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Natural killer (NK) cells are key effectors in anti-tumor responses with great potential to
extend the promise of cancer immunotherapy. Dogs develop spontaneous cancers with striking
similarities to humans and can serve as a crucial link to inform NK biology, optimize NK
immunotherapy for both dog and human patients, and identify potential biomarkers of response.
Previously, CD5 depletion of peripheral blood mononuclear cells (PBMCs) was used in dogs to
isolate a CD5dim-expressing NK subset prior to co-culture with an irradiated feeder line, but this
can limit the yield of the final NK product. We assessed NK activation, expansion, and
preliminary clinical activity in first-in-dog clinical trials using a novel system with unmanipulated
PBMCs to generate our NK cell product. Calculated cell counts, viability, killing, and cytokine
secretion were equivalent or higher in expanded NK cells from canine PBMCs versus CD5-
depleted cells, and immune phenotyping confirmed a CD3-NKp46+ product from PBMC-
expanded cells at day 14. Transcriptomic analysis of expanded cell populations confirmed
upregulation of NK activation genes and related pathways, and human NK cells using well-
characterized NK markers closely mirrored canine gene expression patterns. Autologous and
allogeneic PBMC-derived NK cells were successfully expanded for use in first-in-dog clinical
trials, resulting in no serious adverse events and preliminary efficacy data. RNA sequencing of
PBMCs from dogs receiving allogeneic NK transfer showed patient-unique gene signatures with
NK gene expression trends in response to treatment. Overall, the use of unmanipulated PBMCs
appears safe and potentially effective for canine NK immunotherapy with equivalent to superior
results to CD5 depletion in NK expansion, activation, and cytotoxicity. Our preclinical and clinical
data support further evaluation of this technique as a novel platform for optimizing NK
immunotherapy in dogs. To characterize the heterogeneity of canine NK cells regarding NK
ontogeny, subset, and patterns of activation and inhibition we assessed canine NK cell
populations by single cell RNA sequencing (scRNAseq) across blood and tissues, including
canine soft tissue sarcoma, and canine and human lung, liver, spleen, and placenta. We

observed tissue-specific NK cell signatures consistent with immature, stem-like NK cells in the



placenta, mature and activated NK cells in the lung, and NK cells with a mixed activated and
inhibited signature in the liver with significant cross-species homology. NK cells from both
canine and human undifferentiated sarcoma exhibited an exhausted signature that most closely
correlated with NK cells in the liver. We also analyzed NK cells in the peripheral blood of dogs
on first-in-dog clinical trials undergoing three distinct NK-targeting regimens, observing that
dogs with favorable response (good responders) demonstrated increased NK proportions post
treatment. Genes upregulated in NK cells in the peripheral blood of good responders included
genes associated with activated NK cells in the lung and revealed post-treatment gene
expression changes in the blood as a better predictor of response than baseline NK gene
expression. Together, our results point to heterogeneous canine NK populations highly
comparable to human NK cells with effector functions adapted to their tissue of residence and
dysregulated sarcoma infiltrating NK cells with features of both activation and inhibition. We
provide a comprehensive atlas of canine NK cells across organs and sarcomas which will inform
future cross-species NK studies and further substantiate the spontaneous canine model in

immuno-oncology to optimize NK immunotherapy across species.
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1 Research Background and Review

1.1 Natural Killer and T Cell Infiltration in Canine Osteosarcoma

1.1.1 Abstract

Metastatic osteosarcoma has a bleak prognosis in both humans and dogs, and there have been
minimal therapeutic advances in recent decades to improve outcomes. Naturally occurring
osteosarcoma in dogs is shown to be a highly suitable model for human osteosarcoma, and
limited data suggest the similarities between species extend into immune responses to cancer.
Studies show that immune infiltrates in canine osteosarcoma resemble those of human
osteosarcoma, and the analysis of tumor immune constituents as predictors of therapeutic
response is a promising direction for future research. Additionally, clinical studies in dogs have
piloted the use of NK transfer to treat osteosarcoma and can serve as valuable precursors to
clinical trials in humans. Cytotoxic lymphocytes in dogs and humans with osteosarcoma have
increased activation and exhaustion markers within tumors compared with blood. Accordingly,
NK and T cells have complex interactions among cancer cells and other immune cells, which
can lead to changes in pathways that work both for and against the tumor. Studies focused on
NK and T cell interactions within the tumor microenvironment can open the door to targeted
therapies, such as checkpoint inhibitors. Specifically, PD-1/PD-L1 checkpoint expression is
conserved across tumors in both species, but further characterization of PD-L1 in canine
osteosarcoma is needed to assess its prognostic significance compared with humans.
Ultimately, a comparative understanding of T and NK cells in the osteosarcoma tumor
microenvironment in both dogs and humans can be a platform for translational studies that

improve outcomes in both dogs and humans with this frequently aggressive disease.

1.1.2 Introduction



Osteosarcoma (OSA) is an aggressive cancer of the skeleton in both dogs and humans with
high rates of metastasis. Untreated, 90% of dogs with OSA develop metastasis within 1 year,
and 85-90% of humans do so within 2 years (1). When gross metastatic disease develops,
survival is dismal, and fewer than 20% of human patients survive 5 years and fewer than 5% of
dogs survive 2 years with disseminated disease (2, 3). In the past few decades, there has been
limited advancement of OSA therapies, and outcomes for patients with metastatic disease have
remained stagnant (4, 5). Canine OSA (cOSA) occurs spontaneously and shares notable
genomic profiles, clinical presentations, and progression patterns with human OSA (hOSA) (1,
6-8). The intact immune system of dogs with naturally occurring cancer along with the relatively
high incidence of cOSA and extensive similarities between cOSA and hOSA make companion
dogs an ideal platform for translational oncology, especially in the investigation of novel
immunotherapies (9, 10). NK cells are innate immune cells with cytokine-producing and
cytotoxic effector capabilities that have been identified in the OSA tumor microenvironment
(TME) along with cytotoxic and helper T cells (11, 12). Both NK and CD8+ T cells have the
capability to kill cancer cells using their cytotoxic functions, but their potential cooperation is
complex. The downregulation of MHC-I by certain cancer cells effectively circumvents
recognition by CD8+ T cells but simultaneously increases activation of NK cells by removing a
major inhibitory signal (13). Additionally, IFN-y secreted by NK cells stimulates CD4+ T cell
activation and is required for proliferation of CD8+ T cell precursors (13). In many cancers, such
as melanoma, gastric cancer, and myeloma, among others, secretion of IFN-y is also shown to
induce PD-L1 expression in tumor cells (14). IFN-y-induced upregulation of PD-L1 expression
on immune and tumor target cells is recognized as a conserved mechanism of adaptive immune
resistance and tolerance as a response to chronic antigen stimulation, which is observed in both
cancers and chronic pathogen exposure (15-17). These cooperative antitumor properties of NK
and both CD4+ and CD8+ T cells are contrasted by studies showing that NK cells kill activated

T cells to protect against virus-induced immunopathology (18, 19). Even among tumor-



infiltrating T cells, tumor and immune cells expressing PD-L1 can inhibit neighboring PD-1+ T
cells through the PD-1/PD-L1 axis, an immune checkpoint that cancer cells can exploit to inhibit
antitumor immune responses (20). In humans, NK and T cells also show increased exhaustion
markers in the solid TME, making reversal of the resulting immunosuppression a key aim of
emerging immunotherapies (21). Veterinary studies also identify features of immune exhaustion
in dogs with cancer (22, 23), but focused studies are needed to answer lingering questions of
the consistency of these markers and how to target them. Analyses establishing the extent to
which cOSA infiltrating NK and T cells are comparable to hOSA support a deeper understanding
of the OSA TME and advance bench-to-bedside studies to speed the translation of novel
immunotherapies. This review focuses on the recent literature characterizing NK and T cell

infiltrates in OSA tumors and their prognostic significance in humans and dogs.

1.1.3 Blood vs Tumor

The TME is made up of tumor cells, healthy stromal and nonimmune cells, and immune cells, all
of which are communicating in dynamic interactions that work both for and against the tumor
(24). These interactions occur in the context of a systemic immune response, including immune
cell activity within the peripheral circulation, which, interestingly, does not inherently parallel
activity in the TME (25-29). In healthy dogs, CD4+ and CD8+ T cells comprise approximately 49
and 22% of lymphocytes, respectively, in peripheral blood, and T regulatory cells (Tregs)
account for 4.5% of CD4+ T cells (25). Walter et al. (12) looked at peripheral immune responses
in dogs prior to and following chemotherapy and found that dogs with osteosarcoma have fewer
pretreatment CD4+ and CD8+ T cells in the blood than healthy dogs. Canine Tregs have also
been identified and found to be higher in blood from dogs with OSA compared with healthy dogs
(25, 30, 31). Later, the same working group established the clinical relevance of circulating
lymphocytes in cOSA. For example, Sottnik et al. (32) observed that dogs with lower monocyte

counts and lymphopenia prior to treatment with amputation and adjuvant chemotherapy had an



increased disease-free interval (DFI). The authors call attention to the fact that this contrasts
with human studies in which lymphopenia is associated with worse outcomes in sarcomas and
other cancers (33). However, recent hOSA studies largely focus on lymphocytes in the context
of other blood parameters, such as high neutrophil-to-lymphocyte ratios (NLRs) or low
lymphocyte-to-monocyte ratios (LMRs), which are both associated with poor prognosis (34, 35).
The necessity of lymphocyte ratios could be explained by the importance of other immune cell
populations and the conflicting functions of different lymphocyte subsets, such as Tregs. For
example, Biller et al. (25) analyzed CD4+ T, CD8+ T, and Treg (defined as CD4+FOXP3+) cells
by flow cytometry in cOSA and found that low circulating CD8/Treg ratios were associated with
shorter survival time. Investigation of NLR and LMR within cOSA are needed for an accurate
comparison of the prognostic significance of circulating lymphocytes in dogs. Although
circulating CD8/Treg ratios were associated with a significantly worse prognosis, this was not
seen in cOSA tumorinfiltrating lymphocytes (TIL), an indication of the differing immune
populations between blood and tumors (25). This discordance is further substantiated with
evidence from the same study that Tregs are highest in cOSA tumors, making up 21% of
lymphocytes in the TME, compared with Tregs in the lymph nodes and circulation (25). The
pattern stays consistent in mouse and human OSA, where, compared with blood, tumors have a
higher concentration of Tregs as well as more activated Tregs based on cellular proliferation and
increased expression of activation markers (26). The similarities extend to other immune cell
subsets. A recent comparative study by Judge et al. (27) observed that proportions of T and NK
cells (using CD3, CD8, and NKG2D by PCR as readouts) were significantly higher in peripheral
blood compared with the TME in both cOSA and human sarcomas. The authors also found that,
though tumors have low infiltration of lymphocytes, activation and exhaustion markers of
infiltrating CD8+ T and NK cells are higher than those found in circulation (28). In another study,
CD3+ T cells in hOSA similarly had significantly higher expression of exhaustion markers than

those in peripheral blood (29). Based on the current literature, both human and dog OSA tumors



contain CD3+ T, CD8+ T, and NK cells, and the activation and exhaustion of these immune cell
subsets varies significantly between the tumor and circulation. The immune landscape of both
the TME and peripheral circulation is important in identifying novel immunotherapies and
patients most likely to respond to them (36). However, immunotherapies targeting immune cells
in the TME, such as PD-1/PD-L1 inhibitors, have the added benéefit of eliciting targeted
antitumor responses, sometimes with minimal side effects (37). As a critical window into the
mechanism of immune cell and solid tumor interaction, summarized in Figure 1, the remainder
of this review focuses on the OSA TME specifically and characteristics of infiltrating T and NK

cells.

1.1.4T cells

Recent evaluation of cOSA tumors from our group using immunohistochemistry (IHC) confirmed
minimal CD3 infiltration compared with normal lymph nodes (27). There was varied cOSA intra-
tumoral CD3 and CD8 gene expression after radiotherapy (RT) plus NK transfer, which did not
correlate significantly with survival, acknowledging that sample size was a limiting factor (27).
However, these results suggest that an immune “cold” cOSA tumor could be transformed into a
“hot” tumor with immunotherapy (27). This hypothesis stems from increasing studies of
lymphocyte infiltration, or immune score, in human cancers with higher levels indicating hot
tumors and those with low infiltration being cold tumors, which may be more accurate in
predicting survival than the tumor-node-metastasis staging system (38). The ability to increase
immune scores therapeutically is demonstrated by Modiano et al. (39), who found that the
percentage of CD3+ T cells in cOSA jumps from 8 to 17% after fas-ligand gene therapy. The
increase in TlLs also correlates with survival because dogs with greater lymphocyte infiltration
after treatment had longer survival times than dogs with lower infiltration (39). Similarly, in
hOSA, CD8+ cells were observed in the majority of tumors but only made up 1% of intra-tumor

cells (40). Even with low CD8+ staining within hOSA tumors, CD8+ cells were still significantly



associated with improved prognosis and also favorably predicted survival posttreatment with
zoledronic acid (40). These results together provide evidence of OSA being an immunologically
cold tumor that can be treated to increase immune cell activity and improve survival. On the
other hand, some studies show cOSA to have varying patterns of TILs. Biller et al. (25) were
among the first to evaluate tumor infiltrates of cOSA, finding that tumors were relatively highly
infiltrated, made up of 19.2% CD4+ and 8.6% CD8+ T cells, but TILs were not associated with
survival. The discrepancy may be due to varying techniques as this study determined
percentage of cells by flow cytometric analysis of strained tumor samples rather than IHC
evaluation. But Withers et al. (41) later also showed evidence of varying degrees of infiltration
using IHC with CD3+ cells ranging from 4.6 to 607.6 cells/mmz2 in cOSA tumors. Although CD3+
infiltrates alone were not prognostic, increased infiltration of CD204+ macrophages was
associated with increased DFI, leading the authors to suggest that cOSA is an immunogenic
tumor (41). In a second study, Withers et al. (42) further examined heterogeneity of infiltrates by
comparing infiltrates within matched primary and metastatic cOSA tumors. They reported that
overall immune infiltrates of the primary tumor correlated with a patient’s metastatic lesions, but
importantly, they also found that CD3+ and CD204+ macrophages were significantly higher in
metastatic lung lesions compared with their primary tumor (42). The range of TILs in cOSA and
inconsistent associations with survival, rather than conflicting each other, may point to intra-
tumoral heterogeneity within cOSA and complicate the idea of cOSA being uniformly cold.
Cascio et al. (43) found cOSA to have virtually no infiltration of CD3+ and CD8+ T cells within
the tumors but found both subsets in much higher concentrations in the peritumor areas. This
aligns well with the definition of “altered” or “excluded” tumors, an intermediate between hot and
cold, that have T cells present in tumor margins that are excluded from entering the tumor (38).
The presence of distinct immune subtypes with low, intermediate, and high immune infiltrate has
already been described in hOSA and is shown to affect response to immunotherapy treatments

(44). Each tumor type— cold, altered, or hot—has distinct features that make them more or less



likely to respond to a specific treatment, such as checkpoint inhibitors or adoptive cell therapy
(38, 44, 45). Based on the available literature, cOSA recapitulates the heterogeneity of immune
infiltrates and distinct immune score subtypes seen in hOSA. Still, choosing therapeutics based
on levels of immune infiltrates has not yet been explored expressly in cOSA, and further studies
are needed to corroborate the use of immune score to predict response to treatment and

survival as seen in humans.

1.1.5 Checkpoint Inhibitors

Although beyond the scope of this review and reviewed in detail elsewhere (46, 47), an
understanding of the PD-1/PDL1 pathway is critical to understanding the interactions of T cells
with tumor cells as well as other immune cells. PD-L1 is frequently upregulated on tumor cells,
and its interaction with PD-1 on immune cells induces tumor tolerance and allows for immune
evasion (46). PD-L1 is also found to be expressed on T cells in mouse models with PD-1+ T
cells exhibiting multiform interactions that lead to protumor effects (20). Both anticanine PD-1
and PD-L1 therapeutic antibodies have been developed and proven to possess antitumor
activity in dogs with cancer (48, 49). The first study to look at PD-L1 in cOSA did not find
expression in samples using IHC, although the study only had three cOSA samples (50).
Subsequent studies have found that the majority or all cOSA samples evaluated by IHC express
PDL1 (51, 52). PD-L1 expression in cOSA tumors was likewise consistently found by Cascio et
al. (43), whose results show that expression of PD-L1 is associated with resistance to T cell
infiltration from the peri-tumor environment to within the tumor, but the study did not evaluate
prognostic significance. Although the expression of PD-L1 varies in hOSA, it is consistently
associated with TILs. Studies found that PD-L1 is expressed in up to 25% of hOSA tumors and
correlates with increased infiltration of PD-1+, CD3+, and CD56+ cells; however, there is no
significant correlation to survival (53). A later study found that more than 43% of hOSA harbor

PDL1+ tumor cells with positive correlations to TILs (54). Similar to overall levels of immune



infiltration in OSA, the impact of PD-L1 expression in hOSA is conflicting because PD-L1
expression is associated with a negative prognosis secondary to immune dysfunction and also
better event-free survival and overall survival because of greater density of TILs and other
immune cells (54). Additionally, an increase in PD-L1-expressing tumor-infiltrating immune cells
is significantly associated with response to humanized anti-PD-L1 antibody (55), though the
specific indications of these biomarkers for response to treatment varies within different cancer
types (56). Consequently, further characterization of PD-L1 expressing cells in cOSA is needed
for accurate comparison to human studies and investigation of cOSA’s sensitivity to PD-1/PD-L1

blockade.

1.1.6 NK cells

Even in scenarios in which T cells are present in the TME, cancer cells can suppress MHC-|
expression, which is necessary for CD8+ T cells to recognize a target and enact their cytotoxic
functions. NK cells, on the other hand, recognize “missingself ” or the lack of MHC-I molecules
and can exert their cytotoxic functions in situations in which CD8+ T cells cannot, forming a
basis of reasoning for their use in immunotherapies (13). This is seen specifically in hOSA, in
which the majority of tumors showed diminished expression of MHC-I, and its downregulation is
associated with a worse prognosis (57). NK cells are proven to be capable of lysing hOSA cells
(58), and adoptive transfer of NK cells serves as a mechanism to increase the numbers of
cytotoxic cells capable of targeting OSA cells in vivo. Canine and human NKp46+ NK cells show
impressive similarities in expression of natural cytotoxicity receptors and secretion of factors,
such as IFN-y and TNF-a (59). In addition, NKp46+ is not expressed uniformly across NK cells,
and its absence correlates with decreased cytotoxicity across species (59). The similarities in
both NK cells and OSA in general make dogs an ideal candidate for comparative studies of NK
cell infiltrates in OSA. Mouse models of osteomyelitis with concurrent OSA were early

implications of the role of innate immune cells, including NK cells, in the OSA antitumor



response (60). Through NK cell depletion, NK cells were found to be critical in OSA tumor
growth inhibition (60). One mechanism by which tumors continue to grow in the presence of NK
cells may be through overexpression of TGF-f3, a potent inhibitor of NK cells. Canine OSA
tumors consistently stain positive for TGFBRI and TGFBRII (61), providing a rational for the
expansion and transfer of expanded and TGF-fB-imprinted NK cells in cOSA therapy (62, 63).
Imprinting of NK cells involves prolonged coculture with IL-2 and TGF-f3 to produce NK cells that
are desensitized to the inhibitory effects of TGF-3 and thereby capable of prolonged
hyperfunctionality with increased cytotoxicity, cytokine production, and longevity. This approach
has the potential for novel use in NK immunotherapies (63). In their phase | trial using
hypofractionated RT and autologous intratumoral NK cell transfer in dogs with naturally
occurring OSA, Canter et al. (64) demonstrate increased progression-free survival in dogs with
OSA compared with historical controls. The same group collected tumor specimens from
patients in this first-in-dog clinical trial and found that pre- to post-treatment immune-related
gene transcript changes varied considerably between dogs (27). NK gene transcripts have
significantly less expression of both CD3+ and CD8+ cells in untreated cOSA tumor samples,
but there were no patterns of expression that significantly correlated with survival at six months
posttreatment in paired samples (27). Intra-tumoral changes in expression of IL-6, a gene linked
to cytotoxic lymphocytes, was higher in dogs with prolonged survival though statistical
significance may have been limited by the sample size (27). Future clinical trials with increased
sample sizes are needed to better evaluate the prognostic value of cOSA tumor-infiltrating NK
cells and the therapeutic benefit of NK cell immunotherapy. It should be noted that the full
characterization of canine NK cells and their surface markers is still in progress compared with
human NK cells and could provide critical information in their use for NK immunotherapies (65).
The use of NK cell transfer has not been explored extensively in hOSA, likely due to limiting
factors in the sourcing and expansion of NK cells (66, 67), but early successes seen in cOSA

can potentially drive translation of NK immunotherapy to clinical trials in humans.



1.1.7 Conclusion

Osteosarcoma is an aggressive disease for which novel therapeutics are needed, and dogs with
spontaneously occurring cancer are a useful model for hOSA studies. Both cOSA and hOSA
share extensive similarities, including the frequency and phenotype of immune cells within the
TME and peripheral circulation. The OSA TME constitutes a complex web of interactions,
especially among NK and T cells, that can be targeted with immunotherapies. OSA tumors in
both humans and dogs fall on a spectrum of immune infiltrate levels that correlate with
prognosis, express PD-L1 with association to increased TILs, and show sensitivity to NK cell
cytotoxicity. The parallels between cOSA and hOSA can be best put to used after filling the gaps
in current knowledge regarding the characterization of the cOSA TME and immunotherapies to
target it. Future studies in cOSA are needed to characterize NK cells and the expression of PD-
1/PD-L1 in TILs as well as to validate the use of immune infiltrates to predict immune response
to therapeutics. Increased understanding of intra-tumoral NK and T cells will influence clinical
applications of TIL-targeting treatments in both dogs and humans, ultimately leading to better

outcomes for patients with OSA.
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1.1.8 Figures
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FIGURE 1 | Interactions between cancer and immune cells within the TME as well as relevant receptors and soluble factors. Created with BioRender.com.
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1.2 Improved characterization of NK cells for canine immunotherapy

1.2.1 Abstract

The field of cancer immunology has seen a meteoric rise in interest and application due to the
discovery of immunotherapies that target immune cells, often leading to dramatic anti-tumor
effects. However, successful cellular immunotherapy for solid tumors remains a challenge, and
the application of immunotherapy to dogs with naturally occurring cancers has emerged as a
high yield large animal model to bridge the bench-to-bedside challenges of immunotherapies,
including those based on natural killer (NK) cells. Here, we review recent developments in the
characterization and understanding of canine NK cells, a critical springboard for future
translational NK immunotherapy research. The characterization of canine NK cells is
exceptionally pertinent given the ongoing challenges in defining them and contextualizing their
similarities and differences compared to human and murine NK cells compounded by the limited
availability of validated canine specific reagents. Additionally, we summarize the current
landscape of the clinical and translational literature employing strategies to capitalize on
endogenous and exogenous NK cell immunotherapy in canine cancer patients. The insights
regarding efficacy and immune correlates from these trials provide a solid foundation to design
and test novel combinational therapies to enhance NK cell activity with the added benefit of
motivating comparative work to translate these findings to human cancers with extensive
similarities to their canine counterparts. The compilation of knowledge from basic canine NK
phenotype and function to applications in first-in-dog clinical trials will support the canine cancer

model and enhance translational work to improve cancer outcomes for both dogs and humans.

1.2.2 Introduction
The advent of immunotherapy has propelled the field of oncology beyond the standard therapies

of surgery, radiation, and chemotherapy. While the vast majority of successful immunotherapy
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methods to date have been T-cell based, such as PD-1/PD-L1 inhibition and CAR-T cells, such
strategies are not universally successful in all patients. Thus, researchers have broadened their
focus to harness and manipulate other immune cell types. Of these, natural killer (NK) cells
have emerged as an attractive candidate given their innate cytotoxicity against a diverse array
of targets and their potent cytokine production. NK cells are considered sentinels of the innate
immune system, capable of identifying and killing virusinfected and cancer-transformed cells via
mechanisms that do not require antigen-specific recognition. NK cells have been a focus of
potential therapy for decades, since initial trials by Rosenberg et al. in the 1980s, among others
(1-3). However, severe toxicity was seen in early attempts, largely due to amplified cytotoxic
lymphocyte responses and the concomitant use of high-dose IL-2 to support adoptive transfer of
these cells into patients. These findings emphasized the need to minimize such responses while
still harnessing NK cells’ anti-tumor effects. Companion canines have emerged as a useful
model for studying novel cancer therapies given that dogs are a large, outbred species which
develop spontaneous cancers in the setting of an intact immune system. To study NK cells in
particular, the canine model is invaluable since the complex interplay between neoplasia
development and a functional immune system can be evaluated. Here, we review recent
canine immunotherapy trials which directly or indirectly act via NK cells while also summarizing

the progress made and hurdles which still exist to advance canine NK immunotherapies.

1.2.3 Identification and characterization of canine NK cells

Populations of innate lymphoid cells (ILCs) have been extensively studied in humans and mice
for decades. By comparison, canine ILCs are less defined, although recent studies have sought
to advance our understanding (4). The identification and clarification of the canine NK cell
populations based on surface markers has been a longstanding effort (5-8). Early work
established that they are CD4-/CD20-, as these are the canine T and B cell markers,

respectively (9). A detailed review regarding the evolution of the collective understanding of
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canine NK cell identification was published by Gingrich et al. (10). To summarize, many early
efforts focused on phenotypic identification of canine NK cells using surface markers, as such
markers differ from those in humans and mice (10). Huang et al. were the first to describe
canine NK cells using the surface density of the CD5 marker, a member of the scavenger
receptor cysteine-rich superfamily and typically classified as a T cell marker (11). This study
noted important differences in lymphoid phenotype based on CD5 density, as cells with CD5dim
expression were larger, contained more cytoplasmic granules, and demonstrated antigen-
independent cytotoxicity, especially in the setting of IL-2 enrichment (11). Further studies by
Shin et al. continued to focus on the density of the CD5 receptor as an NK marker, particularly
contrasting CD3+CD5dimCD21- with CD3+CD5-CD21- cells (12). Following expansion and
co-culture with K562 feeder cells and cytokines for 21days, CD5dim expressing cells did not
express TCRa nor TCRyd (12). Additionally, CD3+CD5dimCD21- cells exhibited significantly
higher IFN-y cytokine production compared to CD3+CD5-CD21- (12). Based on these findings,
the authors proposed that each population represents canine NK cells at different levels of
maturation (12), although the stages of canine NK cell maturation and development remain a
poorly understood topic in contrast to key discoveries in mouse and human studies (13-15).
The “pan-mammalian” NK cell receptor, NCR1/NKp46, has also been identified as a marker of
canine NK cells (10). Studies by Grondahl-Rosado et al. noted that CD3-NCR1+ cells
comprised 2.5% of canine PBMCs, a proportion much lower than NK cells seen in other
mammals (6, 7). Foltz et al. developed a novel antibody to canine NKp46 for use in flow
cytometry (5). Their work also identified a CD3-NKp46+ NK subset, representing approximately
2-3% of PBMCs (5). These cells were found to be highly cytotoxic against multiple canine
cancer lines. Using a novel expansion technique, the authors also identified a population of
CD3+TCR+NKp46+ cells (5). The CD3 positivity in canine NK cells was postulated to represent
a different stage of maturation, although a conclusive trajectory has not been described to date

(5, 10). More recently, Grudzien et al. established a canine NK cell line (CNK-89) derived from a
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dog with NK cell neoplasia (16). This cell line is CD5+CD8+CD45+CD56+CD79a+NKp46+.
Although CD79a is classically a B cell marker, the presence of the NKp46 protein and mRNA
expression of NKG2D, NKp30, NKp44, NKp46 and perforin suggested NK cell properties for this
cell line. Following treatment with I1L-12, IL-15, IL-18 and IL-21, increased expression of
granzyme B, perforin and CD16 was observed (16). Secretion of TNFa and IFNy was also
noted. These findings were not observed following treatment with IL-2, suggesting these
neoplastic-derived cells are an IL-2 independent cell line and potentially useful for studying
alternate pathways of canine NK cell activation (16). Gingrich et al. detailed differential gene
expression analyses of the two most widely accepted canine NK cell populations: CD3-CD5dim
and CD3-NKp46+ cells (17). Marked differences were seen in steadystate cells, including non-
detectable mMRNA expression of granzyme B, perforin, IFNy and KLRD1/CD94 in CD3-CD5dim
cells, but detectable expression in CD3+NKp46+ cells (17). Remarkably, following co-culture
with radiated human feeder cells [K562cl9, (18)], the two cell populations converged on a nearly
identical mMRNA expression phenotype (17). The findings suggested each population likely
contains NK cells that are selected for rapid and dominant growth under stimulatory co-culture
conditions. The authors then conducted single-cell RNA sequencing of FACSsorted CD3-
CD5&dim and CD3-NKp46+ cells to explore overlap between the two populations. In these
studies, at steady-state the CD3-CD5dim population was found to be more heterogeneous than
the CD3-NKp46+ one. Gene expression driving the variance for CD5dim cells was
predominantly non-NKC gene expression, reinforcing that CD5dim appears to be a less specific
marker. Further single-cell studies following the activation of the two cell populations in co-
culture demonstrated a conserved trajectory to activation based on uniform, discreet changes in
gene expression in canonical NK transcription factors as well as marked changes in expression
of granzyme A, IL2RB, and KLRB1. These data described the transition in both CD3-CD5dim
and CD3-NKp46- canine NK cells from a resting state to an activated state which may lend

insight to the stages of NK cell maturation in dogs, a physiologic process which has yet to
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be clearly elucidated. Overall, the precise identification of canine NK cell populations remains
elusive, likely in part due to a lack of understanding of the maturation process as well as
variable gene expression and protein surface markers associated with different stages of
development. However, based on the studies above, populations of innate, canine lymphocytes
capable of cytokine-dependent, antigen-independent cytotoxicity have been demonstrated to

exist, paving the way for clinical applications of NK-based immunotherapies in dogs.

1.2.4 NK cells in canine immunotherapy

Ultimately, immunotherapy needs to be tested in immunocompetent hosts. This underscores a
strength of the dog model, especially when novel immunotherapies are combined with serial
immune correlates (19). The investigation of immune populations before, during, and following
immunotherapy can not only provide insight to the presence or absence of clinical benefit in the
relevant study but can also be hypothesis generating in the pursuit of improving efficacy.
Additionally, immune correlates can bring to light potential biomarkers of response, leading to
improved selection of dogs that are likely to respond to treatment and the identification of canine
patient subsets that require innovative interventions. A concerted effort to combine the lessons
learned from canine clinical trials performed or in progress is essential to the future of the field.
To date, several canine immunotherapy trials have been completed with either direct or indirect
effects on putative NK cell populations. Trials have used adoptive cell therapy, cytokine therapy,
virus-based therapy, radio- and chemo-immunotherapy, and checkpoint blockade to treat dogs
with spontaneous cancers with various methods of NK cell identification and analysis (Figure 1
and Table 1). Our group has completed several first-in-dog trials using adoptive NK cell transfer
to treat dogs with spontaneous cancers. In 2017, we treated dogs with unresectable limb
osteosarcoma (OSA) using palliative radiotherapy (RT) and two intratumor injections of
autologous NK cells (20). NK cells were expanded from CD5-depleted PBMCs over a 14day co-

culture with irradiated K562-C9-mIL21 feeder cells and 1001U/mL recombinant human IL-2 (21).
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We observed a significant increase in CD45+GZMB+ cells in PBMCs post-treatment by flow
cytometry suggesting systemic immune effects of the treatment, although there did not appear
to be an association between survival and frequency of GZMB+ or IFNy+ cells in peripheral
blood (30). Given the intra-tumor route of administration, we also analyzed tumor biopsies by
flow cytometry and observed that approximately 50% of intratumor CD45+ cells stained positive
for an intracellular dye label consistent with persistence of the adoptively transferred NK cells for
one-week post-transfer in the tumor microenvironment (TME) (20). We analyzed tumor tissue by
gPCR and showed gene expression varied greatly by patient, with no difference in fold change
gene expression between dogs that were alive or dead at 6months (30). Though, it is interesting
to note that the longest surviving dog, 18months, showed the greatest fold-change in the
expression of CD3, CD8, and IDO1 genes following RT and intratumor NK transfer (30).
Immunotherapies can also stimulate endogenous NK cells through cytokines that are
responsible for the activation, migration, and expansion of NK cells in vivo. Our group also
completed a first-in-dog dose escalation trial in dogs with pulmonary metastatic melanoma and
osteosarcoma using inhaled recombinant human IL-15 to stimulate NK cells in the lung at
metastasis sites (31). Seven of the initial enrollees were also analyzed in a preliminary
assessment of peripheral NK cells using flow cytometry and RNA sequencing (17, 22). The
proportion of total NK cells and NK cells expressing Ki67 increased during inhaled IL-15
treatment and had a significant increase in Granzyme B fold change (22). Conversely, there was
evidence of upregulation of TIGIT gene expression, an inhibitory marker, at both day 7 and 14
post enroliment (22). The increase in both Granzyme B and TIGIT suggests concurrent
stimulation of activating and inhibitory pathways, the balance of which potentially determines
response to treatment. RNA sequencing of patient PBMCs offers preliminary evidence that the
activating/inhibitory balance may be patient specific, since principal component analysis (PCA)
variance was driven largely by two dogs that responded to treatment (17). At the completion of

trial, among 21 dogs total, we observed a 39% clinical benefit rate (31). Cytotoxicity of patient
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PBMCs against osteosarcoma (OSA) and melanoma (M5) targets significantly increased from
pre- to post-therapy and maximal cytotoxicity was significantly correlated with patient survival
(31). The finding of increased peripheral blood cytotoxicity across the entire cohort post-
treatment suggests that tumor cell death is occurring, but only leading to improved survival in
certain patients. There are many immunotherapies that are not traditionally NK-targeting or are
non-specific in nature, which still result in NK activation, making them attractive candidates for
multimodal treatments (23, 32). For instance, oncolytic viruses are a unique type of
immunotherapy in that their primary function is to invade and replicate within cancer cells,
leading to lysis, but it was soon recognized that this process also increases the immunogenicity
of cancer cells, leading to the recruitment of and elimination by immune cells. This is a similar
mechanism through which viruses, like cowpea mosaic virus, are used as therapy to bind non-
specific receptors and stimulate the induction of an immune response in the TME. Martin-
Carrasco et al. tested an intratumor oncolytic virus based on canine wild-type adenovirus which
was engineered to selectively replicate in mutated cells to treat canine patients with cancer (24).
The strength of the study was the availability of serial sample collections from patients before
and up to oneyear after treatment. At least four of the eight patients had an increase in
peripheral NK cells within the first month after treatment as assessed by flow cytometry (24).
However, CD56 was used as the identifying marker, which is not known to be expressed on
canine NK cells, highlighting the importance of validating both the reagents used as well as the
underlying biology given the extensive cross-species differences in NK cells. In another trial, the
authors treated canine oligodendroglioma and astrocytoma using intratumor injections of M032,
a genetically modified herpes simplex virus. The authors observed enrichment of tumor mRNA
gene signatures associated with NK cells in four of six patients with available specimens (25). In
this study, NK cell gene signatures were labeled as belonging to “NK CD56dim cells” and
assessed by the NanoString Technologies gene expression panel (25). The classification of NK

cells as CD56dim by this method is described as based on expression of IL21R in an evaluation
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of nearly 10,000 samples from The Cancer Genome Atlas (TCGA) (26). So, while CD56 or
CD56dim are not validated as canine NK markers, IL21R is thought to be expressed on canine
NK cells and capable of being activated by its respective IL-21 ligand. The same immune
profiling method was used to investigate the abundance of NK cells in the TME of dogs with
canine inflammatory mammary cancer treated with intratumor delivery of immunotherapy using
empty cowpea mosaic virus-like particles (eCPMV) (27), which are recognized by toll-like
receptors (TLRs). They found no significant change in cells labeled as “NK CD56dim cells,” or
cells enriched for IL21R, and the fold change of other genes associated with NK cells including
KLRA1, KLRD1, and GZMB were increased in treated tumor tissue, but not significantly (27).
Conversely, there was significant upregulation in treated versus untreated tumor tissue of
IL18R1 and significant downregulation of IL12RB2, which are both implicated in NK cell
functions (27), supporting the pattern across canine immunotherapies in which both activation
and inhibition are observed simultaneously. Another study treated patients with canine
mammary cancer using eCPMV (33). This trial gave two injections into the largest tumor
followed by tumor resection. In line with findings from dogs treated with eCPMV alone, NK-
related genes were not differentially expressed using RNA-seq to analyze the tumors treated
with neoadjuvant immunotherapy. Additionally, flow cytometry was used to define
CD45+CD21-CD3-GZMB+ PBMCs as NK cells. This analysis showed insignificant changes in
peripheral NK cells in response to eCPMV and surgery (33). To bypass hurdles associated with
non-surgical tumors and improve systemic effects, autologous canine mesenchymal stem cells
can be infected with a canine oncolytic adenovirus and administered to patients. This was
performed on 27 dogs with extracranial cancer and assessed by the same group in 10
subsequent dogs with highgrade gliomas (34, 35). In the initial trial, peripheral immune cells
including NK cells increased after each dose, although the changes were not statistically
significant (34). In the subsequent trial, dogs with gliomas received eight weekly treatments of

cellular virotherapy (35). Using CIBERSORT analysis of bulk-RNAseq on tumor tissue, they
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found that NK cell fractions were not changed between responders and non-responders post-
treatment (35). Together, these virus-based therapies have shown preliminary efficacy in dogs
but inconsistent association with NK cell numbers and related gene signatures as biomarkers of
clinical effects. Changes in NK cells are more likely to be seen in the TME rather than in
peripheral blood, especially with intra-tumor immunotherapies (28). These studies also expose
the real and ongoing difficulties in identifying canine NK cells, with virtually every trial using
different markers. The future of canine NK immunotherapy is likely a combinatorial approach
that enhances multiple anti-tumor methods. Several groups have spearheaded combination
radioimmunotherapy and chemoimmunotherapy trials in dogs with spontaneous cancer with
varying involvement of NK cells or related cytokines and genes (29, 36). Four dogs with
advanced stage melanoma were treated with trimodal immuno-radiotherapy which included sub-
ablative external beam radiation therapy (EBRT), targeted radionuclide therapy (TRT), and
intratumor immunocytokine (IT-IC) (37). Numbers of NK cells in circulating blood identified by
flow cytometry using CD3-CD5dim did not change significantly with treatment (37). However,
RNA-seq analysis of tumor tissue from dogs before and following treatment indicated significant
upregulation of KLRA1, KLRB1, NCR3 IL18R1, and TNFa at selected timepoints (37). The small
sample size precludes conclusions regarding survival outcomes but may aid in contextualizing
the contribution of NK cells in response to therapy. The importance of placing immune changes
in the framework of progression or survival is well-illustrated in an unrelated trial which enrolled
18 dogs with B cell ymphoma that were treated with doxorubicin chemotherapy, anti-CD20
monoclonal antibody, and a small molecule inhibitor (38). Lymph node aspirates analyzed by
RNA-seq demonstrated genes associated with NK function as the most significantly upregulated
gene set in dogs with poor survival, but samples were obtained from only one time point limiting
conclusions regarding immune changes in response to therapy (38). Serial sampling of patient
lymph nodes and tracking of changes in response to treatment would help clarify the

conclusions of the study and identify predictive in addition to prognostic biomarkers. Prognostic
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biomarkers of response were similarly investigated in a trial treating dogs with oral malignant
melanoma using checkpoint blockade (39). The Ohashi Laboratory pioneered PD-L1 antibody
therapy in dogs and have completed two clinical trials to date (40—42). The mechanism of anti-
PD-L1 therapy is based on the understanding that PD-L1 on tumor cells binds to PD-1 on T
cells, providing an inhibitory signal that interferes with anti-tumor T cell functions. In the context
of NK cells, binding of anti-PD-L1 antibody to PD-L1 expressed on NK cells can increase
activation and effector function (43). Thus, the treatment has the potential to both remove T cell
inhibition and enhance NK cell function. While the initial canine antiPD-L1 trial publications did
not include immune correlates of response, a follow-up investigation of serum biomarkers by the
same group found that overall survival following treatment was positively correlated with low
PGEZ2, higher IL-2, and higher IL-12 in pre-treatment sera, helping to identify COX-2 as a
potential target for future trials (39). NK cells were not the primary focus of the trial, but the
authors noted that PGE2 is capable of suppressing the function of NK cells and IL-12 is well-
established as necessary for the release of IFNy by NK cells, the most prominent producers of
the inflammatory cytokine (39). These studies illustrate the potential for clinical trials to inform
future studies, identifying dogs exhibiting high baseline PGE2 serum levels as candidates for
the addition of a COX-2 inhibitor. Given the successful development of anti-canine PD-1/L1
antibodies, determining whether these and other immune checkpoints are found on canine NK
cells would have a profound impact on prospective targets and combinatorial approaches.
Taken together, these data provide preliminary support for future investigations into combination

NK immunotherapies to holistically impart anti-tumor effects.

1.2.5 Discussion
NK immunotherapy in dogs is progressing at an escalating rate with larger sample sizes and
collaboration between university hospitals and specialty centers. At the time of this publication,

the American Veterinary Medical Association (AVMA) Animal Health Studies Database lists five
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trials currently recruiting, and 35 trials with completed recruitment based on a search for
“immunotherapy” in dogs with cancer. Studies from the University of Minnesota have
demonstrated increased AntibodyDependent Cellular Cytotoxicity (ADCC) efficacy in
engineered human NK cells expressing recombinant CD64, opening the doors for the
development of engineered canine NK cells that have similar effector capabilities (44).
Investigators at The Ohio State University have simultaneously made progress in attempting to
improve adoptive NK cell products for canine immunotherapy by imprinting NK cells with TGF-3
during expansion to override potential inhibition in the TME (45). This group is using this method
of TGFB-imprinted NK cell therapy combined with carboplatin chemotherapy to treat dogs with
OSA in an ongoing phase | clinical trial. Our own group has sought to improve the canine NK
product using the expansion of unmanipulated PBMCs from healthy donors for allogeneic
adoptive NK cell transfer. These works provide the infrastructure from which canine NK cells
can be manipulated to enhance persistence and efficacy in future immunotherapy trials and this
multiinstitutional, rapid innovation in canine NK immunotherapy is indicative of the growing
interest and recognized potential in the field. By reviewing recent trials with available NK cell
correlates, we begin to elucidate an intricate framework of NK responses to treatment. Overall,
there is evidence of both NK activation and inhibition in canine immunotherapy with moderate
and irregular impacts on NK cell proportions which vary based on intratumor versus peripheral
sampling. Timing of sampling is also highly relevant, given that NK correlation to improved
response can be negative or positive based on the treatment stage, a concept that can

be expected in the context of limited NK cell half-life. Resolution of the role of NK cells in canine
immunotherapy requires additional trials with intra-tumor and peripheral immune serial sampling
and adequate enrollment for response assessments. The current literature clearly points to the
potential promise of NK cell targeting, especially in combination therapies, to benefit both dogs

and people for whom novel immunotherapies are needed.
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1.2.6 Figures

FIGURE 1

Current and potential canine NK markers and canine clinical trials completed to-date with NK cell correlates. Created with BioRender.com.
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2. Pre-clinical evaluation and first-in-dog clinical trials of PBMC-expanded natural killer

cells for adoptive immunotherapy in dogs with cancer

2.1 Background

The discovery of immune checkpoint inhibitors (ICI) and other T cell-based immunotherapies
has immensely impacted the treatment of an ever-growing number of cancers'. Though
successes with these immunotherapies have been significant, there are lingering barriers
regarding toxicity and strategies to increase responses. Natural killer (NK) cells are innate
cytotoxic and cytokine-producing lymphoid cells with a crucial role in anti-viral and anti-tumor
responses. Their capacity to recognize heterogeneous cancer cell targets without prior
sensitization or priming makes them exciting prospects for cellular immunotherapy. However,
despite evidence for activity in hematologic malignancies such as acute myeloid leukemia?, NK
cell-based immunotherapies have yielded inconsistent responses in solid tumors to date®#, 5.
With only 10% of therapies that show promise in murine studies successfully showing efficacy in
human clinical trials, canine models of spontaneous cancer are an important link to study and
improve immunotherapies across species®®. Dogs are an outbred species with an intact
immune system that develop cancers strikingly similar to humans®''. And, like humans, there is
an urgent unmet need for novel cancer therapies in dogs. Despite the clear benefits of dogs as
a comparative immune-oncology (IO) model, gaps in knowledge concerning canine immune
populations have limited canine immunotherapy success, especially for NK biology'?. These
knowledge gaps are further compounded by significant differences in NK biology between mice
and humans, making data interpretation challenging. Our group recently completed one of the
first detailed analyses of canine NK cell transcriptomics, revealing that canine NK cells share
significant homology with their human counterparts and appear closer phylogenetically to
human than mouse NK cells' '*. Nevertheless, questions remain regarding the optimal

characterization of dog NK populations as they expand and their differentiation status prior to

36



adoptive transfer, which is highly relevant to the longevity of NK cells in vivo and their
application in the clinic as adoptive immunotherapy* '3. Given these ongoing knowledge gaps
regarding canine NK immunobiology, additional in-depth characterization is needed to identify
factors that impact in vivo efficacy and persistence, especially in the context of clinical trials.

In contrast to humans, canine NK cells lack expression of CD56, a standard marker of human
NK cells, but the depletion of CD5, a marker expressed at high levels in canine T cells, enriches
for a CD5%™ population which has been shown to harbor key features of NK cells'® 1> 16, Multiple
groups have used low expression of CD5 or CD59™ to identify dog NK cells by flow cytometry'®.
Previously, CD5 depletion of peripheral blood mononuclear cells (PBMCs) using magnetic
separation has also been used in dogs to isolate or enrich for a CD5%™-expressing NK subset
prior to co-culture and expansion with an irradiated feeder line such as the genetically-modified
human erythroleukemia line K562 clone 9'* 7-®_ However, this method using CD5 depletion can
limit the yield of the final NK product needed for transfer.

To address the limitations of current canine NK expansion approaches, we sought to
characterize the phenotype, function, and preliminary clinical activity of canine NK cells in first-
in-dog clinical trials using unmanipulated PBMCs to generate our NK cell product. We aimed to
compare bulk PBMC-derived NK cells versus NK cells expanded from CD5-depleted PBMCs,
and then evaluate clinical and genomic characteristics of PBMC-expanded dog NK cells using
both autologous and allogeneic NK products in first-in-dog clinical trials in dogs with cancer.
The results from this study will enable us to understand optimal NK isolation and expansion
techniques for adoptive transfer of canine NK cells for further clinical translation. Given the
limitations of canine flow cytometry at this time, our findings will also fill critical knowledge gaps
in the transcriptional characterization of canine NK cells and provide a foundation for future

immunotherapy trials.

2.2 Methods
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2.2.1 PBMC isolation and CD5 depletion of canine cells

Whole blood was collected from 11 healthy, farm-bred beagles (Ridglan Farms, Inc., Mt. Horeb,
WI) using EDTA tubes diluted with sterile PBS. PBMCs were isolated from whole blood using a
density gradient centrifugation (Lymphocyte Separation Medium, Corning Life Sciences) and
red blood cell lysis with RBC lysis buffer for five minutes at 4°C. A subset of PBMCs underwent
CD5 depletion using the Easy Sep PE Positive Selection Kit (Stem Cell Technologies,
Vancouver, BC) and PE-conjugated anti-canine CD5 (Invitrogen, clone YKIX322.3) to select for

CD5Prdt cells and enrich the CD59™ fraction for further processing and analysis.

2.2.2 PBMC isolation and NK purification of human cells

The collection of whole blood from 3 human patients undergoing resection of benign lesions
was approved by the IRB at the University of California, Davis (Protocol # 218204). PBMCs
were isolated from whole blood as described previously?°. A subset of PBMCs underwent NK
isolation using the Rosette Sep Human NK Isolation Kit according to the manufacturer’s

specifications (Stem Cell Technologies, Vancouver, BC).

2.2.3 NK expansion of canine and human cells

Starting populations of CD5-depleted canine cells or NK isolated human cells, and respective
PBMCs were co-cultured with K562 human feeder cells transduced with 4-1BBL (CD137L) and
membrane-bound rh-IL21 (K562C9IL21, kind gift of Dr. Dean Lee, Nationwide Children’s
Hospital, Columbus, Ohio), and supplemented with rh-IL2. Flasks underwent media changes
and addition of fresh feeder cells as previously described' 17-1%.21_Cell count and viability were

assessed on co-culture days 0, 7, and 14.

2.2.4 Flow cytometry and killing assays
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Cells were washed with PBS, incubated with Fc receptor blocking solution (Canine Fc Receptor
Binding Inhibitor, Invitrogen #14-9162-42), then stained with the following fluorochrome-
conjugated monoclonal antibodies: rat anti-canine CD5 on PerCP-eFluor 710 (clone YKIX322.3
Thermo Fisher #46-5050-42), mouse anti-dog CD3-FITC (clone CA17.2A12, BioRad
#MCA1774F), unconjugated NKp46 (clone 48A, kind gift of Dr. Dean Lee) which was
conjugated secondarily with PE, and live/dead staining using Fixable Viability Dye 780
(eBioscience #65-0865-14). Staining of canine yd T cells was completed using a mouse anti-
dog TCRyd (clone CA20.8H1, IgG2a, kind gift of Dr. Peter F. Moore??) primary antibody
followed by a goat anti-mouse goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody-
AF647 (cat. A-21235). All flow cytometry results were acquired using a BD Fortessa flow
cytometer (Becton Dickinson, San Jose, California, USA) equipped with BD FACSDiva software
and analyzed using FlowJo Software (TreeStar, Ashland, OR).

For killing assays, canine osteosarcoma (OSA) and melanoma tumor cell lines (OSCA-78 and
M5, respectively) were thawed labeled with carboxyfluorescein succinimidyl ester

(CFSE, Invitrogen #C34554) for 5 min at room temperature at a final concentration of 1.25 uM.
After overnight incubation of effector and target cells, staining was performed with Fixable
Viability Dye 780 prior to analysis by flow cytometry. Cytotoxicity was calculated according to

the following formula: [CFSE+FVD780+ / (CFSE+FVD780+) + (CFSE+FVD780-)]x100%°.

2.2.4 Cytokines

Analytes were measured in cell culture supernatant by using the Eve Technologies Corp
(Calgary, Alberta) Canine Cytokine 13-Plex Discovery Assay (MilliporeSigma, Burlington,
Massachusetts, USA) performed on the Luminex 200 system (Luminex, Austin, Texas, USA).
The 13 included markers were GM-CSF, IFNy, IL-2, IL-6, IL-7, IL-8/CXCLS, IL-10, IL-15, IL-18,

IP-10/ CXCL10, KC-like, MCP-1/CCL2, and TNFa?.
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2.2.5 RNA sequencing

Samples from NK co-culture and PBMCs from four healthy donors and canine patients receiving
immunotherapy underwent RNA extraction using RNeasy Mini kits (Qiagen) followed by
sequencing using a 3’-Tag-RNA-Seq protocol for gene profiling completed by the UC Davis
Genome Center?*. Data were only included for samples with sufficient RNA quantity and quality
for analysis. Publicly available sequencing data for healthy day 0 and day 14 co-culture samples
were utilized from a previous study by our laboratory (BioProject accession number
PRJNA987155)%. Quality assessment of all raw fastq files was performed using multigc,
bbduk_qc was used to trim the first 12 bases and carry out quality trimming?®, and
bbduk_find_ribo was used to identify and select non-ribosomal RNA?6. Reads were indexed to a
canine reference transcriptome (ROS_Cfam_1.0) or human reference transcriptome (GrCh38),
and counts were generated by salmon?’. Count files were transported to R using tximport?® and
downstream analyses were completed in R using the DESeq2 and ggplot2 packages.

For scRNA-Seq, PBMC-expanded NK cells after 14-day were quality checked to determine a
cell concentration and adequate viability. Single-cell suspension of 700-1200 cells/ul in at least
40ul of PBS/0.5% BSA suspension buffer was submitted to the UC Davis Genome Center.
Library preparation and sequencing using the 10X Chromium Next GEM Single-Cell 3’ v3.1
Gene Expression protocol were completed by the UC Davis Genome Center. Single cell fastq
files were processed using the cellranger count pipeline with generation of and alignment to a
Canis lupis familiaris reference genome (CanFam3.1) using the cellranger mkgtf and cellranger
mkref pipelines. Further preprocessing was completed in R using the Seurat package and data

integration and visualization using R packages, Seurat and ggplot2.

2.2.6 Autologous NK immunotherapy in dogs with metastatic osteosarcoma and

melanoma
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This clinical trial was approved by the UC Davis School of Veterinary Medicine Clinical Trials
Review Board and IACUC (protocol #21461). Based on our prior work showing safety and
evidence for clinical activity using inhaled IL-15 in dogs with gross pulmonary metastases, we
enrolled client-owned pet dogs with naturally occurring metastatic OSA or melanoma on a
clinical trial combining IV autologous adoptive NK cell transfer. Treatment of inhaled IL-15 was
given through a fitted nebulizer twice daily for 14 days at a dose level of 50 ug as previously
described??. Entry criteria included histologic confirmation of malignant melanoma or OSA,
documented metastatic disease to the lungs (based on three-view thoracic radiographs),
adequate end-organ function, and weight of 10kg or greater. Informed consent was obtained
from all owners prior to enroliment. PBMCs were isolated from the patient’s whole blood and co-
cultured with irradiated feeder cells and rhiL-2 for 14 days to expand autologous cells for two
scheduled NK cell infusions. NK cell preparations were confirmed as endotoxin and
mycoplasma negative before injection on days 0 and 7 of a two-week twice daily inhaled IL-15
regimen. 7.5x10% NK cells/kg IV (with 5 ng/mL rhIL-15 in 50mL solution of 0.9% NaCl) were
given for each injection by slow bolus through an IV catheter using a closed chemotherapy
system. Response was assessed based on the Response Evaluation Criteria for Solid Tumors
in Dogs (RECIST V.1.0) and evaluated by a boarded radiologist (EGJ)?. Imaging was
performed on day 28 and day 42 after treatment initiation followed by every four weeks. Patients

had to have a minimum of 28 days to imaging to meet criteria for response assessment.

2.2.6 Allogeneic NK Immunotherapy in Dogs with Malignant Melanoma

We also performed a first-in-dog trial utilizing allogeneic NK cells in dogs with locally advanced,
unresectable oral melanoma receiving palliative radiotherapy (RT). This trial was also approved
by the UC Davis School of Veterinary Medicine Clinical Trials Review Board and IACUC
(protocol # 21620). Patients were included based on a histologic diagnosis of malignant

melanoma, adequate end-organ function, a weight of 10kg or greater, and a plan to undergo
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palliative RT for disease control. Palliative RT is the standard of care for canine malignant
melanoma and consists of four weekly treatments at a dose of 9 Gy administered to the primary
tumor'®. Blood was obtained from healthy, farm-bred beagles aged 2-8 years old of both sexes
two weeks prior to scheduled NK cell infusion in canine patients. PBMCs were isolated from the
healthy donor whole blood and co-cultured with irradiated feeder cells and rhiL-2 for 14 days to
expand allogeneic cells. NK cell preparations were confirmed as endotoxin and mycoplasma
negative before a single injection at a dose of 7.5x10° NK cells/kg IV (with 5 ng/mL rhIL-15 in 50
mL solution of 0.9% NaCl) on the day of the fourth and final session of RT. Cells were given by
slow bolus through an IV catheter using a closed chemotherapy system, and dogs were
administered 3 mcg/kg rhiL-15 SQ directly after NK cell infusion and then 20-30 hours post-
infusion. Blood draws for complete blood counts (CBCs) and genomic analysis were completed

at specified timepoints'™ 23,

2.2.7 Statistics

Graphs and statistical analyses for cell counts, viability, cytotoxicity, and cytokine secretion were
completed using Prism software (GraphPad Software). Line graphs are expressed as mean and
SEM with significant differences between groups determined by mixed-effects analysis. Bar
graphs represent the mean with significant differences between groups determined by Mann-
Whitney test. Rstudio V.4.3.2 (R Foundation for Statistical Computing, Vienna, Austria) was
used for statistical analysis of bulk RNA-seq data, specifically the DESeq2 package in R which
employs the Wald test and adjusts for multiple testing using the Benjamini-Hochberg procedure.

p<0.05 was considered statistically significant across all analyses unless otherwise noted.

2.3 Results

2.3.1 Canine NK Expansions in Vitro
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Using PBMCs from healthy donor beagles, we compared the yield, viability and functional
characteristics of NK cells expanded from unmanipulated bulk PBMCs versus those derived
from CD5-depleted starting populations, using irradiated human feeder cells as we and others
have done previously' 82" (FIGURE 1A). To validate the CD5-depleted cell population prior to
co-culture, we performed flow phenotyping on both the positively and negatively selected
populations, demonstrating successful magnetic separation of CD5 bright and CD5%™/ negative
subsets (FIGURE 1B). Cell count and viability data were collected for five time points up to day
14 (FIGURE 1C). A mixed-effects model analysis showed no statistical difference in calculated
cell counts and viability between PBMC-derived and CD5-depleted NK cells. Viability decreased
and reached a minimum at day 10 before stabilizing at day 14 in both groups's. PBMC-derived
NK cells reached a higher mean overall expansion than CD5-depleted cells at day 14, peaking
at a mean of 677 million cells from 5 million PBMCs at day 0 compared to 537 million from 5
million starting CD5-depleted cells (P>0.05, FIGURE 1C). We next assessed NK frequeny at
multiple time points using flow cytometry, demonstrating high percentages of CD3+NKp46- T
cells and low percentages of CD3-NKp46+ NK cells in the resting PBMC populations compared
to low percentages of CD3+NKp46- T cells and high percentages of CD3-NKp46+ NK cells by
day 14 (FIGURE 1D). Due to the similarities between NK cells and gamma-delta (yd) T
lymphocytes as well as existing literature showing the expansion of yd T cells in a distinct but
partially overlapping co-culture protocol®®, we sought to confirm the purity of the day 14 NK
product. The proportion of CD3+ydTCR+ cells remained low, below 4% as assessed by flow
cytometry, in the day 14 NK product (Figure 1E), aligning with previous reports of minimal

TCRyd+ cells in canine peripheral blood?".

2.3.2 Genomic analysis of CD5 depleted and bulk PMBC-expanded canine NK cells
Given our phenotypic data validating the use of unmanipulated PBMCs to expand purified NK

cells, we then aimed to characterize the differential gene expression (DGE) profiles of these

43



respective canine NK products using RNA sequencing (RNA-seq). First, PBMC-expanded NK
cells were compared to unmanipulated PBMCs using scRNA-seq to validate our findings and
confirm the populations present following expansion. PBMC-expanded NK cells were
sequenced and assessed in relation to a previously published single-cell data set of PBMCs
from a healthy donor which served as an unmanipulated control?®. The two datasets were
integrated to enable comparison and the clusters present in unmanipulated PBMCs were
visualized in a uMAP plot (Figure 2A). Differential gene expression testing was used to
determine the genes that distinguished each cluster from remaining clusters in order match the
clusters to cell types based on canonical cell markers. A subset of genes used to confirm cell
cluster identities is visualized by dot plot (Figure 2B). Overlapping of the resting PBMCs and
day 14 NK cells in a single uMAP plot shows the overall changes in clustering due to the
expansion (Figure 2C). The changes in the resting and expanded populations are further
explored in a series of uUMAPs visualizing the expression of relevant genes along with the
proportion of total cells expressing that gene (Figure 2D). Expression of CD3E and CD3D at
day 0 was seen in 53.8% and 48.0% of cells, respectively, which dropped to less than 4% of the
cells present at day 14. Similar decreases were seen in cells expressing additional T cell
markers, CD4, CD5, and CD8A, as well as cells expressing myeloid markers, CD86, and B cell
markers, CD22. In contrast, the percent of cells expressing NK cell markers NKp30 (NCR3) and

NKG2D (KLRK1), and GZMB increased substantially from day 0 to day 14.

Next, PBMC-expanded NK cells were compared to NK cells expanded from CD5-depleted
PBMCs using bulk RNA-seq of cells from four healthy donors. Principal Component Analysis
(PCA) of PBMC-expanded and expanded CD5-depleted cells at day 0, day 7, and day 14
showed that expansion timepoint was the primary driving force for variance of PC1, with
clustering also based on donor. We observed greater variances between bulk and CD5-

depleted populations at day 0 than day 14 which were tightly clustered (FIGURE 3A). These

44



results suggest that PBMCs and CD5-depleted populations are distinct at rest, but then
converge to form nearly identical NK populations by day 14 of co-culture. This is further
substantiated in MA (ratio intensity) plots of PBMC-derived and CD5-depleted cells at day 14 of
co-culture versus their respective populations at day 0, showing 3961 and 3107 DGEs,
respectively (FIGURE 3B-3C), while comparison of both groups at D14 demonstrated high
similarity with no DGEs (FIGURE 3D). To ensure that DEGs cannot be solely contributed to the
loss of non-NK cells, we then specifically highlighted the log fold changes of genes associated
with NK cell signatures at day 14 versus day 0 (FIGURE 3E-3F). Notably, IFNG, GZMB, and
GZMA (canonical NK functional gene products) had the largest positive fold change, while CD16
showed the largest negative fold change in both groups. There were examples of specific
genes, notably KLRB1 and KLRA1, which showed statistically significant DGE at day 14 in
PBMC-derived but not CD5-depleted expanded NK cells compared to their resting counterparts.
Next, the normalized counts of genes highly associated with NK function, including CD16,
KLRB1, NKG2D/KLRK1, and GZMB, were extracted for each group (FIGURE 3G). Interestingly,
both bulk PBMCs and CD5-depleted cells had virtually no expression of classic NK genes at
rest (timepoint 0), with the exception of CD16. Notably, after co-culture, we observed DGE
changes consistent with shedding of CD16 following activation, mirroring the human situation for
this critical NK marker®?, as well as increases in other important markers, such as KLRB1 and

GZMB.

2.3.3 Functional assessment of expanded NK cells

We then performed killing assays and multiplex ELISA to determine the cytotoxicity and cytokine
secretion capabilities of both subsets of NK cells at day 14-17. Representative flow gating
demonstrates the effector and target cell populations using CFSE labeling (FIGURE 4A).
Overall, we observed a clear dose-response in cytotoxicity for expanded NK cells against both

OSA and melanoma targets (FIGURE 4A, B). Although PBMC-expanded NK cells
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demonstrated increased cytotoxicity compared to expanded CD5-depleted NK cells at all E: T
ratios, these differences were not statistically significant (FIGURE 4B). Additionally, we
observed donor variability in NK killing against OSA and melanoma targets consistent with other
published studies?® (FIGURE 4C). We then performed multiplex analysis to analyze cytokines in
the culture supernatant (FIGURE 4D). Importantly, secretion of GM-CSF and IFN-y was
significantly greater in PBMC-expanded NK cells compared to expanded CD5-depleted NK
cells, while MCP-1 was significantly lower (P<0.05). No significant differences were observed
between NK cells expanded from bulk PBMCs compared to those expanded from CD5-depleted

cells in any of the other 9 cytokines investigated.

2.3.4 Genomic analysis of magnetic bead purified and bulk PBMC-expanded human NK
cells

To provide comparative context to information gleaned from sequencing canine cells, we used
RNA-seq to characterize human NK cells expanded from both magnetic bead purified and bulk
PBMC starting populations. Studies using human cells have the advantage of well-defined NK
markers and well-characterized antibodies and purification protocols, thereby providing a
necessary controlled setting to corroborate canine gene expression patterns. At rest, purified
human NK cells showed clear differences compared to bulk PBMCs. The normalized counts of
genes associated with NK function were higher in purified NK cells than bulk PBMCs, with
significantly greater CD56 expression as expected following isolation of the NK population
(FIGURE 5A). Genes related to T and B cells similarly followed expected trajectories, with little
to no expression in the purified NK population and increased expression in PBMCs (FIGURE
5B). The differences in normalized counts between NK-isolated cells and bulk PBMCs at day 0
are then clearly visualized using an MA plot showing 1739 DGEs between the two groups
(FIGURE 5C). The significant differences at day 0 provide the framework to emphasize the lack

of differences between the two populations at day 14 co-culture, where an MA plot shows only 4
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DGEs between the two groups (FIGURE 5D). This convergence of gene expression profiles is
plainly illustrated using a PCA plot, and the addition of day 7 samples suggests that the majority
of the convergence occurs in the first half of the co-culture timeline (FIGURE 5E). To further
compare canine and human co-culture expression signatures, we again highlighted the log fold
changes of genes associated with NK cell signatures at day 14 versus day 0 (FIGURE 5F).
Similar to canine data, IFNG and GZMA had the largest positive fold changes in human cell
expansions. However, human cells notably differed in respect to CD16, which had insignificant
changes, and KLRG1, which had the largest negative fold change in both groups. The merging
of distinct NK and bulk populations into a nearly identical activated NK phenotype, with
significant changes in NK functional genes at day 14 versus day 0, aligns biologically with

equivalent canine data for CD5-depleted and bulk populations.

2.3.5 First-in-dog clinical trial of adoptive transfer of autologous canine NK cells
Together, these phenotypic, functional and transcriptomic study results aligned with our
hypothesis that NK cells expanded from bulk PBMC starting populations produce an equivalent
or superior cellular product compared to NK cells expanded from CD5-depleted cells.
Previously, we completed a first-in-dog trial combining palliative RT and intra-tumoral
autologous NK cell transfer in dogs with unresectable, non-metastatic OSA' where we used NK
cells expanded from CD5-depleted cells as our starting source material. While intra-tumoral
injections have the advantage of bypassing the constraints of NK homing from the systemic
circulation and potentially avoiding toxicity, not all tumors are accessible for injection and the
efficacy of intra-tumoral administration is limited in patients with disseminated disease. We
therefore conducted a first-in-dog trial using IV injection of autologous NK cells expanded from
bulk PBMCs in dogs with pulmonary metastases from OSA and melanoma. This was combined
with inhaled IL-15 to support in vivo persistence and activation of endogenous and exogenous

NK cells based on our previous work establishing a maximum tolerated dose and suggesting
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potential clinical activity of inhaled IL-15 as a monotherapy in dogs with lung metastases from
OSA and melanoma?® (FIGURE 6A). Cytokine immunotherapy using IL-15 effectively activates
NK cells and the inhaled route appears to stimulate anti-tumor efficacy against gross metastasis
without the toxicities of systemic administration. Although autologous NK cells have been
characterized as hypofunctional in human NK trials3® ** we designed this trial with primary
considerations of safety given that systemic NK immunotherapy had never previously been
performed in dogs. Nine dogs with naturally occurring melanoma (n=4) or OSA (n=5) were
enrolled (FIGURE 6B). ?°. One dog demonstrated a partial response and one dog
demonstrating stable disease based on RECIST criteria (FIGURE 6C). To assess the expansion
ability of PBMCs derived from cancer bearing dogs compared to healthy dogs, we obtained cell
count, fold change, and viability data for both expansions from each of the nine patients
compared to expansions from beagle donors (FIGURE 6D). Viability was similar between
cancer-bearing and healthy donors (P>0.05). Absolute cell counts were numerically higher but
not statistically significant, while overall fold change was significantly higher in PBMC-expanded
NK cells from healthy beagle donors compared to cancer patients (P<0.05). Taken together, this
study established the feasibility of obtaining therapeutic amounts of clinical grade dog NK cells
from patient derived PBMCs along with the safety of adoptively transferring those cells in dogs

with advanced cancer, providing a framework for subsequent trials to improve efficacy.

2.3.6 First-in-dog clinical trial of adoptive transfer of allogeneic canine NK cells

A key advantage of NK cells in cancer immunotherapy centers on the ability to use allogeneic
sources for off-the-shelf treatment with decreased risk of AEs3® 34, NK cells can also be made
readily available for canine cancer patients in the clinic, which is highly valuable in the context of
rapidly progressing cancers and in patients experiencing immune suppression, since time
delays for cell manufacturing and adequacy of bone marrow reserve can be problematic when

using autologous sources for cellular immunotherapy. Therefore, we next evaluated the
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combination of palliative RT with the first-in-dog use of allogeneic NK cells from unmanipulated
PBMC starting populations from healthy beagle donors for dogs with unresectable oral
melanoma (FIGURE 7A, 7B). Standard palliative RT was administered weekly in four fractions
followed by infusion of intravenous allogeneic NK cells (7.5x108 cells/kg) on the day of the final
RT treatment3®. We observed no serious AEs related to NK cell injections. While the small
sample size limits conclusions regarding efficacy, we did observe a median survival of 145 days
in this cohort with one dog surviving 445 days, a particularly promising response given the poor
prognosis of canine malignant melanoma3® 3¢, With standard of care treatment, 85% of dogs
diagnosed with malignant oral melanoma will develop metastatic disease within 6 months, and
the large majority will die within 1 year of diagnosis®® 6. We then performed RNA-seq on patient
PBMCs using a 3’-Tag-RNA-Seq protocol for gene profiling. PCA showed individual dogs as the
driving force for variance of PC1, and samples clustered based on patient rather than treatment
timepoint (FIGURE 7C). Notably, the dog that lived the longest (ID5) clustered separately from
the rest of the dogs. We then analyzed the relative gene expression of patient samples across
timepoints and across dogs using a heatmap highlighting genes related to NK activation and
function (FIGURE 7D). We observed variability in NK gene expression between dogs, with the
exception of CD16 and IFNGR2 which had consistently high relative gene expression in all
patients. To interrogate absolute changes in response to treatment, we then analyzed
normalized counts of key NK genes as a composite of patient samples for each timepoint
(FIGURE 7E). Most striking was a peak in CD16 expression one day following NK transfer,
while KLRB1 increased moderately from one to fourteen days after NK transfer. Interestingly,
the inhibitory marker TIGIT, a key NK exhaustion marker®” ®, increased substantially during the
course of RT but subsequently decreased following NK adoptive immunotherapy, suggesting
marked fluctuations in NK phenotype over the course of multimodality therapy. To address
potential gene signatures in relation to outcome, we analyzed NK DGE signatures from the dog

with the longest survival (ID5) to those from the dog with the shortest survival (ID1). Genes that
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were significantly different from dog ID5 to dog ID1 were visualized by GO analysis and showed
enrichment of several diverse pathways, including cell cycle and viral-related pathways
(FIGURE 7F). Taken together, this proof-of-concept trial provides notable baseline data
validating the canine model for investigating allogeneic adoptive NK cell transfer alone or in
combination with other therapies and reinforces the value of high throughput sequencing in

hypothesis generation and uncovering mechanisms of therapeutic response and resistance.
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Figure 1. Expansion of canine NK cells in vitro. (A) Schema of experimental strategy expanding

NK cells from PBMC and CD5-depleted starting populations. After processing, respective cell
populations were co-cultured with irradiated K562 clone 9 feeder cells and 100 mIU/mL rhlL-2
for 14 days. (B) Representative flow cytometry gating of cells prior to co-culture and following
magnetic bead separation using CD5 depletion. Depleted cells showed virtually no CD5
expression in contrast to positively selected CD5+ cells, confirming the efficacy of magnetic
separation and phenotype of CD5-depleted cells as a starting population. (C) Cell counts and
viability were calculated on days 0, 7, 10, 12, and 14 of the 14-day co-culture using bulk PBMCs
(blue) and CD5-depleted cells (red) as starting populations. Mean and SEM for 11 healthy donor
dogs are plotted against time. (D) Representative flow cytometry gating of bulk PBMCs before
and after 14-day co-culture, corroborating the expansion of NKp46+ NK cells from PBMCs
without preceding NK-isolation. NK cells were identified as CD3-NKp46+, reaching a majority at
day 14 with minimal CD3+ T cell infiltrate. PBMC, peripheral blood mononuclear cells. (E) Flow

cytometry gating of PBMCs at rest and following 14-day co-culture
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Figure 2. Genomic analysis of expanded NK cells by scRNA-seq. Cells from PBMC-expanded

NK cells at day 14 were collected and scRNA-seq was completed. The resulting dataset was
integrated with a dataset for resting PBMCs. (A) Uniform Manifold Approximation and Projection
(UMAP) plot of clusters present in resting PBMCs color-coded by cell type. Cell identities were
determined by analysis of differentially expressed genes that distinguished each cluster from all
other clusters. (B) Dot plot visualizing a selection of gene markers used to annotate the cells
present. Dot size represents the percent of cells expressing the gene while color correlates with
average expression within a cell. (C) uMAP of overlapping datasets included within the
integration, showing the differences in resting PBMCs (DO, blue) and PBMC-expanded NK cells
(D14, red). (D) uMAPs showing distribution and percent of cells expressing various genes
associated with cell types in the integrated conditions, DO (above) and D14 (below).
Percentages are calculated as the percent of cells with expression of the specified gene out of

the total cells present. The threshold for gene expression is set at 0.
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Figure 3. Genomic analysis of expanded NK cells by bulk RNA-seq. Cells from bulk PBMC and

CD5-depleted cell starting populations were collected at days 0, 7 and 14 of the 14-day co-
culture from four separate healthy beagle donors and 3’-Tag-RNA-Seq was performed. (A)
Principal component analysis (PCA) of cells color-coded by donor dog (left) or starting
population (right) demonstrated variability at days 0 (squares) and 7 (triangles) of co-culture with
convergence of cell signatures at day 14 (circles). Certain samples from donor 3 did not meet
RNA quantity standards and were exluded, including day 0 depleted, day 14 depleted, and day
14 bulk. MA plots, using a p<0.05 significance threshold, corroborate PCA plot patterns with (B)
3961 differentially expressed genes (DGEs, blue) between PBMCs at day 14 versus day 0 of
co-culture, (C) 3107 DGEs between CD5-depleted cells at day 14 versus day 0 of co-culture,
and (D) zero DGEs between bulk PBMCs and CD5-depleted cells at day 14 co-culture. The log
fold change of NK cell-related gene expression was assessed between day 14 and day 0 co-
culture in (E) the bulk PBMC group and (F) the CD5-depleted cell group. Several key genes
were significantly different following co-culture compared to day 0 (bold, green). P values were
determined using the DESeq2 package in R. (G) Absolute normalized counts for CD16, KLRB1,
NKG2D, and GZMB were visualized for CD5-depleted cells at day 0 co-culture (Dep 0) and day
14 co-culture (Dep 14) as well as PBMCs at day 0 co-culture (Bulk 0) and day 14 co-culture
(Bulk 14). Bars show median of normalized counts for donor dogs and P values were

determined using the DESeq2 package in R, * P<0.05, ** P<0.01, *** P<0.001.
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Figure 4. Functional assessment of expanded NK cells. (A) Representative flow cytometry

showing gating strategy for NK killing assays using PBMC and CD5-depleted expanded NK
cells against osteosarcoma cell line targets (OSCA) at a 1:1 effector to target (E:T) ratio. Target
cells were identified from effector cells by CFSE+ labelling with separate viability dye staining to
identify dead cells. (B) Mean cytotoxicity (+tSEM) of NK cells at day 14 from four donor dogs at
increasing E:T ratios from bulk PBMC (blue) and CD5-depleted (red) starting populations
against melanoma (M5, left) and osteosarcoma (OSCA, right) targets. (C) At the 1:1 E:T ratio,
mean cytotoxicity of expanded NK cell effectors varied against osteosarcoma and melanoma
targets, with increased PBMC-expanded NK cell killing against melanoma targets compared to
osteosarcoma (p = ns). (D) Supernatant cytokine levels were measured by canine Luminex
assay. Bars depict mean values of eight or nine healthy donor dogs for PBMC (blue) and CD5-
depleted cells (red) following 14-day co-culture. GM-CSF and IFN-y concentrations were
significantly greater in the PBMC group, while MCP-1 was significantly greater in the CD5-

depleted group. P values were determined using the Mann-Whitney test, * P<0.05, ** P<0.01.
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Figure 5. Genomic analysis of human bulk PBMCs versus purified NK cells. Human cells from

bulk PBMC and purified NK cell starting populations were collected at days 0, 7, and 14 of 14-
day co-culture from three separate human donors and 3'Tag-RNA-Seq was performed.
Absolute normalized counts for (A) NCAM1/CD56 and NCR1/NKp46 and (B) T and B cell-
related genes were visualized for purified NK cells (NK 0) and PBMCs (Bulk 0) at day 0 co-
culture. Certain samples from did not meet RNA quantity standards and were excluded,
including day 7 NK isolated and day 14 NK isolated. Floated bars show minimum to maximum
of normalized counts for human cells and P values were determined using the DESeq2 package
in R, * P<0.05, ** P<0.01, *** P<0.001. MA plots, using a p<0.05 significance threshold, reveal
starting populations that are distinct at rest, with (C) 1739 DGEs between bulk PBMCs and
purified NK cells at day 0, but converge when activated, with (D) only four DGEs between bulk
PBMCs and purified NK cells at day 14 co-culture. (E) Principal component analysis (PCA) of
cells aligns with MA plot patterns with high variability at day 0 (blue) and concentration of cell
signatures at day 7 (green) and furthermore at day 14 (peach) of co-culture. (F) The log fold
change of NK cell-related gene expression was assessed between day 14 and day 0 co-culture
from purified NK cells (top) and bulk PBMCs (bottom). Several key genes were significantly
different following co-culture compared to day 0 (bold, green). P values were determined using

the DESeq2 package in R.
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Figure 6. First-in-dog clinical trial of adoptive transfer of autologous canine NK cells. (A)

Schema of trial design combining adoptive transfer of PBMC-expanded autologous NK cells
with inhaled IL-15. PBMCs were isolated from whole blood drawn from patient dogs 14 and 7
days before the start of treatment for the 14-day expansion of autologous NK cells. Dogs
received |V injection of autologous NK cells at a dose of 7.5 million cells/kg times two.
Additionally, on day 0, dogs began twice daily treatments with inhaled rhIlL-15 continuing for 14
days total. (B) Characteristics of the nine total dogs with pulmonary metastatic melanoma (MEL)
or osteosarcoma (OSA) that met entry criteria and were enrolled in the trial. Response was
determined by RECIST criteria defining Partial Response (PR), Stable Disease (SD),
Progressive Disease (PD), and Not Evaluable (NE). Survival was calculated from initiation of
treatment to death or humane euthanasia. (C) Survival plotted as bars color-coded by RECIST
criteria defining responders (PR and SD, blue), non-responders (PD, red), and not evaluable
(NE, grey). (D) Cell counts, fold change, and viability were calculated on days 0, 7, 10, 12, and
14 of the 14-day co-culture for autologous PBMCs isolated from patient blood (green) compared
to PBMCs isolated from healthy beagle blood (purple). Mean (xSEM) for expansions of both
injections of PBMC-expanded autologous NK cells were compared to healthy donor PBMC
expansions and plotted over time. P values were determined by mixed effects model, * P<0.05,

** P<0.01.
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Figure 7. First-in-dog clinical trial of adoptive transfer of allogeneic canine NK cells. (A) Schema

of trial design combining adoptive transfer of PBMC-expanded allogeneic NK cells with palliative
radiotherapy (RT). PBMCs were isolated from healthy donor beagle blood 14 days before the
scheduled NK cell infusion for each patient. Donor PBMC-expanded NK cells at a dose of 7.5
million cells/kg were injected IV in patients upon completion of RT. (B) Characteristics of the five
total dogs with malignant melanoma that met entry criteria and were enrolled in the trial. Dogs
ID 1, 4, and 5 had known lymph node metastasis on enroliment and dog ID 4 had pulmonary
metastasis on enrollment. Survival was calculated from initiation of RT to death or humane
euthanasia. PBMCs were isolated from patients’ whole blood at 6 time-point and submitted for
3’-Tag-RNA-Seq. (C) Principal component analysis (PCA) of cells color-coded by patient and
symbols distinguishing time-point, demonstrated PBMCs clustered based on the dog they
originated from rather than time point of treatment. (D) A heatmap depicting log Counts Per
Million (logCPM) transformed expression of key NK-related genes shows variation across both
patients and treatment. (E) Absolute normalized counts for CD16, KLRB1, NKG2D, and TIGIT
were visualized as an aggregate of all patients at each time-point (box and whiskers, left) and
individual values by patient (right). While distinct peaks and trends in expression were
recognized, changes between time-points were not significant for the genes assessed. (F)
Samples across time-points were combined based on donor and compared between the dog
with the longest (ID5) and the dog with the shortest (ID1) survival. Induced gene pathways in

the dog with the highest survival are depicted as a dot plot of gene ontology (GO) analysis.
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2.4 Discussion

Our study compared the trajectory of phenotypic, functional, and genomic changes during the
14-day expansion and activation of canine NK cells derived from both bulk PBMC and CD5-
depleted starting populations. Overall, we observed that bulk PBMC-expanded canine NK cells
were equivalent, if not superior, to CD5-depleted starting populations. Capitalizing on the
practical and clinical-trial enabling aspects of this approach, we performed first-in-dog clinical
trials using autologous (N=9) and allogeneic (N=5) NK cells for dogs with malignant melanoma
and OSA. These first-in-dog clinical trials showed no serious AEs and preliminary efficacy data
for canine cancers with extremely poor prognoses.

The ability to achieve sufficient expansions was a fundamental objective in our study. Concerns
regarding expanding adequate cell numbers for cellular immunotherapy are not limited to dogs;
studies expanding human NK cells have also been restricted by low cell numbers collected after
CD3-selection, reducing the cell numbers available to administer to patients®®. Our results show
higher average cell counts at day 14 in expanded PBMCs (677 million) compared to expanded
CD5-depleted cells (537 million), which although not statistically significant, remains relevant in
the clinic, where doses are based on patient weight and can influence whether dogs receive
their full treatment. Previously, MHC-low K562 feeder cells with membrane bound IL-21 and
cytokine support successfully enriched for NK cells from human PBMCs but had over 21%
contamination of T cells at day 21 co-culture*®. These concerns necessitated our extensive
characterization of PBMC-expanded NK cells where we saw minimal CD3+ cells present at day
14 co-culture as assessed by flow cytometry and confirmed by genomic analysis. Flow
cytometric analysis of PBMC-expanded day 14 product showed 67% CD3-NKp46+ cells
compared to 40.4% in our lab’s previous analysis of NK cells expanded from CD5-depleted
cells™. The variability of CD3+ cells in the day 14 product as assessed by flow cytometry and
the potential influence of non-specific staining necessitated the need for thorough validation

through both bulk and single-cell RNA sequencing. Potential T cell contamination is particularly
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relevant in the context of allogeneic transfer, where donor T cells are capable of recognizing
healthy recipient tissue as foreign and mounting a response culminating in graft versus host
disease. Resting PBMCs analyzed by scRNA-seq were used as a positive control to establish
the presence of expected cell types and their proportions prior to expansion. PBMC-expanded
NK cells at day 14 confirmed the loss of all cell types except for NK cells. The lack of T cell, B
cell, and myeloid gene expression in scRNA-seq and the convergence of distinct PBMC and
CD5-depleted resting populations into a near identical NK population at day 14 by bulk RNA-
seq, affirmed the ability of the expansion protocol to support the survival of NK cells specifically.
This echoes previous work by Gingrich et al., where FACS sorted CD3-NKp46+ and CD5%™
populations became essentially identical by day 14 of co-culture following the same expansion
technique used here'. This is especially useful in the context of ongoing efforts for better
characterization of the phenotype of canine NK cells. Defining canine NK cells has been
notoriously difficult, as neither CD5%™ nor CD3-NKp46+ expression appears to satisfactorily
identify all canine NK cells at rest'* 4!, This implies that NK selection prior to co-culture could not
only limit cell counts but potentially exclude certain NK subsets altogether, depending on the
marker used, with implications for function and engraftment of the NK product. This highlights
the utility of using human sequencing data to confirm the convergence of distinct cells at day 14
of co-culture, since human NK cells are reliably identified by a CD3-CD56+ phenotype and can
be reproducibly isolated with available protocols. We used several functional assays to confirm
the cytotoxic and cytokine secreting capabilities of our expanded NK cell products.

A curious finding was the wide range of cytokine secretion detected by multiplex assay in co-
cultured NK cells, particularly IFN-y. NK cells are known to produce abundant cytokines in
response to stimulation. However, RNA-seq results showed significant upregulation of IFNG
transcription, aligning with expected functional features of NK cells. RNA-seq also validated this
activated phenotype of expanded cells with increased number of cells expression NKG2D and

GZMB in scRNA-seq and significant upregulation of KLRB1 and granzyme B along with
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downregulation of CD16 in bulk RNA-seq. The loss of CD16 in canine NK cells in response to
activation is particularly relevant for comparative oncology immunotherapy studies since it is
observed in human NK cells following feeder line co-culture, where it is caused by activation of
matrix matalloproteases (MMPs) through target cell contact*> 43, However, cleavage by MMPs is
post-translational in nature which would not sufficiently explain the downregulation we observed
by RNAseq. Though this transcriptional downregulation was not altogether unexpected since
the pattern was similarly reported in a genomic analysis of NK cells expanded from CD5-
depleted PBMCs'#. CD16 in this analysis refers to the low affinity immunoglobulin gamma Fc
region receptor lll (FCGR3A, Locus 478984 ), which allows for ADCC in NK cells, and lack of
CD16 has been shown to impact NK regulation and cytotoxicity®? 44, In our study, expanded
PBMCs maintained high percent killing in the context of CD16 transcription downregulation,
suggesting that killing is primarily occurring through non-ADCC methods, such as death
receptors and perforin and granzyme granules. CD16 is extremely relevant for combinatorial
strategies, and our data suggest that CD16 regulation is highly complex in canine NK cells and
that dogs with spontaneous cancer may be an informative model interrogating changes in CD16
on NK cells in the future.

While the primary aim in our small cohort using IV adoptive transfer of autologous canine NK
cells was to establish feasibility, it is important to note that we observed only modest clinical
activity, even with the addition of inhaled IL-15 to support NK engraftment where we did
previously observe evidence of clinically meaningful responses?. Allogeneic NK cells in human
trials have demonstrated superior oncologic benefits compared to autologous NK cells, primarily
for hematologic malignancies? 5“5, This is due, at least in part, to the advantage of MHC
mismatch in allogeneic donor cells, where the mismatch between donor KIRs and recipient
MHC-I ligands contributes an additional activating signal that promotes activation in favor of NK

antitumor response?6: 47,
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To potentially improve efficacy from autologous transfer, we also piloted a first-in-dog trial using
allogeneic NK cells. Since patient-specific immune signatures at baseline and after therapy may
ultimately predict outcomes, as has been shown in human immunotherapy trials, we also
evaluated DGE signatures from the blood of dogs on therapy*®. In our canine allogeneic NK
recipients, PCA depicted distinct clusters for each patient and reduced variance between
patients with similar survival. The intriguing distinctive signatures found within our small patient
cohort were further analyzed by comparing gene signatures from PBMCs across treatments
between the longest and shortest surviving dogs. The enrichment of pathways associated with
response to viral infections suggests an anticipated involvement of NK cells, which are critical in
antiviral immunity. However, we observed the highest DGE enrichment for endocytosis
pathways, suggesting the influence of non-NK, myeloid populations in shaping differences
between gene signatures of these two patients. The assessment of CD16 shedding in NK cells
expanded from PBMCs also shapes our interpretation of gene expression patterns in PBMCs
from dogs receiving allogeneic NK cells, where CD16 expression peaked one day following NK
cell transfer. Beyond CD16, we generally did not see clear, consistent NK signature patterns
across patients in response to either RT or NK transfer, highlighting the importance of
evaluating larger patient cohorts to better define genomic biomarkers of response and
resistance to NK immunotherapy, especially given limitations related to longitudinal access to
tumor specimens.

NK cells for human immunotherapy have experienced a steep increase in interest with rapid
innovation over the past two decades*® %°. Sources of NK cells for adoptive transfer now include
umbilical cord blood stem cells, iPSCs, NK-92 cell line in addition to peripheral blood®'. Like T
cells, NK cells can also be genetically engineered to increase specificity and longevity®2. Imai et
al published one of the first successful applications of CAR NKs, determining the ideal
expansion of PB NK cells with feeder cells and cytokine support before testing the CAR

transduction using the superior expansion method®3. Similarly, our study is a crucial first step in
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the forward momentum of immunotherapies in dogs, from which we may begin to develop
genetically engineering products and novel NK sources. Dogs are a readily available resource
for developing new combinations of therapies, which can then inform the most promising paths
for improving immunotherapy across species'3. Future studies will further contextualize dog NK
cells compared to human, and the resulting data can be the framework for advancing NK
immunotherapy and improving the prognosis for both dogs and humans with aggressive
cancers.

In summary, our findings support the use of unmanipulated PBMCs plus feeder line co-culture
for adoptive immunotherapy in dogs with cancer. Overall, our pre-clinical and clinical data
highlight the safety and feasibility of this technique as a novel platform for optimizing NK
immunotherapy in dogs. Our work also demonstrates the strength of the dog model to address
practical, clinically relevant questions regarding optimization of novel immunotherapy
approaches. Ultimately, teaming rapid and innovative clinical trials with robust genomic
characterization is anticipated to advance the field of NK immunotherapy across the bench-to-

bedside continuum.
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3 Single Cell Atlas of Canine Natural Killer (NK) Cells Identifies Distinct Tissue Resident
and Tumor-Infiltrating Profiles with Candidate Genomic Biomarkers from First-in-Dog NK

Immunotherapy Trials

3.1 Introduction

Natural Killer (NK) cells are enigmatic innate lymphoid cells that uniquely blur the boundaries of
innate and adaptive immunity due to their ability to recognize targets without sensitization while
still possessing memory-like and tissue resident features’-. Equipped with an extensive array of
inhibitory and activating receptors, NK cells use the dynamic engagements of these receptors to
mediate effective antiviral and anticancer responses along with comparable tolerance to healthy
cells and tissues. These features have made NK cells attractive candidates for cancer
immunotherapy given their ability to spontaneously target diverse cancer cells that have evaded
other immune recognition strategies and their modest association with toxicity. NK cell
therapies, including recent advances in CAR NK cells, have led to significant improvements in
the outcomes of patients with leukemias and lymphomas* °. However, the complex tumor
microenvironment (TME) of solid tumors introduces additional challenges in cancer
immunotherapy, and further work is needed to achieve consistent success of NK cells in the
treatment of these cancers.

Comparative oncology takes advantage of the similarities shared across species to identify and
optimize treatments that are projected to have success in clinical trials®2. Although extensive
studies have been completed in mice to advance NK immunotherapy, murine and human NK
cells have significant differences in phenotype and function (intriguingly more than T cells) which
have impaired clinical translation® '°. Of note, recent transcriptomic analyses have revealed
greater homology between human and dog NK cells than human and mouse NK cells™'.
Importantly, beyond NK cell-specific similarities between dogs and humans, dogs are also an

outbred species that develop cancers spontaneously in the context of an intact immune system,
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further supporting their strength as a valuable model of human malignancy. This is especially
true given the genotypic and phenotypic resemblance of spontaneous canine cancers to human
cancers including immunoediting and immune surveillance with data showing homology
between dog and human lymphoma, osteosarcoma, mammary tumors, melanoma, and high
grade gliomas. Consequently, the canine model is actively being leveraged to inform human
cancer treatments, including novel immunotherapy combination trials for osteosarcoma and
melanoma 214,

Numerous studies have highlighted the heterogeneity of NK cells, including diverse subsets of
NK cells across tissue compartments in humans and mice. In humans, classical NK subsets
include putative immature, CD56°"9"CD169™ cytokine-secreting NK cells that predominate in
lymph nodes versusmature cytotoxic CD569™CD16°"9" NK cell subsets that predominate in the
blood'®. Additional subsets include terminally differentiated NK cells found frequently in the
lung'®, mixed maturation state NK subpopulations in the liver'’, and exhausted NK cells in the
TME'8. However, identification of equivalent NK subsets in dogs has not been delineated. While
spontaneous cancer in dogs presents a readily available, high fidelity model for translation to
human cancers, studies are limited due to the gap in knowledge regarding NK subsets present
in the dog. Additionally, it's paramount to address the differences between circulating and tissue
NK cells in order to interpret tissue-specific responses in cancer, which can vary from those
seen in the blood. Fortunately, high-quality canine reference genomes have been assembled
allowing for the use of single-cell RNA sequencing (scRNAseq) to bypass limitations and
investigate canine NK cells at the individual level with extensive markers for accurate
identification and characterization.

To uncover the heterogeneity of NK cells throughout body compartments and identify potential
targets for immunotherapy or potential sources and modifications for adoptive NK transfer, we
created a transcriptomic atlas of canine NK cells across blood, multiple tissues, and soft tissue

sarcoma in dogs with a comparative analysis of human tissues for cross-species validation.
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Taking advantage of access to patient samples from three first-in-dog canine immunotherapy
trials, we also performed single cell analysis of circulating NK cells from dogs in these trials. We
observed unique signatures across organs consistent with activated, stem-like, and
conventional/regulatory NK cells in the lung, placenta, and liver, respectively. We observed
considerable overlap of canine tissue resident NK subsets with known subsets in humans with
both tissue and tumor-unique profiles conserved across species. Finally, we demonstrate that
dogs with favorable response to NK targeted immunotherapy treatments have significant
upregulation of NK activation genes with implications for outcomes on human sarcoma patients.
Together, our data establish a landscape for evaluating NK cell tissue and tumor adaptation and
maladaptation in dogs, inform the development and compartmentalization of NK cells in dogs,
and begin to unravel the mechanics underpinning NK plasticity and heterogeneity in healthy and

cancer-bearing dogs with relevance to humans.

3.2 Materials and methods

3.2.1 Sample acquisition and processing

For canine samples, lung, liver, spleen, and placenta samples were obtained from patients
undergoing surgical procedures at the UC Davis VMTH. When applicable, only visually
unaffected, non-tumor bearing tissue was used. Processing of spleen and placenta consisted of
mechanical digestion followed by incubation with RBC lysis buffer for five minutes at 4°C. Liver
processing included mechanical digestion followed by a cell separation step using Percoll and
PBS+3% FBS before RBC lysis'®. Lung processing included mechanical digestion followed by
enzymatic digestion using DNAse and collagenase?’. PBMCs were collected from whole blood
from healthy beagle donors or dogs undergoing immunotherapy treatments as indicated.
Processing was performed as described previously' 2! 22,

For human samples, the collection of blood and tissue Specimens was approved by the IRB at

the University of California, Davis (Protocol #218204 UC Davis Pathology Biorepository -
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Tissue, Blood, Urine and Other Biological Material). Human samples were processed as
described previously ™ 21:22,

3.2.2 Fluorescence-activated Cell Sorting

After processing, dog lung, liver, placenta and tumor cells were washed with PBS and staining
buffer. Canine cells were incubated with Fc receptor blocking solution (Canine Fc Receptor
Binding Inhibitor, Invitrogen #14-9162-42), and stained with rat anti-dog monoclonal antibody
CDA45-EF450 (clone YKIX716.13, Invitrogen #48-5450-42). Human cells were incubated with
Human TruStain Fc receptor blocking solution (BioLegend, #422302), and stained with mouse
anti-human monoclonal antibody CD45-BV510 (clone HI30, BioLegend). Live/dead
discrimination was performed using Fixable Viability Dye 780. Cell sorting for live CD45+ cells
was performed using the Becton Dickinson “Aria 1I” Cell Sorter (Becton Dickinson, San Jose,
California, USA).

3.2.3 Single-Cell RNA Sequencing and Analysis

Single-cell suspensions of 700—1200 cells/pL with a minimum of 40 uL of PBS/0.5% bovine
serum albumin suspension buffer were submitted for library preparation and sequencing using
the 10X Chromium Next GEM Single-Cell 3’ V.3.1 Gene Expression protocol performed by the
UC Davis Genome Center as previously described?'.Human (GRCh38) and canine
(CanFam3.1) reference genomes were created using the cellranger mkgtf and cellranger mkref
pipelines. Raw fastq files were aligned to the relevant reference genome and feature-barcode
matrices were created using CellRanger v.7.1.0 (10x Genomics). The feature-barcode matrices
were uploaded in Rstudio and analyzed using Seurat. Seurat objects were created with a
minimum cell threshold of 3 and minimum features of 200. Only cells with £15% of mitochondrial
counts and unique feature counts 2200 and <5,000-6,000 were filtered for analysis. For the
canine tumor sample, cells also had additional filtering for PTPRC>0. Data then underwent
standard Seurat processing workflow which included normalization, identification of highly

variable features (2,000), and scaling. Cells were then clustered through a standard workflow
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that included linear dimensional reduction, determination of the k-nearest neighbor (KNN) using
the top PCs based on the generation and interpretation of an elbow plot, and then
implementation using a resolution of 0.5 after testing of multiple PCs and resolutions. Doublets
were then identified and removed using DoubletFinder before the cell clustering workflow was
repeated with doublets and unwanted cells removed.

For merged analyses, samples were integrated using Harmony?3. Layers were joined and cells
clustered using 50 PCs and resolution of 2. For subset datasets, cells identified as NK cells
were subset followed by normalization, identification of variable features, scaling, PCA,
clustering and generation of UMAP. Differential gene expression testing was performed using
the FindAllIMarkers function in the Seruat R package to identify differences between two
identified groups using the Wilcoxon Rank Sum test. Genes were only considered significant if
the adjusted p-value, using Bonferroni correction, was p<0.05.

Tissue signatures were developed by determining significantly different genes between NK cell
within one tissue compared to NK cells in all remaining tissues. The list of DEGs was then
filtered to include only include genes that had an adjusted p-value <0.05, average fold change
>1.0, and had expression in at least 20% of NK cells. Representative genes were selected and
categorized by associations obtained from public databases (EnrichR, Uniprot, and NCBI).
Correlations were determined by extracting the scaled gene expression from merged NK cell
datasets, then the Cor function was used to find pairwise correlation coefficients and create a
correlation matrix. The correlation matrix was then visualized using CorrPlot with hierarchical
clustering to order the variables. To infer cell-cell interactions across all tissues as well as within
individual tissues, CellChat was used?*. The strengths and weights of interactions were based
on the CellChat ligand-receptor interaction database. Pseudotime analysis was completed using
Monocle3 with clustering using a resolution parameter set to 1x10-3 and the root set based on
visualizations of cluster IDs, partition assignments, and tissue of origin.

3.2.4 Publicly available data
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Data analyzing single cell composition of the human soft tissue sarcoma tumor
microenvironment previously published by Subramanian et al. were downloaded from GEO
under accession code GSE538442%, Barcodes, features, and matrix files for sample ID SRC141
were available after data processing and read alignment by the authors using CellRanger v6.0.0
(10x Genomics) and human genome assembly GRCh38. These files were uploaded to R and

used to create a Seurat object subject to the same workflow used for canine tumor.

3.3 Results

3.3.1 Canine NK cells vary in abundance and immune interactions across tissues

To understand canine NK cell heterogeneity, activation, and maturation states, we created a
transcriptomic atlas of canine NK cells across tissues and peripheral blood. We began by
obtaining two samples each of canine placenta, spleen, liver, and lung in addition to a single
blood sample from a healthy beagle donor and sorting for CD45+ immune cells to perform
scRNAseq (Figure 1A, Figure S1A). After quality control and processing, samples were
integrated for a dataset of approximately 50,000 high-quality cells available for analysis. We
used harmony integration to remove batch effects and allow for cell grouping based on cell type
rather than donor or tissue??, as demonstrated in uniform manifold approximant and projection
(UMAP) plots color coded by tissue or cell type (Figure 1B and 1C). Immune populations,
including NK cells, varied across tissues (Figure 1C and 1D) with the largest proportion of NK
cells found in the liver, making up nearly 45% of CD45+ cells. Proportions of other cell types
also matched known cell distributions in tissues including large populations of myeloid cells in
the lung and B cells in the spleen (Figures 1D and 1E). Immune cell identities were determined
by interrogation of cluster-specific gene markers against canonical immune cell type markers.
Canine NK cells were confirmed as expressing NCR3 and KLRK1 but lacking the CD3

expression seen in CD4 and CD8 T cells (Figure 1F), previously identified as a transcriptomic
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signature of canine NK cells in the blood?. Since cell-to-cell communications and cues vary
based on maturation and activation states, we used CellChat to further predict cell interactions
within tissues?*. NK cells in the lung had the strongest interactions with myeloid cells, which is
particularly relevant due to the immunoregulatory interactions between NK and myeloid cells in
tumor microenvironments (Figure 1G). Meanwhile, NK cells in the spleen had minimal
interaction with myeloid cells and stronger interactions with neutrophils. The combined tissue
circle plot depicts a complex network of cell interactions across all cell types. These interactions
were further elucidated by determination of all significant ligand receptor interactions between
NK cells and other cell types (Figure 1H). The SELL-SELPLG interaction between NK cells and
other NK cells, B cells, neutrophils and myeloid cells was previously appreciated in treatment
naive canine osteosarcoma between NK cells and mature regulatory dendritic cells?’. The two
interactions with the highest probability were PTPRC-MRC1 in myeloid cells in the lung and
CLEC2D-KLRB1 with other NK cells in the liver (Figure 1H). The CLEC2D-KLRB1 interaction
has been noted between myeloid and NK cells in human neuroblastoma and between tumor
and CD8 T cells in human rhabdomyosarcoma?® 2%, pointing to the presence of

immunosuppressive communications in the liver.

3.3.2 Canine NK cells demonstrate tissue-specific gene signatures

To better understand the characteristics of canine NK cells and their diversity across tissues, we
then analyzed the NK cell clusters from the integrated dataset and performed unsupervised
clustering for higher resolution analysis of these cells. The majority of these cells were from liver
(n=6,643) (Figure 2A, 2B). NK cells across tissues expressed genes associated with a
conventional NK cell signature, including NCR3, KLRK1, and GZMA (Figure 2C). The topmost
significant genes of tissue-specific NK cells when compared to all remaining NK cells were
interrogated to elucidate the heterogeneity of NK gene expression (Figure 2D). Liver NK cells

had increased expression of conventional NK genes including IL12RB2 and GZMA, the latter
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being identified as one of seven genes that drive human NK cell subpopulations®°. Additionally,
NK cells in the lung expressed CXCL8 which is induced in activated NK cells leading to the
migration and activation of other cell types such as dendritic cells3'. We then combed through
these significant gene sets to determine signatures that represented each tissue. Within NK
cells in the placenta, this included genes associated with differentiation and signaling (Figure
2E). The involvement of RUNX1 and TCF7 in NK cell maturation has been well-documented'”:
3233 ‘and TCF7 expression has been inversely correlated with lymphocyte exhaustion in human
breast cancer?*. Genes associated with activation and migration were significantly enriched in
lung NK cells (Figure 2F). Of note, we observed upregulation of multiple immune recruitment
associated genes, CXCR4, CCL4, and CCLS5, implicating lung NK cells in the orchestration of
coordinated multi-cellular immune responses. The expression of these genes, particularly
CCL4, have often associated with the activated and mature, effector CD569™ classification in
human NK cells's:30.32.3537 ‘|nterestingly, NK cells in the liver expressed a mixed signature with
genes associated with immunoregulation in combination with genes associated with activation
and differentiation (Figure 2G). One of the most recognized inhibitory receptors in NK cells,
CD96, was upregulated simultaneously with cytotoxicity receptors GZMA and FASLG, indicative
of the sensitive balance of opposing receptors that culminate in NK responses. We also
observed expression of the activation marker, CD160, known to be enriched in NK cells
identified in hepatocellular carcinoma®®, but also potentially a marker of early, tissue-resident
ILC1 cells'’. Like the placenta, the liver also had increased expression of RUNX3 and IL12RB2,
both associated with NK precursors and differentiation®: 2. Due to the overlapping
characterization of liver NK cells with both placenta and lung NK cells, we determined the key
differences between these organs with direct comparisons of liver and lung NK cells and liver
and placenta NK cells (Figures 2H, 2I). In both lung and placenta NK comparisons, genes in
liver NK cells had relatively reduced significance and log2FC. We also observed upregulation of

AUTS2 and TXK in liver NK cells, both of which been associated with poor prognosis and
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malignant progression in multiple human cancers*® #'. Additional differentiation-related genes
were confirmed in placenta NK cells, such as IL1R1 which has been shown to play a role in

precursor commitment to the NK cell lineage*2. These data demonstrate that canine NK cells
have tissue-specific gene signatures despite moderate functional overlap and underscore the

plasticity of NK cells across tissue and organs related to maturation and activation states.

3.3.3 Canine tissue and peripheral NK cells can be categorized into distinct subsets
Given the known diversity of human NK cells across peripheral blood and tissue, we then
evaluated for comparable cross-species heterogeneity in canine NK cells. NK clusters with
overlapping genes were combined into 6 dog NK clusters labeled d1-6 (Figure 3A). Using
pseudotime analysis, we determined that clusters d1 and d6 were furthest along the inferred
trajectory (Figure 3B). The pseudotime trajectory could then be contextualized by classification
of subclusters by genes that were best able to distinguish one cluster from another. These
classifications included cytotoxicity, signaling, regulation, differentiation, proliferation and
trafficking, and inflammation/migration (Figure 3C, 3D). The determination of a mature,
cytotoxic subset, d1, showed high alignment with the CD569™CD 169" subset of human NK
cells based on its effector functions and predominance in PBMCs (Figure 3E). Generally, genes
defining clusters d1, d2, and d3 were expressed in multiple clusters with high expression of
conventional NK genes, while genes in d4, d5, and d6 had comparably unique gene expression
with higher fold change in gene expression compared to other clusters (Figures 3D, 3F, 3G). All
subclusters were present across tissues except for d6, which clustered farthest along the
pseudotime trajectory, was absent in PBMCs, and showed only minimal presence in liver NK
cells. Notably, this cluster was most abundant in lung NK cells, consistent with genes associated
with inflammatory response and infiltration, including CXCL8 which was one of the top five
significant genes in lung NK cells, suggesting a highly specialized function in lung mucosal

immunology. Genes involved in proliferation and trafficking were representative of cluster d5,
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and these clusters were most abundant in lung and placenta NK cells. This included CD52 and
IL7R, markers of CD56"9" NK cells in humans'® 3543, As expected, the cluster associated with
differentiation, d4, was largely found in the placenta as well as in liver NK cells. Genes in cluster
d4 have also been associated with CD56"9" features, like LEF1, but also include genes specific
to stem cells, such as NOTCH2 found in human decidual NK cells**. Overall, the dog NK
clusters demonstrated significant heterogeneity consistent with human NK heterogeneity3? 4547,
coincident with gene signatures that aligned with our distinct canine tissue-specific NK

signatures and also overlapped with established NK subtypes in humans.

3.3.4 Canine sarcoma infiltrating NK cells are heterogeneous with unique activation and
exhaustion features

Interpreting the unique characteristics of immune cells of the TME is critical for understanding
potential targets and improving cancer immunotherapy. To place our tissue-specific canine NK
signatures in the context of tumor-resident immune cells, we next analyzed immune cells from a
canine soft tissue sarcoma. The dissociated tumor sample was sorted for CD45+ immune cells
and analyzed by scRNAseq to identify cell types and their proportions (Figure 4A, 4B, 4C). A
total of 6,514 high quality cells were available for analysis. Similar to our blood and tissue
samples, NK cells were primarily distinguished by NCR3 and KLRK1 with concurrent lack of
CD3 expression. NK cells comprised 15% of the total CD45+ cells, which was the largest
proportion of NK cells in any of our investigated tissues except for liver (Figure 4C). We then
subset the NK cells in the tumor and integrated them with NK cells from other canine tissues
and blood (Figure 4D). This new integrated dataset was utilized to conduct further comparisons
of tumor NK cells to those in other tissue compartments. The top genes significantly upregulated
in tumor NK cells compared to NK cells in all other samples included genes with a variety of
functions, including PLXNA4, known to be upregulated in NK cells that have been

reprogrammed after exposure to malignant cells*® (Figure 4E). Tumor NK cells downregulated
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canonical NK activation markers, such as FASLG, GZMB, and KLRD1, the latter being a marker
of favorable prognosis in human cancers if present in either the serum or tumor*® % (Figure 4F).
Conversely, canonical NK inhibitory markers were significantly upregulated in canine intra-
tumoral NK cells, aligning with previous reports of the inverse relationship between inhibitory
genes CD96 and KLRB1 and cytotoxicity signatures in NK cells in human tumors?.

The genes upregulated in canine tumor NK cells compared to all other NK cells were evaluated
to determine a canine STS NK signature (Figure 4G). The most common were genes
associated with chronic activation and cancer pathways, but we also observed significant
upregulation of genes associated with adhesion andmigration, differentiation and proliferation,
and signaling (Figure 4H). This pattern was further confirmed when tumor NK cells were
enriched for the d2 and d3 dog NK subclusters, classified by signaling and regulation
respectively. Notably, there was clear overlap in expression characteristics between dog
sarcoma and liver NK cells, suggesting potential mixed immunoregulatory and cytotoxic
programs in canine sarcoma NK cells consistent with our liver scRNAseq data. Tumor NK cells
were enriched for the d2 and d3 dog NK subclusters which were positively correlated to liver NK
cells (Figure 4l). These results appear to corroborate the exhausted phenotype of intra-tumor
NK cells seen in human cancers®'. Though tumor-resident NK cells had unique gene signatures
in the dog, certain overlapping characteristics with tissue-resident NK cells implies the

malleability of NK cell states rather than strict or static functional groups.

3.3.5 Human NK cells mirror dog NK cells in abundance and immune interactions across
tissues

The insights gained from the characterization of canine NK cells can improve the comparative
model and help advance NK immunotherapy across species. To validate the results of our
canine NK data, we created an equivalent transcriptomic atlas of human NK cells across tissues

and peripheral blood. We acquired samples of placenta, spleen, liver, lung, and blood from
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healthy/ non-cancer bearing human patients. The tissues were dissociated into single cell
suspension and sorted for CD45+ immune cells before submitting for scRNAseq. After stringent
quality control, processing, and integration to remove batch effects, approximately 34,000 cells
were available for analysis and visualized by UMAP (Figure 5A, 5B). Expected cell types were
found across the tissues, including a NKT cell cluster that was not apparent in our canine
analysis and was particularly evident in human placenta (Figure 5B, 5C). Similar to our canine
samples, the largest human NK proportion was found in the liver, making up 36% of CD45+
cells, compared to the 44% found in canine liver. In contrast, the proportions of NK cells in other
tissues were greater in the human tissues compared to dog (Figure 5C, 5D). The identity of
human cell types was confirmed by known canonical markers, with the advantage of human NK
cells having unique expression of CD56 (NCAM1) not expressed in canine NK cells (Figure
5E). Once cell identities were annotated, we used CellChat to interrogate the inferred
interactions between cell types across tissues, highlighting distinct interactions with NK cells
(Figure 5F). Overall, human NK cells had particularly strong interactions with CD8 T cells, likely
representative of their coordinated roles in immune surveillance and anti-tumor/ anti-viral
responses®? %3, with additional notable interactions between NK cells and both myeloid and NKT
cells in the lung. Canine NK cells had noticeably stronger interactions with myeloid cells in the
lung compared to human, but the total interactions depict a similarly complex network of cell
interactions in both species. We then queried the ligand-receptor interactions that were
significant within the cell communication network to discern the states of the NK cells based on
their outgoing signals. There were greater numbers of significant NK receptor-ligand interactions
in human than in canine tissues with 65 and 29, respectively (Figure 5G). However, certain
conserved patterns emerged across species, including the interaction of PTPRC-MRCA1
between myeloid and NK cells in the lung, which was highly frequent in both human and dog.
We also observed high probability of interaction of CLEC2D-KLRB1 between NK cells and CD8

T cells across all tissues in both human and dog. The multiple HLA-dependent interactions
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between NK cells and CD8 T cells were particularly striking in our human data, with the greatest
probability occurring between classical HLA class | molecules on NK cells and CD8A/B on CD8
T cells in the peripheral blood. Our results suggest notable cross-species similarities in NK
proportions and cell interactions further underlining the homology in the immunogenomics of

human and canine NK cells, especially when compared to murine counterparts ™.

3.3.6 Canine and human NK cells show homology across blood, tissue, and tumor
compartments

To recapitulate our canine NK analysis, we then subset the identified NK cells cluster in the
integrated human dataset and performed unsupervised clustering to confirm the presence of
5,491 NK cells across tissues (Figure 6A, 6B). Similar to previous, the largest number of NK
cells were identified in the liver (n=1,985), followed by the lung (n=1514), and then PBMC,
placenta, and spleen with an average of 664 cells each. To more directly compare human and
canine NK cells, we integrated the NK cell clusters including NK cells from the liver, lung,
PBMC, placenta, and spleen which clustered distinctly based on species (Figure 6C). To
determine the similarities in tissue-specific genes in NK cells across species, we analyzed the
genes that were significantly upregulated in each tissue in dog and human separately, and then
identified the overlapping DEGs. There were 98 upregulated genes that overlapped across
species in lung NK cells, 18 upregulated genes in placenta NK cells and 15 upregulated genes
in liver NK cells (Figure 6D, 6E, 6F). Notable genes included CCL4 and CXCR4, which were
part of the dog lung NK activation signature and similarly upregulated in human lung. Likewise,
ZNF683 and IGF2BP3 were part of the dog placenta NK differentiation signature and also
upregulated in human placenta. The activating NK receptor CD160, associated with canine liver
NK cells, was similarly upregulated in human liver NK cells. Given these similarities, we then
directly compared tissue resident NK cells across species to understand what genes were

different (Figures G, H, I). Notably, dog placenta NK cells had increased expression of
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activation and signaling markers, BCL2A1 and CRIP1, compared to human placenta NK cells.
However, NK cells in the human placenta upregulated KLRD1 in comparison to dog placenta, a
canonical NK marker which functions in NKG2 heterodimers to create either activating or

inhibitory signals.

Ultimately, the maturation and activation states of NK cells in the peripheral blood and tissue are
most relevant to translational analyses in the context of how these cells adjust within the tumor
microenvironment. We therefore accessed a publicly available sample of human undifferentiated
pleomorphic sarcoma (UPS)?%, which served as a comparable match for our canine sarcoma
sample. The UPS sample of Subramanian et al. included 1658 CD45+ cells based on threshold
of PTPRC=>0. Only 4% of those cells were identified as NK cells, which we then integrated with
our own human tissue and blood NK cell dataset (Figure 6J). The top significant genes in tumor
NK cells were relatively distinct compared to the moderate overlap seen in top genes across
other tissues and blood (Figure 6K). We next took our total tumor, tissue, and peripheral NK
cells from human patients and integrated them with our equivalent canine dataset (Figure 6L).
There were 172 genes shared between NK cells in canine and human tumor tissue that were
significantly upregulated compared to their respective canine and human NK cells in other
tissue samples (Figure 6M). We saw cross-species upregulation of immunoregulatory receptor,
NRP1, often expressed in Treg cells but also in NK cells, with potential as a checkpoint target®*
55 Additionally, COL1A1 and FBLN1 were previously used as markers for canine tumor or
fibroblast cells?’, and MMP2 and DCN as a markers of mesenchymal-like cells in human
cancers?® %, with the latter also being a top differentially expressed gene in our canine STS
sample (Figure 4E). Given that canine and human STS tumor samples had the largest overlap
in shared upregulated genes against their respective tissue and blood samples, we used a
direct contrast of the tumors to understand the biological relevance of top DEGs (Figure 6N).

Human tumor NK cells had increased expression of EID1, one of the markers of the regulatory
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canine NK subcluster d3, and ISG15, part of the differentiation signature in canine placenta NK
cells (Figures 2E, 3C). Also, human sarcoma-infiltrating NK cells expressed, BST2, which has
also been observed to be upregulated in blood cancer cell lines that were exposed to NK cells®’.
On the other hand, canine tumor NK cells had increased expression of PTPRC/CD45, a
hallmark present on all leukocytes, which had a high probability of interaction with MRC1 on
myeloid cells in the canine lung (Figure 1H). STAT4, also significantly increased, is an
epigenetic regulator NK cells involved in NK activation and IFN-y production®®. Together, we
observed subtle differences between NK cells in the TME across species that point to
modifications in activation states with potential influence of neighboring cells. Nevertheless, the
considerable similarities between tumor samples across species support the validity of the
canine model in soft tissue sarcoma research, aligning with previous reports of conserved

characteristics across canine and human cancers” 5964,

3.3.7 NK proportions increase in response to treatment in good responders to first-in-dog
immunotherapy regimens

Insights into blood, tissue, and tumor-infiltrating NK cells are most relevant in the larger scope of
clinical data and how results that can be hypothesis generating to inform future clinical trials. We
therefore obtained blood samples from dogs who were enrolled in three separate, NK-targeting
trials. Dogs in UCD Trial #1 (UCD1) underwent palliative radiotherapy (RT) in addition to
infusion of PBMC-derived allogeneic NK cells (Figure 7A). Dogs in UCD Trial #2 (UCD2)
received two injections of autologous NK cells in combination with inhaled rhiL-15 (Figure 7B).
These two trials were the first to employ systemic administration of PBMC-derived NK cells in
dogs with naturally occurring cancer?’. We also accessed samples from dogs in a third trial, the
UW cohort, which treated dogs with low-dose molecular targeted radionuclide therapy (MTRT),
external beam radiation therapy (EBRT) and intratumoral injection of IL-2 fusion cytokine

(Figure 7C). These dogs were treated based on the results of a protocol cohort that

94



demonstrated safety and feasibility of the combination therapy®®. Together, PBMCs were
available for six dogs, two from each trial representing a good responder and a poor responder.
For each dog, a pre-treatment and post-treatment PBMC sample was obtained for a total of 12
PBMC samples which were submitted for single-cell RNA sequencing. Those samples were
integrated, with an average of 5,425 cells per sample, and cell types identified by canonical cell
markers (Figure 7D). Samples could then be assessed and compared based on trial, treatment
timepoint, and response, which was assessed based on RECIST criteria and overall survival
(Figure 7E). The poor responder from UCD1 did not live long enough to determine response
and therefore was not evaluable. The good responder from UCD1 had a complete response and
the longest survival of 445 days. Responses corresponded reliably with the fold change of NK
cell proportion following treatment, with all three poor responders showing a negative fold
change in response to treatment and all three good responders showing a positive fold change
(Figure 7F). The proportions of NK cells were largest in UCD1, reaching a maximum of 13.7%
of cells in good responders (Figure 7G). NK cells were between 1-2% of total cells in UCD2, but
made up less than 1% of total cells in the UW poor responder (Figures 7H, 71). We therefore
report substantial variability of NK proportions in the peripheral blood of dogs diagnosed with
cancer, but predictable changes that indicate dogs respond better to treatment when a positive

fold change in NK cells is identified.

3.3.8 Good responders upregulate NK activation signatures after treatment while poor
responders have minimal treatment-related changes

Due to the intriguing results indicating the distinct role of NK cells in treatment response, we
then subset out the NK cell cluster to focus on their specific characteristics (Figure 8A). The NK
cluster included over 2,000 cells across trials that met quality standards for analysis (Figure
8B). We completed DEG analysis comparing pre and post treatment samples in good

responders and poor responders and compared good vs poor responders at both the pre and
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post treatment timepoint in all trials (Figures 8C, 8D, 8E). We found that there were large
differences in pre-treatment samples between poor and good responders in UCD1 but that the
poor responder had no genes upregulated in response to treatment (Figure 8C). Samples from
UCD2 had minimal changes, both in response to treatment and between responders (Figure
8D). This was in contrast to UW which had over 250 genes differentially expressed in their good
responder and, similar to UCD1, had considerably fewer DEG changes in the poor responder
(Figure 8E). We found that the majority of DEGs between pre and post treatment in good
responders were significantly upregulated in response to treatment rather than downregulated
(Figure 8F). Similarly, the majority of DEGs between poor and good responders at the pre-
treatment had increased expression in poor responders (Figure 8G). These patterns
necessitated further analysis of the specific genes that contributed to the changes assessed. A
selection of genes that were upregulated post treatment in good responders and those
upregulated pre-treatment in poor versus good responders are presented in a venn diagram,
with specific emphasis on genes that were previously identified in tissue-specific signatures
(Figures 8H, 8l). Most striking was the identification of CCL4, which was significantly
upregulated in good responders from both UCD1 and UW and was also found in activated lung
NK cells and shared with human lung cells. This corresponds with data from The Cancer
Genome Atlas (TCGA), where CCL4 expression in UPS primary tumor samples was a
significant prognostic biomarker (Figure 8J). This is contrary to FTH, a gene significantly
upregulated in poor responders in both the UCD1 and UW ftrials, which was associated with
worse overall survival in the UPS TCGA dataset, though not significant (Figure 8K). Although
poor responders had minimal response to treatment overall, we did see that they expressed
several activation genes at greater levels than good responders before the start of treatment,
including BCL2A1, present in both UCD1 and UW ftrials. The overall pattern of our results points
to the possibility that response to treatment may be a more meaningful biomarker than baseline

gene expression in NK cells during cancer immunotherapy.
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3.3.9 Figures
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Figure 1: Canine NK cells vary in abundance and immune interactions across tissues

(A) Schema depicting the canine samples obtained and the study workflow.

(B and C) Uniform manifold approximation and projection (UMARP) visualizations of integrated
samples encompassing nine total samples color coded by (B) tissue or (C) cell type.

(D and E) Bar plots depicting the percent of cells analyzed by (D) tissue compartment or (E) cell
type.

(F) Left: Dotplot of representative canonical gene markers used to confirm cell types. Dot color
represents average gene expression and dot size represents the percent of cells expressing the
gene. Right: violin plot of key genes distinguishing NK cells from T lymphocytes.

(G) Circle plots constructed using CellChat visualizing predicted NK cell outgoing interactions
separated by tissue. Lines represent the scaled weights or strength of the interaction. Total
weights and strengths of ingoing and outgoing interactions between all cell types across all
tissues visualized in the bottom right panel.

(H) Bubbleplot of significant predicted ligand receptor interactions between NK cells and other
cell types, separated by tissue. Color of dot represents the probability of the interaction, and
size of the dot corresponds to p-value. Only interactions expressed in a minimum of 10 cells

were retained in the analysis.
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Figure 2: Canine NK cells demonstrate tissue-specific gene signatures

(A) UMAP representation of NK cells subset from the integrated dataset with 11 clusters
identified by unsupervised clustering.

(B) UMAP visualization of NK cells color coded by tissue.

(C) Heatmap of conventional NK cell markers in NK cells analyzed by tissues. Columns
represent cells and rows represent genes. Gene expression data for all features/genes were
scaled and a random downsample of 100 NK cells from each tissue were plotted for
proportional visualization.

(D) Heatmap showing the average expression of the top five differentially expressed genes in
NK cells from each tissue that distinguish them from NK cells in all other tissues.

(E-G) Dotplots showing expression of representative genes significantly upregulated in (E)
placenta, (F) lung, and (G) liver NK cells compared to NK cells in all other tissues. Genes
included were present in >20% of cells, with avg_log2FC > 1 and adjusted P<0.05. Gene
category labels were determined by gene-set library and gene ontology annotations associated
with each gene.

(H-1) Volcano plots with labels for the top seven significant genes that differentiate (H) liver vs

lung NK cells and (1) liver vs placenta NK cells based on direct DEG comparison.
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Figure 3: Canine tissue and peripheral NK cells can be categorized into distinct subsets

(A) Clusters resulting from unsupervised clustering were combined based on overlapping genes
markers. The result was six canine NK cell clusters labeled d1-d6.

(B) Cell trajectories projected onto the UMAP and colored by pseudotime.

(C-D) Significant genes that distinguish each canine NK subcluster from the remaining
subclusters visualized by (C) average expression heatmap and (D) average log2fold change bar
plot.

(E) Bar plots depicting the percent of cells grouped by canine NK subcliuster and split by tissue
compartment.

(F) Dotplot of conventional NK cell markers and their expression within cells of each canine NK
cell subcluster.

(G) Feature plots depicting expression and distribution of selected significant genes that

differentiate clusters d4 (left), d5 (center), and d6 (right).

102



Soft Tissue
A Sarcoma B KLRK1 c
% | 2 ® 1
e
e -, L_LLJ_
- R GzmA 2
v N  Myeloid | ‘ i _g
=3 . =05
AR S YSNRER
-t;,' =qul CD3E
gt hd - e[| -
l.’ % \ W weoo T
e % . Soesre Wom  COfTom CotTcm  Sow  Wwos Gmoone unaow &
CD45+ [Unknown |/ . <
D umap_1 Emmors rmm F oo ==
Tumor NK Cell Cluster Tissue NK Cell Cluster beon FASLG
S s
. -’
9 ,Jv’ ‘ . @ BCL2A1 OU z
&y o \ g § :
-~ _ 4 é czve |8 &
NK Cell e . '5, s
Integration 1 ,,-; 15620 (g §
a
0 KLRD1
Avg, 8 B
Be. PLXNA4 CD96
X
N Ios z KLRB1 | Z
o ] © X
© s £ ] 5
g = PiksRs [ Z
® Liver 02 g‘ PTPRN2 % g
® Lung | N KLRG1 (2 3
® PBMC 0
Pl t
® Tumor —
umap_1 NK Subset Module Scores
G Dog Tumor NK Signature H Liver . ©® ° @ :
N (TR S Lung 1 [ J . . ° ° O
£ ITGAI{e s s 0 -« 0 PBMC{ @ . ° .
v;_’;{ é*' ARHGAP26{® © o @ o @ Placenta A [ ° . o @) .
s o ZNFEB3{- - - e oo Spleen{ @ ° . ° . o
L& NFATC21e ¢ ¢ 0 « 0 Tumor{ @ [e@ o] e . .
NP MTSS1{:- © ¢ @ « o Y T T T T
S &
@oo.\\@ TXNIP{e ¢ ¢ 0 0 @ “ 6 n E m
Sy _\‘9 AHNAKH - o o o - o Signaling Séi::d p;r::m
§ PPPIROB{* - - = = of 15 o 25
) DLASS @0 @O @O =~ | sp Lu PB i Tu 1o © 50
KLRGi{e « « « « 0o — 20 EE . - . 05 O 75
BCL2L11{+ o « « - o :z 0.0
sweileiioco MY EEEE sEEE
Ny CCDC61e + - e o O 0.0 ‘
5?:,;*" PDK1{+ « o o « of . el C M N
A RALB{e ¢« ¢ @ ¢ © Exp.
& RPS6KA2{@ @ e @ @ O ° 2° LIl L
& ————— 0 %0 I EEE - ’
. AQ}\)(\ O Q\"’@e°®o‘ O 75
N
SIS smmno ||

103




Figure 4: Canine sarcoma infiltrating NK cells are heterogeneous with unique activation and

exhaustion features

(A) Schema depicting workflow for FACS sorting and sequencing of CD45+ canine spindle cell
sarcoma cells with the cell types identified. A total of 6514 CD45+ immune cells were available
for analysis.

(B) Violin plot of key genes identifying NK cells and distinguishing them from T lymphocytes.
(C) Bar plot showing the percent of each cell type in the tumor. NK cells represented 15.2% of
all CD45+ tumor cells isolated.

(D) NK cells subset from the canine tumor sample and NK cells subset from the integrated liver
lung, PBMC, placenta, and spleen dataset were integrated and visualized by UMAP color coded
by tissue.

(E) Heatmap showing the average expression of the top differentially expressed genes in tumor
NK cells that distinguish them from NK cells in all other tissues.

(F) Heatmap of conventional NK activating and inhibitory genes and their average expression in
tissues. Tumor NK expression is outlined.

(G) Dotplot showing expression of representative genes significantly upregulated in tumor NK
cells compared to NK cells in all other tissues. Genes included were present in >20% of cells,
with avg_log2FC > 1 and adjusted P<0.05. Gene category labels were determined by gene-set
library and gene ontology annotations associated with each gene.

(H) Dotplot visualization of the scaled module score of tissue-specific NK cells scored with the
top genes that defined each canine NK subcluster. Subclusters with the highest expression in
tumor NK cells were outlined and labeled.

(I) Correlations across all tissue compartments. Yellow and blue squares represent positive and
negative correlations respectively. Square size represents the absolute value of the correlation

coefficient.
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Figure 5: Human NK cells mirror dog NK cells in abundance and immune interactions across

tissues

(A and B) Schema depicting the human samples obtained and the sorting and sequencing of
CDA45+ immune cells. Integration of five total samples were visualized by UMAP and color
coded by (A) tissue or (B) cell type.

(C and D) Bar plots depicting the percent of cells split by (C) tissue compartment or (D) cell
type.

(E) Left: Dotplot of representative canonical gene markers used to confirm cell types. Dot color
represents average gene expression and dot size represents the percent of cells expressing the
gene. Right: violin plot of additional genes distinguishing NK cells from T lymphocytes.

(F) Circle plots constructed using CellChat visualizing predicted NK cell outgoing interactions
separated by tissue. Lines represent the scaled weights or strength of the interaction. Total
weights and strengths of ingoing and outgoing interactions between all cell types across all
tissues visualized in the bottom right panel.

(G) Bubbleplot of significant predicted ligand receptor interactions between NK cells and other
cell types, separated by tissue. Color of dot represents the probability of the interaction, size of
the dot represents p-value. Only interactions expressed in a minimum of 10 cells were retained

in the analysis.
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Figure 6: Canine and human NK cells show homology across blood, tissue, and tumor

compartments

(A) UMAP representation of NK cells subset from the integrated liver, lung, placenta, and spleen
dataset with 11 clusters identified by unsupervised clustering.

(B) UMAP visualization of NK cells color coded by tissue.

(C) NK cells from liver, lung, PBMC, placenta, and spleen tissue in both humans and dogs were
integrated and visualized by UMAP, color coded by species.

(D, E, F) Genes that were significantly upregulated in NK cells within each tissue compared to
NK cells in the remaining tissues within each species with adjusted p value <0.05 and average
log2FC >1 were identified. The average expression of genes that were upregulated in both
human and dog (D) lung, (E) placenta, and (F) liver NK cells were visualized by heatmap.

(G, H, I) Volcano plots with labels for the top ten significant genes that differentiate human and
canine NK cells in the (G) lung, (H) placenta, and (l) liver based on direct DEG comparisons.
(J) NK cells subset from the integrated human tissue dataset and NK cells subset from a
publicly available human UPS sample were integrated and visualized by UMAP color coded by
tissue.

(K) Heatmap showing the average expression of the top differentially expressed genes in NK
cells from each tissue that distinguish them from NK cells in all other tissues.

(L) NK cells from liver, lung, PBMC, placenta, spleen, and tumor tissue in both humans and
dogs were integrated and visualized by UMAP, color coded by species.

(M) Genes that were significantly upregulated in tumor NK cells compared to the NK cells in the
remaining tissues within each species with adjusted p value <0.05 and average FC >1 were
identified. The average expression of genes that were upregulated in both human and dog
tumor NK cells were visualized by heatmap.

(N) Volcano plot with labels for the top ten significant genes that differentiate human and canine

NK cells in tumor based on direct DEG comparisons.

108



A UCD Trial 1 (UCD1) B UCD Trial 2 (UCD2) C UW Trial (UW)
IL15 EBRT +IL2
7 // (/r/'? @ “ f e
[/ -
‘/,W - ‘k . - /wa b
/\\\7 \\ /IJ. //&'\j /U
: ] L)
s : |6 6 \\ | Qu' °
3 NN Pre-T; L) A& > Pre-Tx
P;t-'?x [ | > Post-Tx
Responder ID Poor Responder ID Responder ID Good Poor
Age 9 11 Age 7 8 Age 9 8
Sex FS MN Sex FS FS Sex MN MN
Breed Labrador Retreiver _ Golden Retreiver  Breed Bouvier Des Flandres Labrador R Breed Labrador Retrei Cocker Sp
Di e Oral Melanoma Oral Melanoma Disease Oral Mel Oral Mel Di Oral Mel Oral Mel
M Lymph Node Lymph Node Metastasi Distant Distant M Distant Distant
RECIST CR NE RECIST PR PD RECIST PR SD
0S (days) 445 48 0S (days) 69 57 OS (days) 7 79
D UCD1 Integrated UCD2 Integrated UW Integrated
e ™ Platelet] s—
Platelet Platelet =
u— : _aa, 4’ [ Neutrophil |
N Pe:
h
o umm CD4 T cell >
©
Myeloid |
g * e, || Kce.. :
| » J CD8TceII
s
E . umap_1 F .
Overall Survival NK Proportion
UCD1 Good UCD1 Good -
uCD1 Poor ~
- Il Complete Response UCD1 Poor
§ ucn2 Good 31 Partial Response 5 UCD2 Good
S ucp2 Poor [ Stable Disease T ucp2 Poor-
UW Good Bl Progressive Discese UW Good
Il Not Evaluable
UW Poor UW Poor -
1 1 1 1 1 L 1 1 l 1
0 100 200 300 400 500 -0.4 -0.2 0.4 .6
Days Fold Change
G
1.01
. NK cell
% . CD8 T cell
o B cosTcen
— B sce
= 051 Bl 1w
3 I Neutrophi
5 . Platelet
[+ . Unknown
0.0

109



Figure 7: NK proportions increase in response to treatment in good responders to first-in-dog

immunotherapy regimens

(A, B, C) Schema depicting clinical trial treatments and corresponding signalments and
outcomes for dogs enrolled in (A) UCD ftrial 1 with combination of radiotherapy and allogeneic
NK cell transfer, (B) UCD trial 2 with combination of inhaled IL-15 and autologous NK cell
transfer, and (C) UW trial with combination molecular targeted radionuclide therapy (MTRT), IL-
2 cytokine, and external beam radiation therapy (EBRT). Good and poor responders were
determined based on RECIST criteria of the primary tumor and overall survival. PBMCs were
collected pre and post treatment for each dog. The UCD1 Good responder did not survive long
enough to determine response and was therefore considered not evaluable (NE). *UW good
responder was lost to follow up at 71 days.

(D) UMAP visualizations of the twelve integrated PBMC samples split by trial and color coded
by cell type.

(E) Bar plot depicting the overall survival or date or last follow up (UW Good) for each of the
dogs included in the analysis. Bars are color coded by response based on RECIST criteria.

(F) Bar plot showing fold change of the NK cell proportion in each dog included in the analysis.
Green and red bars represent positive and negative fold change respectively. Fold change of
NK cell proportion was calculated by (Post-treatment — Pre-treatment)/Pre-treatment.

(G, H, I) Bar plots showing the percent of each cell type in each PBMC sample included in the
analysis. Plots are split by trial and then further split by pre and post treatment sample for each
dog. Post treatment samples were obtained (G) 35 days after the start of treatment in UCD trial
1, (H) 28 days after the start of treatment in UCD Trial 2, and (1) 28 days after the start of

treatment in UW trial.
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Figure 8: Good responders upregqulate NK activation signatures after treatment while poor

responders have minimal treatment-related changes

(A) UMAP representation of NK cells subset from the integrated PBMC samples across trials
with 9 clusters identified by unsupervised clustering.

(B) UMAP visualization of NK cells color coded by trial.

(C, D, E) DEG analysis was completed between post and pre treatment for each dog and
between good and poor responders for each timepoint. The number of genes with adjusted p-
value<0.05 in each comparison are depicted in venn diagrams for (C) UCD trial 1, (D) UCD ftrial
2, and (E) UW trial.

(F, G) Volcano plots distinguish the number of genes that were significantly upregulated or
downregulated in (F) post vs pre-treatment and (G) good vs poor responders pre-treatment,

(H, 1) Selected genes that were significantly upregulated (H) post-treatment in good responders
and (I) pre-treatment in poor vs good responders were displayed in a venn diagram. Al
significant genes associated with tissue signatures were displayed.

(J, K) Kaplan—Meier survival curves showing the survival time of TCGA UPS patient samples
with high and low expression of (J) CCL4, which was significantly upregulated both UCD1 and
UW good responders in response to treatment in addition to the activated lung signature, and
(K) FTH, which was significantly upregulated in both UCD1 and UW poor responders compared

to their respective good responders pre-treatment.
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Sample Breed Sex Age Status Procedure
Lung Beagle FS 10 Pulmonary Adenoma Lung Lobectomy
Lung Australian Shepherd FS 10 Pulmonary Adenocarcinoma LungLobectomy
Liver Pit Bull Terrier FS 9 Poorly Differentiated Sarcoma Liver Lobectomy
Liver Pomeranian Mix MN 10 Hematocellular Adenoma Liver Lobectomy

Spleen Bull Mastiff FS 9 Lymphoma Splenectomy

Spleen Border Collie FS 14 Hematoma Splenectomy

Placenta Danish-Swedish Farmdog F 5 Healthy C-section

Placenta French Bulldog F 4 Healthy C-section

PBMC Beagle FS 6 Healthy None

Supplemental Figure 1: Characteristics of canine sample donors.
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3.4 Discussion

In this study, we present varying abundance and genomic profiles of NK cells across canine
blood, spleen, liver, lung, placenta, and tumor. Most striking was the large population of NK cells
in the canine liver and strong interactions between NK cells and myeloid cells in the canine lung.
We identified canine NK subpopulations throughout tissue compartments with variations in
markers associated with cytotoxicity, signaling, regulation, and maturation, similar to NK
subpopulations seen in humans. We then found meaningful overlap in tissue-specific signatures
using direct comparisons of blood and resident NK cells from humans and dogs. NK cells in the
placenta upregulated markers associated with differentiation, NK cells in the lung upregulated
activation and migration markers, and NK cells in the liver had a mixed signature with specific
regulatory genes similarly seen in tumor-resident NK cells. Finally, we reveal changes in
peripheral NK cell gene expression that align with response to NK-targeting cainine
immunotherapy trials. Notably, upregulation of CCL4 was a prevalent finding in activated NK
cells, seen in human and canine lung NK signatures as well as in response to treatment in dogs
that responded well to immunotherapy. Together, we present NK cells as key immune
constituents of canine tissues that can serve as a valid model of human NK cells with
translational relevance in immune-oncology research.

The heterogeneity of NK cells has been well-documented in humans, in both peripheral blood
and tissue. We similarly see this variability in canine NK cells. We found distinct signatures that
represent NK cells in the lung, placenta, and liver. Additionally, we determined six canine NK cell
subsets that were present across tissues, implying the tunability of NK cells based on the tissue
environment and cell signals present. This is especially apparent in the exhausted phenotype of
NK cells in canine soft tissue sarcoma, representing the inhibitory signals present in the TME.
Tumor NK cells corresponded most with hepatic NK cells, which expressed similar inhibitory
markers, such as CD96. The population of inhibitory NK cells in the liver could potentially be

part of typical and necessary regulation of immune responses in normal tissue that are exploited
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during tumor progression. The various states or subsets of NK cells point to inherent malleability
that can be harnessed to create NK cell-based targets or treatments.

Sources and modifications of NK cells for adoptive cell therapy have continued to advance in
recent years. Numerous methods have been employed to enhance antitumor efficacy through
mechanisms including blocking inhibitory receptors with monoclonal antibodies, amplifying
activation with bi- and tri-specific killer engagers (BiKEs and TriKEs), and increasing persistence
in cytokine support. NK cell sources include cell lines like NK-92, peripheral blood, umbilical
cord blood (CB), and induced pluripotent stem cells (iPSCs). Cord blood-derived human NK
cells are thought to have higher proliferative capabilities than those in the peripheral blood and,
along with immature iPSC-derived NK cells, are more readily engineered to create consistent
NK cell products. Following this line of reasoning, we characterize canine NK cells derived from
the placenta as expressing markers corresponding with early development while maintaining
indicators of signaling and activation. Therefore, canine stem-like NK cells could be promising
candidates for expansion and transfer, particularly with the successful expansion of PBMC-
derived canine NK cells and safety of allogeneic adoptive cell transfer. The clearer
understanding of canine NK cells granted by this study set the foundation for future sources and
targets in NK cell therapy.

Integrated analysis NK cells from patients enrolled in canine NK-targeting clinical trials showed
distinct signatures with greater DGEs related to activation and recruitment post treatment in
responders compared to non-responders. Good responders generally had less activation
markers at baseline than poor responders but had dramatically greater responses to treatment.
Numerous studies have shown that baseline gene expression can predict responses to
immunotherapy in several human cancers. However, others have shown that predictive
biomarkers of response are more distinct in post-treatment compared to pre-treatment
samples®®. A potential explanation of this pattern is that NK cells with increased plasticity are

more capable of adjusting their activity and effector functions in response to treatment, leading
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to better responses. The flexibility of NK cells corresponds well with our own data regarding
tissue and tumor-specific NK cells. This is also evidenced in human NK cells, for example, even
the popular framework of CD56""" NK cells maturing to CD56%™ has been shown to be
bidirectional in certain contexts®”. Overall, the malleability of NK subsets seems to be a
conserved characteristic between canine and human NK cells.

Accurate models of human NK cells and related immunotherapies is crucial for the forward
momentum of the field, especially given the limitations of murine models. While companion dogs
have been extensively used as valid models of human cancers, only recently have canine NK
cells been thoroughly studied'. Canine NK cells are notoriously difficult to identify, mostly due to
their lack of CD56 expression. There has also been moderate success identifying canine NK
cells by NKp46, the pan-mammalian NK cell marker, using flow cytometry. NKp46 is a
transmembrane receptor encoded by the gene NCR1, part of a family of natural cytotoxicity
receptors (NCRs) that include NKp44 and NKp30, encoded by NCR2 and NCR3 respectively.
Interestingly, we find that in transcriptomic analysis, NCR3 is more highly expressed in canine
NK cells than NCR1. This pattern was similar seen in an atlas of circulating leukocytes in
healthy and cancer bearing dogs, where NCR3, rather than NCR1, was part of the
transcriptional signature of canine NK cells?. In contract to NCR1, NCR3 is not expressed by
NK cells in all mammals and has be identified as a pseudogene in most mouse species®®.
Additionally, while NCR1 which is always activating, NCR3 can be activating or inhibitory based
on the splice variants NKp30A, NKp30B or NKp30C. Though several studies associate NCR3
with increased activation. Human NK cells express both NCR1 and NCR3 at high levels®?, and
low expression of NCR3 specifically has been associated with poor prognosis®®. The expression
of NCR3 represents an additional example of the overlap between human and canine NK cells,
and additional work is needed to understand whether NCR3 has similar prognostic indications in

dogs diagnosed with cancer.
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Overall, this comprehensive genomic analysis provides insight into the canine NK profiles
across tissues and in response to immunotherapy. Specifically, we shed light on the diverse
heterogeneity of NK cells throughout the body with indications of adaptability that confirm the
potential of these cells to be manipulated in cancer immunotherapy. This investigation increases
our understanding of canine NK cells and can forms the basis for advancing mechanistic

investigations into novel therapeutic approaches.
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