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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.
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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 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,
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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 virus-
infected 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.

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
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 CD5%™ 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+CD5%"CD21- with CD3+CD5-CD21- cells (12). Following
expansion and co-culture with K562 feeder cells and cytokines for
21 days, CD5%™ expressing cells did not express TCRap nor TCRyd
(12). Additionally, CD3+CD5%"CD21- 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).
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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 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 IL-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-CD5%™
and CD3-NKp46+ cells (17). Marked differences were seen in steady-
state cells, including non-detectable mRNA expression of granzyme
B, perforin, IFNy and KLRD1/CD9%4 in CD3-CD5%™ 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 mRNA
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 FACS-
sorted CD3-CD5%" and CD3-NKp46+ cells to explore overlap
between the two populations. In these studies, at steady-state the
CD3-CD5%™ population was found to be more heterogeneous than
the CD3-NKp46+ one. Gene expression driving the variance for
CD5%™ cells was predominantly non-NKC gene expression,
reinforcing that CD5%™ 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-CD5%" 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
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
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cytotoxicity have been demonstrated to exist, paving the way for
clinical applications of NK-based immunotherapies in dogs.

NK cells in canine immunotherapy

be tested
immunocompetent hosts. This underscores a strength of the dog

Ultimately, immunotherapy needs to in
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

10.3389/fvets.2024.1336158

PBMCs over a 14day co-culture with irradiated K562-C9-mIL21
feeder cells and 100 IU/mL recombinant human IL-2 (21). 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 6 months (30). Though, it is
interesting to note that the longest surviving dog, 18 months, 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
enrollment (22). The increase in both Granzyme B and TIGIT suggests
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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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TABLE 1 Canine clinical trials with NK immune correlates.

10.3389/fvets.2024.1336158

General - ! ! .
therapy Specific therapy Cancer diagnosis NK correlates Method of analysis References
Number of NK cells Flow cytometry
Adoptive cell Serum cytokines ELISA
Autologous NK cell transfer Osteosarcoma (20, 30)
therapy Activation markers Flow cytometry
Gene expression qPCR
Number of NK cells Flow cytometry
Serum cytokines ELISA
Cytokine therapy Inhaled IL-15 Osteosarcoma, melanoma Activation markers Flow cytometry (31,17,22)
Gene expression RNA sequencing
Cytotoxicity Killing assay/flow cytometry
Oncolytic virus Carcinoma, Adenocarcinoma Number of NK cells Flow cytometry (24)
Genetically modified HSV Glioma Gene expression RNA seqencing/nanostring (25)
eCPMV Inflammatory mammary cancer = Gene expression RNA segencing/nanostring ©27)
Virus-based
Gene expression RNA sequencing
therapy eCPMV Mammary cancer (33)
Number of NK cells Flow cytometry
Number of NK cells Flow cytometry
Cellular virotherapy Various (34, 35)
Gene expression RNA seqencing/CIBERSORT
Number of NK cells Flow cytometry
Radio- and chemo- = RT, TRT, IT-IC Melanoma 37)
Gene expression RNA sequencing
immunotherapy
Chemotherapy, anti-CD20, SMI | B cell lymphoma Gene expression RNA sequencing (38)

HSV, Herpes Simplex Virus; eCPMV, Empty Cowpea Mosaic Virus; RT, Radiotherapy; TRT, Targeted Radionuclide Therapy; IT-IC, intratumoral immunocytokine; SMI, Small Molecule

Inhibitor.

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 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
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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 of nearly 10,000
samples from The Cancer Genome Atlas (TCGA) (26). So, while
CD56 or CD56%™ 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 (¢CPMV) (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
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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 high-
grade 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
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-CD5%™
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 lymphoma 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
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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 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 anti-
PD-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 PGE2, 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.

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
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 Antibody-
Dependent 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 TGE-f
during expansion to override potential inhibition in the TME (45). This
group is using this method of TGFf-imprinted NK cell therapy combined
with carboplatin chemotherapy to treat dogs with OSA in an ongoing
phase I 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 multi-
institutional, rapid innovation in canine NK immunotherapy is indicative
of the growing interest and recognized potential in the field.
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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.

Author contributions

AR: Writing - original draft, Writing - review & editing. AG: Writing
- original draft, Writing — review & editing. CT: Writing — review &
editing. RR: Writing - review & editing. WM: Writing — review & editing.
MK: Writing - review & editing. RC: Writing - original draft, Writing —
review & editing.

References

1. Rosenberg SA, Lotze MT, Muul LM, Chang AE, Avis FP, Leitman S, et al. A progress
report on the treatment of 157 patients with advanced cancer using lymphokine-
activated killer cells and interleukin-2 or high-dose interleukin-2 alone. N Engl ] Med.
(1987) 316:889-97. doi: 10.1056/NEJM198704093161501

2. Rosenberg SA, Lotze MT, Muul LM, Leitman S, Chang AE, Ettinghausen SE, et al.
Observations on the systemic administration of autologous lymphokine-activated killer
cells and recombinant interleukin-2 to patients with metastatic cancer. N Engl ] Med.
(1985) 313:1485-92. doi: 10.1056/NEJM198512053132327

3. Myers JA, Miller JS. Exploring the NK cell platform for cancer immunotherapy. Nat
Rev Clin Oncol. (2020) 18:85-100. doi: 10.1038/s41571-020-0426-7

4. McDonough SP, Moore PE. Clinical, hematologic, and immunophenotypic
characterization of canine large granular lymphocytosis. Vet Pathol. (2000) 37:637-46.
doi: 10.1354/vp.37-6-637

5. Foltz JA, Somanchi SS, Yang Y, Aquino-Lopez A, Bishop EE, Lee DA. NCR1
expression identifies canine natural killer cell subsets with phenotypic similarity to
human natural killer cells. Front Immunol. (2016) 7:521. doi: 10.3389/fimmu.2016.00521

6. Grondahl-Rosado C, Bensdorff TB, Brun-Hansen HC, Storset AK. NCR1+ cells in
dogs show phenotypic characteristics of natural killer cells. Vet Res Commun. (2015)
39:19-30. doi: 10.1007/s11259-014-9624-z

7. Grondahl-Rosado C, Boysen P, Johansen GM, Brun-Hansen H, Storset AK. NCR1
is an activating receptor expressed on a subset of canine NK cells. Vet Immunol
Immunopathol. (2016) 177:7-15. doi: 10.1016/j.vetimm.2016.05.001

8. Graves SS, Gyurkocza B, Stone DM, Parker MH, Abrams K, Jochum C, et al.
Development and characterization of a canine-specific anti-CD94 (KLRD-1)
monoclonal antibody. Vet Immunol Immunopathol. (2019) 211:10-8. doi: 10.1016/j.
vetimm.2019.03.005

9. Lin YC, Huang YC, Wang YS, Juang RH, Liao KW, Chu RM. Canine CD8 T cells
showing NK cytotoxic activity express mRNAs for NK cell-associated surface molecules.
Vet Immunol Immunopathol. (2010) 133:144-53. doi: 10.1016/j.vetimm.2009.07.013

10. Gingrich AA, Modiano JF, Canter R]. Characterization and potential applications
of dog natural killer cells in Cancer immunotherapy. J Clin Med. (2019) 8:1802. doi:
10.3390/jcm8111802

11. Huang YC, Hung SW, Jan TR, Liao KW, Cheng CH, Wang YS, et al. CD5-low
expression lymphocytes in canine peripheral blood show characteristics of natural killer
cells. J Leukoc Biol. (2008) 84:1501-10. doi: 10.1189/j1b.0408255

12. Shin DJ, Park JY, Jang YY, Lee JJ, Lee YK, Shin MG, et al. Ex vivo expansion of
canine cytotoxic large granular lymphocytes exhibiting characteristics of natural killer
cells. Vet Immunol Immunopathol. (2013) 153:249-59. doi: 10.1016/j.vetimm.2013.03.006

13. Freud AG, Caligiuri MA. Human natural killer cell development. Immunol Rev.
(2006) 214:56-72. doi: 10.1111/j.1600-065X.2006.00451.x

Frontiers in Veterinary Science

10.3389/fvets.2024.1336158

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the V Foundation Victory over Cancer T2021-016 (RC),
NIH/NCI U01 CA224166-01 (RC), NIH/NCI T32 CA251007-01
(AR), and F30CA275317 (AR).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

14. Freud AG, Yu J, Caligiuri MA. Human natural killer cell development in secondary
lymphoid tissues. Semin Immunol. (2014) 26:132-7. doi: 10.1016/j.smim.2014.02.008

15.Kim S, lizuka K, Kang HS, Dokun A, French AR, Greco S, et al. In vivo
developmental stages in murine natural killer cell maturation. Nat Immunol. (2002)
3:523-8. doi: 10.1038/ni796

16. Grudzien M, Pawlak A, Kutkowska J, Ziolo E, Wysokinska E, Hildebrand W, et al.
A newly established canine NK-type cell line and its cytotoxic properties. Vet Comp
Oncol. (2021) 19:567-77. Epub 20210426. doi: 10.1111/vc0.12695

17. Gingrich AA, Reiter TE, Judge SJ, York D, Yanagisawa M, Razmara A, et al.
Comparative immunogenomics of canine natural killer cells as immunotherapy target.
Front Immunol. (2021) 12:670309. doi: 10.3389/fimmu.2021.670309

18. Denman CJ, Senyukov VV, Somanchi SS, Phatarpekar PV, Kopp LM, Johnson JL,
et al. Membrane-bound IL-21 promotes sustained ex vivo proliferation of human natural
killer cells. PLoS One. (2012) 7:€30264. doi: 10.1371/journal.pone.0030264

19. Park JS, Withers SS, Modiano JE, Kent MS, Chen M, Luna ]I, et al. Canine cancer
immunotherapy studies: linking mouse and human. ] Immunother Cancer. (2016) 4:97.
doi: 10.1186/540425-016-0200-7

20. Canter R], Grossenbacher SK, Foltz JA, Sturgill IR, Park JS, Luna JI, et al.
Radiotherapy enhances natural killer cell cytotoxicity and localization in pre-clinical
canine sarcomas and first-in-dog clinical trial. ] Immunother Cancer. (2017) 5:98. doi:
10.1186/s40425-017-0305-7

21. Somanchi SS, Senyukov VV, Denman CJ, Lee DA. Expansion, purification, and
functional assessment of human peripheral blood NK cells. J Vis Exp. (2011) 48:2540.
doi: 10.3791/2540

22.Judge SJ, Darrow MA, Thorpe SW, Gingrich AA, O'Donnell EE Bellini AR, et al.
Analysis of tumor-infiltrating NK and T cells highlights IL-15 stimulation and TIGIT
blockade as a combination immunotherapy strategy for soft tissue sarcomas. ]
Immunother Cancer. (2020) 8:e001355. doi: 10.1136/jitc-2020-001355.

23. Sivori S, Della Chiesa M, Carlomagno S, Quatrini L, Munari E, Vacca P, et al.
Inhibitory receptors and checkpoints in human NK cells, implications for the
immunotherapy of Cancer. Front Immunol. (2020) 11:2156. doi: 10.3389/
fimmu.2020.02156

24. Martin-Carrasco C, Delgado-Bonet P, Tomeo-Martin BD, Pastor J, de la Riva C,
Palau-Concejo P, et al. Safety and efficacy of an oncolytic adenovirus as an
immunotherapy for canine cancer patients. Vet Sci. (2022) 9:327. doi: 10.3390/
vetsci9070327

25. Chambers MR, Foote JB, Bentley RT, Botta D, Crossman DK, Della Manna DL,
et al. Evaluation of immunologic parameters in canine glioma patients treated with an
oncolytic herpes virus. J Transl Genet Genom. (2021) 5:423-42. doi: 10.20517/
jtgg.2021.31

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336158
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1056/NEJM198704093161501
https://doi.org/10.1056/NEJM198512053132327
https://doi.org/10.1038/s41571-020-0426-7
https://doi.org/10.1354/vp.37-6-637
https://doi.org/10.3389/fimmu.2016.00521
https://doi.org/10.1007/s11259-014-9624-z
https://doi.org/10.1016/j.vetimm.2016.05.001
https://doi.org/10.1016/j.vetimm.2019.03.005
https://doi.org/10.1016/j.vetimm.2019.03.005
https://doi.org/10.1016/j.vetimm.2009.07.013
https://doi.org/10.3390/jcm8111802
https://doi.org/10.1189/jlb.0408255
https://doi.org/10.1016/j.vetimm.2013.03.006
https://doi.org/10.1111/j.1600-065X.2006.00451.x
https://doi.org/10.1016/j.smim.2014.02.008
https://doi.org/10.1038/ni796
https://doi.org/10.1111/vco.12695
https://doi.org/10.3389/fimmu.2021.670309
https://doi.org/10.1371/journal.pone.0030264
https://doi.org/10.1186/s40425-016-0200-7
https://doi.org/10.1186/s40425-017-0305-7
https://doi.org/10.3791/2540
https://doi.org/10.1136/jitc-2020-001355.
https://doi.org/10.3389/fimmu.2020.02156
https://doi.org/10.3389/fimmu.2020.02156
https://doi.org/10.3390/vetsci9070327
https://doi.org/10.3390/vetsci9070327
https://doi.org/10.20517/jtgg.2021.31
https://doi.org/10.20517/jtgg.2021.31

Razmara et al.

26.Danaher P, Warren S, Dennis L, D'Amico L, White A, Disis ML, et al. Gene
expression markers of tumor infiltrating leukocytes. ] Immunother Cancer. (2017) 5:18.
doi: 10.1186/s40425-017-0215-8

27. Barreno L, Sevane N, Valdivia G, Alonso-Miguel D, Suarez-Redondo M, Alonso-
Diez A, et al. Transcriptomics of canine inflammatory mammary cancer treated with
empty cowpea mosaic virus implicates neutrophils in anti-tumor immunity. Int ] Mol
Sci. (2023) 24:14034. doi: 10.3390/ijms241814034

28.Judge SJ, Murphy W], Canter RJ. Characterizing the dysfunctional NK cell:
assessing the clinical relevance of exhaustion, anergy, and senescence. Front Cell Infect
Microbiol. (2020) 10:49. doi: 10.3389/fcimb.2020.00049

29.Nolan MW, Kent MS, Boss MK. Emerging translational opportunities in
comparative oncology with companion canine cancers: radiation oncology. Front Oncol.
(2019) 9:1291. doi: 10.3389/fonc.2019.01291

30. Judge SJ, Yanagisawa M, Sturgill IR, Bateni SB, Gingrich AA, Foltz JA, et al. Blood
and tissue biomarker analysis in dogs with osteosarcoma treated with palliative radiation
and intra-tumoral autologous natural killer cell transfer. PLoS One. (2020) 15:¢0224775.
doi: 10.1371/journal.pone.0224775

31. Rebhun RB, York D, Cruz SM, Judge SJ, Razmara AM, Farley LE, et al. Inhaled
recombinant human IL-15 in dogs with naturally occurring pulmonary metastases from
osteosarcoma or melanoma: a phase 1 study of clinical activity and correlates of
response. ] Immunother Cancer. (2022) 10:e004493. doi: 10.1136/jitc-2022-004493

32. Maskalenko NA, Zhigarev D, Campbell KS. Harnessing natural killer cells for
cancer immunotherapy: dispatching the first responders. Nat Rev Drug Discov. (2022)
21:559-77. doi: 10.1038/s41573-022-00413-7

33. Valdivia G, Alonso-Miguel D, Perez-Alenza MD, Zimmermann ABE, Schaafsma
E, Kolling FW, et al. Neoadjuvant intratumoral immunotherapy with cowpea mosaic
virus induces local and systemic antitumor efficacy in canine mammary cancer patients.
Cell. (2023) 12:2241. doi: 10.3390/cells12182241

34. Cejalvo T, Perisé-Barrios AJ, Del Portillo I, Laborda E, Rodriguez-Milla MA, Cubillo
I, et al. Remission of spontaneous canine tumors after systemic cellular viroimmunotherapy.
Cancer Res. (2018) 78:4891-901. doi: 10.1158/0008-5472.CAN-17-3754

35. Cloquell A, Mateo I, Gambera S, Pumarola M, Alemany R, Garcia-Castro J, et al.
Systemic cellular viroimmunotherapy for canine high-grade gliomas. J Immunother
Cancer. (2022) 10:e005669. doi: 10.1136/jitc-2022-005669

36. Klingemann H. Immunotherapy for dogs: still running behind humans. Front
Immunol. (2021) 12:665784. doi: 10.3389/fimmu.2021.665784

Frontiers in Veterinary Science

07

10.3389/fvets.2024.1336158

37. Magee K, Marsh IR, Turek MM, Grudzinski J, Aluicio-Sarduy E, Engle JW, et al.
Safety and feasibility of an in situ vaccination and immunomodulatory targeted
radionuclide combination immuno-radiotherapy approach in a comparative
(companion dog) setting. PLoS One. (2021) 16:€0255798. doi: 10.1371/journal.
pone.0255798

38. Dittrich K, Yildiz-Altay U, Qutab F, Kwong DA, Rao Z, Nievez-Lozano SA, et al.
Baseline tumor gene expression signatures correlate with chemoimmunotherapy
treatment responsiveness in canine B cell lymphoma. PLoS One. (2023) 18:€0290428.
doi: 10.1371/journal.pone.0290428

39. Maekawa N, Konnai S, Asano Y, Sajiki Y, Deguchi T, Okagawa T, et al. Exploration
of serum biomarkers in dogs with malignant melanoma receiving anti-PD-L1 therapy
and potential of COX-2 inhibition for combination therapy. Sci Rep. (2022) 12:9265. doi:
10.1038/541598-022-13484-8

40. Maekawa N, Konnai S, Okagawa T, Nishimori A, Ikebuchi R, Izumi Y, et al.

Immunohistochemical analysis of PD-L1 expression in canine malignant
cancers and PD-1  expression on lymphocytes in canine oral
melanoma. PLoS One. (2016) 11:¢0157176. doi: 10.1371/journal.pone.
0157176

41. Maekawa N, Konnai S, Takagi S, Kagawa Y, Okagawa T, Nishimori A, et al. A
canine chimeric monoclonal antibody targeting PD-L1 and its clinical efficacy in canine
oral malignant melanoma or undifferentiated sarcoma. Sci Rep. (2017) 7:8951. doi:
10.1038/5s41598-017-09444-2

42. Maekawa N, Konnai S, Nishimura M, Kagawa Y, Takagi S, Hosoya K, et al. PD-L1
immunohistochemistry for canine cancers and clinical benefit of anti-PD-L1I antibody
in dogs with pulmonary metastatic oral malignant melanoma. NPJ Precis Oncol. (2021)
5:10. doi: 10.1038/s41698-021-00147-6

43.Dong W, Wu X, Ma S, Wang Y, Nalin AP, Zhu Z, et al. The mechanism of anti-
PD-L1 antibody efficacy against PD-L1-negative tumors identifies NK cells expressing
PD-L1 as a cytolytic effector. Cancer Discov. (2019) 9:1422-37. doi: 10.1158/2159-8290.
CD-18-1259

44. Hullsiek R, Li Y, Snyder KM, Wang S, Di D, Borgatti A, et al. Examination of IgG
Fc receptor CD16A and CD64 expression by canine leukocytes and their ADCC activity
in engineered NK cells. Front Immunol. (2022) 13:841859. doi: 10.3389/
fimmu.2022.841859

45. Foltz JA, Moseman JE, Thakkar A, Chakravarti N, Lee DA. TGFp imprinting
during activation promotes natural killer cell cytokine hypersecretion. Cancers. (2018)
10:423. doi: 10.3390/cancers10110423

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336158
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/s40425-017-0215-8
https://doi.org/10.3390/ijms241814034
https://doi.org/10.3389/fcimb.2020.00049
https://doi.org/10.3389/fonc.2019.01291
https://doi.org/10.1371/journal.pone.0224775
https://doi.org/10.1136/jitc-2022-004493
https://doi.org/10.1038/s41573-022-00413-7
https://doi.org/10.3390/cells12182241
https://doi.org/10.1158/0008-5472.CAN-17-3754
https://doi.org/10.1136/jitc-2022-005669
https://doi.org/10.3389/fimmu.2021.665784
https://doi.org/10.1371/journal.pone.0255798
https://doi.org/10.1371/journal.pone.0255798
https://doi.org/10.1371/journal.pone.0290428
https://doi.org/10.1038/s41598-022-13484-8
https://doi.org/10.1371/journal.pone.0157176
https://doi.org/10.1371/journal.pone.0157176
https://doi.org/10.1038/s41598-017-09444-2
https://doi.org/10.1038/s41698-021-00147-6
https://doi.org/10.1158/2159-8290.CD-18-1259
https://doi.org/10.1158/2159-8290.CD-18-1259
https://doi.org/10.3389/fimmu.2022.841859
https://doi.org/10.3389/fimmu.2022.841859
https://doi.org/10.3390/cancers10110423

	Improved characterization and translation of NK cells for canine immunotherapy
	Introduction
	Identification and characterization of canine NK cells
	NK cells in canine immunotherapy
	Discussion
	Author contributions

	 References

