Transcriptional Changes in NK Cells Associated with IL-18 Co-Stimulation are Confirmed Using Single Cell RNAseq
	Figure 5. IL-18 drives helper NK cell transcriptional profile

	4.1.3 The Role of ADAM17 Inhibition on IL-18 Modulation of CD16 and Helper Marker Surface Expression on Responsive NK cells
	Figure 6. ADAM17 drives phenotypical changes in FcRy+ NK cells


	4.2 Aim II: Determine the Role of ADAM17 on IL-18-Induced “Memory-Like” NK Cell Helper Activity
	4.2.1 Characterize the Helper Cytokine Production Profile of IL-18-Treated NK Cells Co-Stimulated with Various Innate Cytokines
	Figure 7. NK cell type 1 and type 2 cytokine production based on innate co-stimulation

	4.2.2 Determine the Impact of ADAM17 Inhibition on the Helper Cytokine Profile of IL-18 Co-Stimulated NK cells
	Figure 8. ADAM17 inhibition leads to changes in NK cell cytokine production

	4.2.3 The Role of ADAM17 Inhibition on IL-18-Mediated NK Cell Activation of DCs
	Figure 9. ADAM17 inhibition results in phenotypical changes of DCs in NK cell-mediated help



	5.0 Conclusions and Discussion
	6.0 Future Directions
	7.0 Public Health Significance
	Bibliography

