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Abstract

Natural killer cells play a critical role in antiviral and anti-tumor responses. While current NK cell
immune therapies have focused primarily on cancer biology, many of these advances can be
readily applied to target HIV/SIV-infected cells. Promising developments include recent reports
that CAR NK cells are capable of targeted responses while producing less off-target and toxic
side-effects than are associated with CAR T cell therapies. Further CAR NK cells derived from
inducible pluripotent stem cells or cell lines may allow for more rapid ‘off-the-shelf’ access. Other
work investigating the 1L-15 superagonist ALT-803 (now N803) may also provide a recourse for
enhancing NK cell responses in the context of the immunosuppressive and inflammatory
environment of chronic HIV/SIV infections, leading to enhanced control of viremia. With a
broader acceptance of research supporting adaptive functions in NK cells it is likely that novel
immunotherapeutics and vaccine modalities will aim to generate virus-specific memory NK cells.
In doing so, better targeted NK cell responses against virus-infected cells may usher in a new era
of NK cell-tuned immune therapy.

A. Introduction;

Ever since the identification of B and T cells as crucial components of adaptive immunity
[1] the research community has been trying to exploit how best to elicit targeted humoral
and cell-mediated responses. While these approaches have led to the development of
numerous vaccine candidates and therapeutics, most of these approaches only engage innate
immune cells as a means to augment the adaptive response, rather than to generate an
independent protective innate response. This is in part due to the innate immune response
lacking the antigen specificity of B and T cells, and that innate immune responses appeared
to lack memory-recall potential, both classical defining traits that distinguish the innate from
adaptive immune systems [2, 3]. Rather, the scope of innate immune activation has been
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generally restricted to the development of adjuvants that engage Toll-like receptors (TLRs),
or elicit a broad, non-specific inflammatory response in order to promote an enhanced
adaptive cell-mediated or humoral response [4, 5].

Through a balance of inhibitory and activating receptor engagement, natural killer (NK)
cells recognize and eliminate tumor and virus-infected cells as a primary effector of the
innate immune system. Classically, NK cells are described as non-specific because they
develop antigen receptors independently of RAG [6]. Nevertheless experimental data from
mice, non-human primates and humans has recently indicated that NK cells may also
possess the ability to quickly respond in an antigen specific manner — suggesting the
presence of memory properties [7-11]. Through several paradigm shifting works, NK cells
are now gaining acceptance to have adaptive features, especially in the context of
cytomegalovirus (CMV) [12, 13]. Adaptive NK cells have now also been recently described
specific to HIV and SIV/SHIV antigens [11, 14]. These particularly exciting findings
suggest it may be possible to use HIV-specific NK cells as better immune therapies and
perhaps even as a functional cure for HIV.

Above all other viral infections studied in the context of adaptive NK cells, CMV is
probably the most well understood. In mice, Ly-49h+ NK cells expand after infection with
murine CMV (mCMV) by recognizing CMV protein m157, and respond more potently after
reactivation or new infection with mCMV [15]. Likewise, in humans and non-human
primates CMV/rhesus cytomegalovirus (rhCMV) infections drive the expansion of NKG2C+
NK cells [16, 17]. Whether or not NKG2C is specifically recognizing CMV antigens /n vivo
is unclear, nevertheless it has been shown that NKG2C exhibits preferential binding
preference to some CMV peptides, especially when presented on HLA-E [18]. These
adaptive NK cell populations are long-lived and display more maturation markers than
classical NK cells, including CD57, and proliferative and cytotoxic functions upon
encountering the same antigen are enhanced [16, 19]. While NKG2C is a prototypical
marker used to delineate antigen-specific NK cells in humans, other receptors may be
involved. Activating KIRs may promote HCMV-induced NK cell differentiation [20]
especially because an expansion of mature NK cells expressing functional activating KIR
has been observed in patients with a homozygous deletion of NKG2C [21]. Another subset
of adaptive NK cells are induced by cytokine milieus. They were most clearly delineated by
Cooper and colleagues who showed that re-stimulation of murine NK cells induced greater
IFN-+y production if they were pre-treated with IL-12 and IL-15 [22]. Cytokine-induced
adaptive NK cells are being used for immunotherapies in the cancer biology field [23, 24]
and their enhanced potency could also be considered for viral infections. Finally, a third
subset of adaptive NK cells express elevated levels of Fc receptors such as CD16 on their
surface, while also lacking expression of the associated intracellular -y signaling chain [25].
Similar to the NKG2C+ NK cell population, -y chain-deficient (AG) NK Cells are expanded
in HCMV-seropositive individuals and also become long-lived after an initial stimulation
through antibody binding. Interestingly, despite lacking the y chain, antibody-dependent
cellular cytotoxicity (ADCC) and the proliferative potential of AG NK cells are enhanced
[26, 27]. Further, memory-like NK cells appear to have enhanced binding to antibodies
against herpes simplex virus, influenza, HCV, and even HIV [13].
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In HIV-1 and SIV infection of nonhuman primate models, various genetic, epidemiological,
and functional studies have shown that NK cells are among the first immune populations to
expand following infection, and they may be directly involved in preventing virus replication
and disease [28, 29]. Our group and others have shown that the NKG2C+ NK cell
population is increased following infection with SIV/HIV, though the contribution of CMV
to this increase is unclear [30, 31]. Furthermore, NK cells play an important role in
controlling non-pathogenic SIV infection by migrating into lymph node follicles, a likely
viral reservoir [32, 33]. This phenomenon is heavily dependent on the NK cell growth
cytokine IL-15. Interestingly, NK cells from HIV-positive donors can be strongly stimulated
with IL-15 in order to improve their antiviral and cytotoxic potential and, more importantly,
enhance their ability to clear HIV-infected cells [34]. The first demonstration that primates
mobilize adaptive NK cells against HIV/SIV antigens was provided by our group [11]. In
this study our group showed that purified NK cells from the spleens and livers of rhesus
macagques infected with simian-human immunodeficiency virus (SHIV) demonstrated
antigen-specific NK cell responses against viral proteins. An even more striking finding was
that NK cells from macaques vaccinated 5 years prior with ENV- or GAG-expressing
Adenovirus vectors were able to efficiently lyse matched presented antigens [11]. While
these responses were NKG2-dependent, delineating the full mechanisms of primate NK cell
memory will require further study.

B. Current NK cell therapies and HIV infection

HIV infection leads to systemic immune activation and immunosuppression, having an
impact on NK cells which commonly show signs of dysregulation and exhaustion [35, 36].
NK cells normally recognize several receptors or ligands presented on the surfaces of target
cells, including MHC molecules, Fc regions of antibodies or self-proteins, that engage either
inhibitory or activating NK receptors. As a result, potential avenues for NK cell based
therapies tend to exploit these mechanisms, both for NK cell enhancement and reversal of
dysfunction. Another approach, ‘immune restoration’, involves preventing the elimination of
uninfected CD4+ T cells via NK cells using blocking antibodies against gp41. This
preventing the interaction between gp41/gp120 and CD4 receptor which results in the
upregulation of an NK-activating ligand, NKp44L, on CD4+ T cells which are subsequently
eliminated by NK cells (ClinicalTrials.gov ID: NCT01549119, NCT02041247 and [37]).
Currently, there are several clinical trials that are investigating the role of NK cells in either
controlling HIV through direct or indirect NK cell modulation. In order to enhance targeting
of virally infected cells several groups have attempted harness NK cells in combination with
broadly neutralizing antibodies (bNAbs) (ClinicalTrials.gov ID: NCT02018510), TLR
agonists to elicit enhanced killing of virally infected cells (ClinicalTrials.gov ID:
NCT02077868, NCT02200081and NCT02668770), or via targeting of various immune
checkpoints or inhibitory molecules (ClinicalTrial.gov ID numbers: NCT02921685,
NCT02643550, NCT02399917, NCT02599649, NCT02252263, NCT02481297,
NCT01687387, NCT01714739, NCT01592370, NCT01750580), and discussed below.
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bNAbs, NK cell activation and SIV/HIV

The majority of functions mediated by bNAbs are via cells expressing Fc receptors, which
can transduce intracellular signaling in multiple effector cell types. NK cells are one of the
principal mediators of antibody dependent cellular cytotoxicity (ADCC) (reviewed in [38])
due to their expression of CD16 (FcyRIII). In fact, Fc receptor expression levels in
humanized mice [39] and rhesus macaques [40] seem to directly influence the ability of
bNADbs to mediate the control of viral replication. This role of Fc receptors seems to be even
more important than complement binding in regulating viral infection [41]. Unsurprisingly,
non-neutralizing HIV-1 antibodies have been shown to lack ADCC breadth [42]. Thus, it is
becoming increasingly evident that the elimination of virus-infected cells may require non-
neutralizing functions mediated through interaction with Fc receptors, particularly those on
NK cells [43]. Data from a clinical trial with bNAb antibody cocktails showed very modest
results with only 2 out of 8 participants showing moderate delays in viral rebound [44].
Several bNAbs have since been developed against HIV (reviewed in [45]) with the goal of
eliciting potent immune responses in HIV-1 infected patients. A recent Phase | clinical trial
with the bNAb 3BNC117 that targets CD4 binding sites showed that it acted as a highly
efficacious agent for reducing HIV-1 viremia [46]. Follow-up studies of 3BBNC117 mediated
clearing of virus from mice by the same group suggested the requirement of FcryR
expressing NK cells to engage the antibody [47]. These observations have also been
confirmed by multiple follow-up studies [39, 48-50].

Toll like receptors (TLR) agonists to activate NK cells in HIV/SIV infections

TLRs are pathogen recognition receptors (PRR) that identify molecular patterns in
pathogenic microbes and are expressed in NK cells and other innate immune cells including
DCs, macrophages and B cells. The role of TLR agonists in direct NK cell activation is
relatively underexplored and somewhat controversial since some studies indicate only
indirect activation of NK cells through DC, monocyte, macrophage, or B cell activation
following TLR stimulation [51-53]. Regardless of the mode of activation, TLR-mediated
stimulation using agonists that engage TLR3, 7, 8 and 9 is a major focus of anti-HIV therapy
and thus provides an opportunity to examine the roles that NK cells contribute to antiviral
responses.

TLR3 recognition of viral RNA leads to potent inflammatory responses mediated, in part, by
interferon activation. In the context of HIV infection, TLR3 agonists have been used to
enhance polyfunctional responses in NK cells from exposed seronegative (ESN) individuals.
In a study using HIV serodiscordant couples, Lima et al. showed that there was an elevated
expression of the activation marker CD38, along with IFN-y, TNFa and CD107a in ESN
individuals in response to TLR3 stimulation [54].

Agonists that engage both TLR7 and TLR8 lead to either direct or indirect NK activation via
DC signaling [53]. Currently, two small molecule agonists of TLR7, Vesatolimod (GS-9620)
and its analog, GS-986, are being used in SIV-infected/ART-treated rhesus macaques [55].
This dual therapy of ART and TLR agonist showed reduction in the viral reservoir with
transient viremia and immunopotentiation as demonstrated by a rapid activation of NK and
T cell responses to infection. Recently Borducchi EN et al. showed that treatment with
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PGT121 and GS-9620 in SHIV-infected rhesus macaques delayed viral rebound following
ART discontinuation due to activation of NK cells and monocytes leading to antibody
mediated clearance of virus infected cells [56]. Treatment with the TLR8 agonist, VTX2337,
led to both direct and indirect activation of NK cells via DC mediated production of
inflammatory cytokines and chemokines including IL-12, and TNF-a. [57]. Direct NK cell
activation by VTX2337 resulted in increased levels of IFN-y secretion, enhanced NK cell
cytotoxicity against K562 target cells, as well as enhanced ADCC activity against other
tumor targets [57].

The TLR9 agonist Lefitolimod (MGN1703) is used in studies to reactivate the latent viral
reservoir via ‘shock and kill’ therapy. TLR9 activation of NK cells is primarily due to
activation of pDCs, with subsequent secretion of IFN-a., leading to the recruitment of
cytotoxic NK and effector CD8+ T cells [58]. In addition to immune stimulation, MGN1703
also induces reactivation of latent HIV, allowing for targeting via NK and CD8+ T cell
dependent cytotoxicity. The specific effects of MGN1703 stimulation on NK cells include
NKp46 upregulation, which has been associated with NK cell lysis of HIV-infected CD4+ T
cells, NKG2A upregulation on CD56dim cells, elevated expression of the activation/tissue
marker CD69 and increased antiviral functions as evidenced by CD107a and IFN-y
expression when cultured with K562 and latently HIV-1 infected ACH2 cells as well as
autologous HIV-1 infected CD4+T cells /n vitro [59]. MGN 1703 is already in phase 111
testing for treatment of metastatic colorectal cancer (ClinicalTrials.gov ID: NCT02077868)
and is currently also being investigated for small cell lung cancer and melanoma
(ClinicalTrials.gov ID number: NCT02200081 and NCT02668770, respectively).

Blocking inhibitory NK cell receptors during infection

NKG2A is an inhibitory molecule present on both NK and CD8+ T cells. It forms a
heterodimer on the cell surface along with CD94 and has been shown to interact with HLA-
E in the context of presented peptides, and has preferential affinity to bind HLA-E as
compared to the activating NKG2C/CD94 heterodimer [60, 61]. However, CD94/NKG2A
activation triggers a negative feedback loop preventing NK cell activation and thereby can
promote immune escape [62]. Several studies targeting NKG2A in order to enhance NK and
CD8+ T cell functions using the NKG2A blocking antibody, Monalizumab, are now
underway for cancer therapy [63, 64]. Anti-NKG2A antibody treatment has also been shown
to improve NK cell cytotoxicity and viral clearance in patients with chronic hepatitis B as
well as in mouse models of hepatitis B [65]. Currently there are several clinical trials
examining the effects of blocking NKG2A using Monalizumab in patients with squamous
cell carcinoma or following allogeneic stem cell transplantation (ClinicalTrials.gov ID
numbers: NCT02921685, NCT02643550).

KIR molecules play a crucial role in determining the activation status of NK cells,
specifically through their interaction with MHC molecules [66]. The anti-KIR mAb
Lirilumab (IPH2102) binds to inhibitory KIR2DL1,2 and 3 receptors and blocks its
interaction with HLA-C. This blockade mimics a KIR mismatch and improves responses
against virus-infected or tumor cells. /n7 vitro, IPH2102 treatment was shown to augment NK
cell-mediated killing of autologous HLA-C expressing leukemic cells [67]. Further, this
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therapy has been shown to be well tolerated in both hematological malignancies and solid
tumors, and may also be used as a monotherapy or in combination with other agents [68].
IPH2102 is currently undergoing phase I/11 clinical trials as monotherapy or in combination
across a range of hematologic and solid tumors (ClinicalTrial.gov ID numbers:
NCT02399917, NCT02599649, NCT02252263, NCT02481297, NCT01687387,
NCT01714739, NCT01592370, NCT01750580). Similar blockades of inhibitory receptors
in HIV infections could be an attractive approach to augment immunotherapies or curative
strategies.

IL-15 and IL-15 superagonists to augment NK cell function

ALT-803 (now N803) is a fusion complex of 1L-15 and IL-15Ra with IgG1 Fc that has
enhanced IL-15 biological activity through a single amino acid mutation in IL-15 [69, 70].
ALT-803 has been shown to be well tolerated in patients with relapsed hematologic
malignancies with augmented NK and T cell responses (Clinical Trials.gov 1D:
NCT01885897 and [71]). Further, ALT-803 is being tested in concert with other checkpoint
inhibitors such as anti-PD-1 therapy in patients with metastatic non-small cell lung cancer
[70]. Because this agonist is capable of activating both CD8+ T and NK cells, there is
substantial interest in utilizing ALT-803 in SIV/HIV infection [72]. Recent work from
Garrido C. et al. show that ex vivo culture of NK cells with IL-15 and in the presence of
\orinostat, a histone deacetylase inhibitor and potent latency reversal agent, enhance NK
cell mediated killing of HIV-infected target cells [34]. As IL-15 treatment enhances ADCC
and can sometimes be used in concert with other cytokines, this approach may also be able
to elicit adaptive AG NK or cytokine-induced NK cells, though this remains to be shown.
This approach may prove pivotal for the development of functional cure therapies for HIV.

Modification of NK cells using CAR technology

The substantial investment in development of chimeric antigen receptor (CAR) T cells has
driven advances in the cancer field over the past decade [73-75]. More recently, several
groups are developing CAR NK cells originating from the NK-92 cell line [76], stem cells
[77, 78] or derived from cord blood (ClinicalTrial.gov ID: NCT03056339) [79] in order to
treat multiple cancers [80]. Particularly interesting is that some CAR NK cell therapeutic
interventions seem to have less significant toxicity associated with treatment [81] than has
been observed in CAR T cell therapies, where cytokine release syndrome can lead to
potentially lethal outcomes [82]. Several studies suggest that using CAR-T cells could be an
asset in HIV therapy and cure work. Much of the focus revolves around the development of
CARs target gp120 and/or gp41 via expression of CD4( (described below), bNAbs and bi-
specific antibodies [83—-85]. These developments, and in particular CAR NK cells derived
from induced pluripotent stem cells (iPSC) [78] have the potential to be clinically scalable in
order to provide ‘off-the-shelf’ treatment for cancer patients [86]. Since the targets for CAR
NK cells are customizable, it is quite probable that this technology will be highly relevant to
developing targeted NK cell therapy to eliminate SIV/HIV-virally infected cells. In fact,
there have been several attempts at targeting HIV-infected CD4+ T cells using CAR-NK
cells. In one approach a chimeric antigen receptor comprising of CD4 fused with the CD3(
chain, termed CDA4(, provides NK cells with the ability to bind to gp120 from HIV and
signal via the CD3( chain. While CD4C CAR-NK cells showed increased inhibition of HIV
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replication in CD4+ T cells /n vitro, there was no significant difference in in vivo studies
when comparing these cells to unmodified NK cells [87-89]. These data provide enthusiasm
for the continued development of HIV-specific CAR-NK cells which will likely become a
crucial component of HIV cure therapies.

C. Concluding remarks and future directions:

NK cell-based therapies are still in a relative infancy especially for treatment of viral
infections. This is in contrast to the substantial advances in cancer immunotherapy, perhaps
as a result of greater regulatory freedom/ willingness to try relatively risky therapeutics in
otherwise terminally ill patients [90]. Nevertheless, several exciting developments in cancer
biology, including the development of CAR NK cells, and activation of NK cells using IL-15
superagonists like N803 show substantial promise for being quickly implemented in HIV
antiviral therapy. Further, with the identification of adaptive NK cell responses against HIV
and SIV, it is possible that targeting MHC-E peptide presentation to NKG2C on NK cells
could be achieved with vaccination approaches that promote enhanced presentation via
MHC-E, or via specific cytokine signatures to produce cytokine-dependent memory NK
responses through the development of more targeted adjuvants. Exploiting NK cells and NK
cell memory responses could be the decisive turning point in augmenting prophylactic and
therapeutic modalities against HIV.
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Figure 1. Therapeutic interventions and their effect on NK cell anti-HIV/SIV functions.
Current therapies targeting NK cells directly or indirectly serve to augment NK cell anti-

HIV/SIV responses. NK cell activation through the blocking of inhibitory signaling resulting
from NKG2A, or inhibitory KIRs leads to enhanced NK cell activation. TLR 7,8,9 agonists
most likely lead to indirect NK cell activation via cytokine production by dendritic cells
(DC), macrophages (Mg), or B cells (B). These cytokines (IL-12, IL-15, IFNa/B) in addition
to the IL-15 superagonist (N803) engage the cognate receptors on NK cells (IL-12R,
IL-15R, IFNAR), leading to NK cell activation and net increases in anti-HIV/SIV responses.

J Leukoc Biol. Author manuscript; available in PMC 2019 June 01.

Targeting Inhibitory Receptors
/" NKG2A via monalizumab




	Abstract
	Introduction:
	Current NK cell therapies and HIV infection
	bNAbs, NK cell activation and SIV/HIV
	Toll like receptors (TLR) agonists to activate NK cells in HIV/SIV infections
	Blocking inhibitory NK cell receptors during infection
	IL-15 and IL-15 superagonists to augment NK cell function
	Modification of NK cells using CAR technology

	Concluding remarks and future directions:
	References
	Figure 1.

