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Abstract

NK cells are non-T, non-B lymphocytes that Kill target cells without previous activation. The
immunophenotype and function of these cells in humans and mice are well defined, but canine NK
cells remain incompletely characterized. Our objectives were to isolate and culture canine
peripheral blood NK cells, and to define their immunophenotype and killing capability. PBMC
were obtained from healthy dogs and T cells were depleted by immunomagnetic separation. The
residual cells were cultured in media supplemented with IL-2, IL-15 or both, or with mouse
embryonic liver (EL) feeder cells. Non-T, non-B lymphocytes survived and expanded in these
cultures. IL-2 was necessary and sufficient for survival; the addition of IL-15 was necessary for
expansion, but IL-15 alone did not support survival. Culture with EL cells and IL-2 also fostered
survival and expansion. The non-T, non-B lymphocytes uniformly expressed CD45, MHC I, and
showed significant cytotoxic activity against CTAC targets. Expression of MHC 11, and of
CD11/18 was restricted to subsets of these cells. The data show that cells meeting the criteria for
NK cells in other species, i.e., non-T, non-B lymphocytes with cytotoxic activity, can be expanded
from canine PBMC by T-cell depletion and culture with cytokines or feeder cells.

Keywords

canine; NK cells; interleukins

Introduction

Natural killer (NK) cells are non-T, non-B lymphocytes, which are part of the innate
immune system and are constitutively able to kill target cells without prior activation. NK
cells play important roles in tumor immunity, viral disease and pregnancy (Croy et al., 2006;
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Vivier et al., 2008). NK cells have been characterized in a variety of mammals, including
humans (Vivier et al., 2008), rhesus macaques (LaBonte et al. 2001), mice (Welsh, 1978;
Dissen et al., 2008), rats (Rolstad et al., 2001; Dissen et al., 2008), cows (Dissen et al., 2008;
Boysen and Storset, 2009), and pigs (Gerner et al., 2009). Expression of prototypical surface
markers, including CD56 on human cells and NK1.1 on mice, allow for prospective
identification of NK cells. Human and murine NK cells have been particularly well
characterized and share some functional properties, such as MHC I-dependent killing.
However, there are significant functional and phenotypic differences between species,
including the specific molecules involved in MHC 1 binding, which include
immunoglobulin-like killer inhibitory receptors (KIR) in humans and lectin-like Ly49
receptors in mice (Vivier et al., 2008; Boysen and Storset, 2009). These differences have
made it challenging to extrapolate human NK function from murine data and indicate the
need for additional models of NK function.

NK cell transfer from haploidentical donors is a promising new avenue for cancer therapy
and has reached phase 1 clinical trials in patients with acute myelogenous leukemia.
Preliminary data suggest that adoptive transfer of NK cells may reduce the risk of graft-
versus-host disease compared to other hematologic transplantation protocols (Ruggeri et al.,
2002; Giebel et al., 2003; Miller et al., 2005; Moretta et al., 2008a; Moretta et al., 2008b).
Canine models were essential for the development and validation of clinical protocols for
bone marrow transplantation (Ladiges et al., 1990; Panse et al., 2003; Graves et al., 2007;
Jochum et al., 2007) and may be similarly useful for optimization of adoptive NK cell
transfer. Nonetheless, canine NK cells remain incompletely characterized.

Putative canine NK cells have been identified primarily by NK-like cytotoxicity and/or
phenotypically as large granular lymphocytes (Loughran et al., 1993; Nakada et al., 1995;
Nakada et al., 1997; Nariai Nakada et al., 1999; Strasser et al., 2000; Kuwabara et al., 2006).
Prototypical human or murine NK markers including CD56 (Otani et al., 2002), KIR
(Hammond et al., 2009; Yoder and Litman, 2011) or Ly49 (Hammond et al., 2009) have not
been documented in definable population of canine lymphocytes that can be called NK cells.
Thus, many investigators have limited their focus to lymphocytes that have NK-like
cytotoxic properties against canine thyroid adenocarcinoma (CTAC) cells, even though
these inevitably include cells that express prototypical T cell markers (CD3 and CD5) or
represent T-cell derived lymphokine activated killer (LAK) cells (Helfand et al., 1994; Funk
etal., 2003; Funk et al., 2005; Huang et al., 2008; Lin et al., 2010). Huang et al (2008)
recently described a novel CD3*/CD5!°/CD8* population with NK activity, which are
consistent with NK T cells from other species. Non-T, non-B lymphocytes have been
identified in canine peripheral blood, but they comprise <5% of circulating lymphocytes
(Otani et al., 2002; Otani et al., 2008) and their cytotoxicity has not been explored. The
purpose of this project was to isolate and expand canine NK (non-T, non-B) lymphocytes in
vitro and to characterize their immunophenotype and cytotoxic capability.
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Materials and Methods

Animals

Thirteen peripheral blood samples were obtained from 12 healthy pet dogs with owner
consent under a protocol approved by the University of Minnesota IACUC (protocol
0802A27363). All animals had received routine vaccinations and prophylactic
anthelminthics. The dogs included four Labrador retrievers, one German wirehaired pointer,
and seven mixed breeds, all between 1 and 7 years old.

NK cell isolation

PMBC were isolated by Ficoll-Hypaque density gradient centrifugation (Ficoll-Paque Plus,
GE Healthcare, Piscataway, NJ). Cells were treated with RBC lysing agent (eBiosciences,
San Diego, CA) and platelets were removed by washing and resuspending cell pellets in
glass pipettes. For T-cell depletion, PMBC were resuspended in PBS with 0.5% fetal bovine
serum (Atlas Biologicals, Ft. Collins, CO) and 2 mM EDTA. After blocking Fc receptors
with canine gamma globulin (Jackson ImmunoResearch Laboratories Inc., West Grove, PA,
USA), cells were incubated on ice for 15 min with anti-CD5 antibody conjugated to
phycoerythrin (PE) (clone YKIX322.3, Serotec, Raleigh, NC). Immunomagnetic separation
was used to remove CD5-positive cells with the EasySep PE positive selection kit according
to the manufacturer's protocol (STEMCELL Technologies, Vancouver, Canada). The
procedure was repeated three times to maximize depletion.

Immunophenotyping

Cytology

Staining was performed using anti-canine CD3 conjugated to fluorescein isothiocyanate
(FITC) (clone CA17.2A12, Serotec), anti-canine CD4-FITC (YKI1X302.9, Serotec), anti-
canine CD5-FITC, anti-canine CD5-PE, anti-canine CD8-PE (YCATES5.9, Serotec), anti-
canine CD21-PE (CA2. 1D6, Serotec), anti-canine CD45-FITC or -PE (YKIX716.13,
Serotec), anti-canine CD11/18-FITC (YKI1X490.6.4, Serotec), anti-human CD14-PE (TUK4,
Serotec), and unconjugated anti-canine CD11b (CA16.3E10, Serotec), anti-human CD22
(RFB4, Abcam, Cambridge, MA), anti-bovine MHC | (H58A, VMRD, Pullman, WA), anti-
human HLA-DR (L243, BD Biosciences, San Jose, CA), anti-human CD94 (HP-3DP, BD
Biosciences), anti-human CD56 (B-159, BD Biosciences), anti-human Nkp46 (BAB281,
Beckman Coulter, Miami, FL), anti-human TIM-3 (FAB2365P, R&D Systems,
Minneapolis, MN). The antibodies against human CD14 (Vernau et al., 1999), CD22
(Faldyna et al., 2007), and CD94 (Schuberth et al., 2007) have been previously verified to
recognize the corresponding epitopes of the homologous canine proteins. At least 2000 cells
were analyzed. If insufficient cells were present for staining with all antibody combinations,
staining for T and B lymphoid markers and for panleukocyte markers was prioritized. Data
were collected using a FACSCalibur or LSR 11 (BD Biosciences) and analyzed using FlowJo
software (TreeStar, Ashland, OR).

Cytospin preparations were prepared using 100 uL of cell suspension and were stained with
Diff Quick and/or modified Wright's stain for microscopic examination.

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 September 15.
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CD5-depleted leukocytes were cultured for 14 days (9 samples) or for 21-25 days (4
samples) days in media containing 60% DMEM, 30% HAMS F-12 + 2 mM L-glutamine,
10% heat-inactivated human serum, 3-mercaptoethanol ethanolamine, sodium selenite, and
ascorbic acid, as described (Pierson et al., 1995). Samples for the 14 day culture were
divided into 3 treatment groups, each containing 1,000 IU/mL of IL-2, 10 ng/mL of IL-15,
or 1,000 IU/mL IL-2 + 10 ng/mL IL-15. Samples for the 21 day cultures were grown with
EL08-1D2 (EL) feeder cells (McCullar et al., 2008) in media with IL-2 or in cytokine
conditions (either IL-2 throughout, IL-2 for 14 days and then IL-2 + IL-15 or IL-2 + IL-15
throughout). Cultures were plated at an initial cell density of 1x108 cells/mL and were fed
every 3-4 days.

A 4-hour °1Cr release assay was performed as described (Miller et al., 1992) using serial
effector to target dilutions from 20:1 to 0.08:1.

Results and Discussion

Non-T, non-B canine peripheral blood lymphocytes can be expanded in vitro

Previous work in human NK cells has shown that successful expansion of these cells in vitro
with cytokine-supplementation requires T-cell depletion, since T cells are much more
numerous and expand under the influence of the same cytokines. Here, we used CD5 as the
target for depletion (with anti-CD5 antibodies), since this antigen is invariably and robustly
expressed by normal canine T cells, and because of the empirical performance
characteristics of the available anti-canine CD5 antibody as compared to anti-canine CD3
antibody. Macrophages and B cells were not depleted since these populations are reported to
enhance in vitro expansion of human NK cells (Miller et al., 1992; Pierson et al., 1994).
Residual PBMC after CD5-depletion ranged from 5 x 10° - 6 x 108, with 4.6-52% of these
cells localizing the lymphocyte gate based on their light scatter properties. CD5-negative
cells persisted after 2-3 weeks in culture with 1L-2 or IL-2 + IL-15 in 8/13 samples (62%);
insufficient numbers of cells (<12,500 total cells) were recovered from four samples; and
there was incomplete T-cell depletion in one sample.

We report on the results from the eight samples where CD5-negative cells were recovered
from culture. Cells from four of the eight dogs were in culture for 14 days and cells from the
other four were in culture for 21 days.

Figure 1 shows an example of the cell populations before and after T-cell depletion. On
average, 82.7% (range = 76 - 90%) of the lymphoid cells were CD5+ before depletion, and
10.1% (range 0.9-22.8%) were CD5+ after depletion. The cytokine requirements for in vitro
expansion of canine NK cells were unknown. Previous reports of putative canine NK cells
suggested these cells express IL-2 receptors and respond to I1L-2, but no information was
available regarding expression of IL-15 receptors or response to IL-15, which is the
prototypical NK cell growth factor in humans. Thus, we examined survival and expansion
under conditions where cells were cultured with IL-2, IL-15, or both. Culture with 1L-15
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alone was stopped after the initial three samples, since in each of these instances fewer than
10,000 cells survived after 14 days. The expansion of CD5-negative cells observed in eight
independent samples is shown in Table 1. IL-2 alone supported survival of the T-cell
depleted lymphoid cells, or at least maintained a balance between proliferation and death, as
the numbers at the onset (day 0) and at the end of culture (day 14) were either significantly
different or only minimally increased. The addition of 1L-15 resulted in reproducible
expansion of the T-cell depleted lymphoid cells. In-vitro human and murine NK cell
expansion is enhanced when cultured with feeder cells, so we examined NK cell growth in
the EL feeder cell co-culture system. EL cells in the presence of IL-2 promoted similar
levels of proliferation as cytokines alone, suggesting these cells could at least partly replace
the added effects of I1L-15.Variability in the magnitude of the expansion noted among the
different donor dogs was likely attributable to the aforementioned heterogeneity in the
number of CD5- cells present at the beginning of the culture for each dog, and possibly to
the inherent variability in the response to cytokines that is expected in outbred animals.

The cytology and phenotypic staining of the cells grown in culture with 1L-2 or with IL-2
and IL-15 were similar, and thus are presented together. The cultured cells consisted almost
exclusively of medium to large lymphocytes (Figure 2A; mean = 90.6% * 8.0, as
determined by gating on the lymphocyte gate in the flow cytometric analyses). Somewhat
surprisingly, the cells had no cytoplasmic granules when visualized using Wright's stains at
the end of the culture period (Figure 2B). The cells were predominately non-T, non-B cells
(0.94% + 1 expressed CD3 or CD5, 0.50% +0.9 expressed CD4, and 1.3% + 1 expressed
CD22), and they also were not of monocyte origin (0.16% + 0.28 expressed CD14). The
cells universally (>95%) expressed CD45 and MHC I, and expression of other markers was
restricted to subsets of these cells. An average of 79.6% (£ 3.6) expressed MHC 11, 52% (+
34) expressed CD11/18, and 42% (+ 30) expressed CD11h. An average of 8.9% (+ 8.0) of
the cells expressed CD8. The cells did not have receptors that bound anti-human CD56 or
anti-human NKp46. Few cells expressed CD94 (3.16% + 7) and Tim-3 (2.48% + 5). The
failure to bind the antibodies for prototypical human NK markers may be due to poor cross-
reactivity between the human and canine epitopes or expression of different surface markers.

These results show that depletion of T cells allowed for successful expansion of a previously
undescribed population of canine peripheral non-T, non-B lymphocytes and suggest that
IL-2 was necessary and sufficient for survival of these cells. However, addition of IL-15 or
stroma appeared to be required for their expansion. This is consistent with what is known for
NK cells in other mammalian species, and underscore potential pitfalls with other studies
where IL-2 has been used to expand putative NK cells without prior T cell depletion, since
IL-2 (and IL-15) stimulates both T cells and NK cells. Thus, it is likely that at least some
earlier studies might have selected primarily for the more numerous T cells in their cultures.
One group had previously reported enhancement of canine NK-like activity against
transmissible venereal tumor cells with 1L-6 and IL-15 (Lin et al., 2008). IL-15 is a potent
activator of quiescent human NK cells. Mechanistically, NK cells respond transiently to free
IL-15 (that is, IL-15 in solution and not bound to other cells), followed by persistent
responsiveness to IL-2 and trans-presented IL-15 (Pillet et al., 2009). Similar mechanisms
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operating in the canine cells could explain the enhanced proliferation with IL-2 + IL-15, and
why IL-15 alone was insufficient for in vitro survival and expansion.

Canine NK cells have been presumed to be large granular lymphocytes, but granularity has
been variable in cases of purported NK cell neoplasia (Helfand et al., 1995; Vernau and
Moore, 1999; McDonough and Moore, 2000; Bonkobara et al., 2007). Staining of
azurophilic granules can be variable with Romanowsky-type stains, however, granules were
clearly evident in T cells cultured from several of the donor dogs (data not shown), so
staining problems were unlikely to account for our observation. We favor the explanation
that the absence of granules in the cells was due to degranulation in culture, although we
cannot exclude the possibility that canine NK cells are medium to large nongranular
lymphocytes,. Resolution of this issue will require tools for positive selection of fresh canine
NK cells that will allow microscopic examination without the need for enrichment or
expansion in medium to long term cultures.

In vitro expanded non-T, non-B lymphocytes show specific cytotoxicity against CTAC

target cells

CTAC cells are the most common targets to assess NK, NK-like and LAK activity of canine
lymphoid cells. Figure 3 shows specific cytotoxicity of eight independent preparations of
cultured non-T, non-B lymphocytes against CTAC cells and tabulates the normalized mean
(= S.D.) from all the experiments done at each effector:target (E:T) ratio used. Results
include cells stimulated with IL-2 or with IL-2 + IL-15, since there was no difference in
killing between these conditions. On average, the non-T, non-B lymphocytes for the
cytokine-only groups showed 41% cytotoxicity at a 20:1 E:T ratio. Mean cytotoxicity of the
EL group (mean of 28.9% + 7.6 at 20:1 E:T ratio) was within the range observed in the
cytokine only groups, but specific cytotoxicity from EL-cultured cells was always lower
when compared in the same donor dogs (mean 28.9% + 7.6 for EL and mean 61% + 9.9 for
cytokines). We repeatedly observed EL cell erosion in the co-culture system within ~14
days, and by 21 days, these cells were completely depleted. Similar depletion of feeder cells
has been reported in co-culture systems with human NK cells (Spaggiari et al., 2006;
Hoogduiin et al., 2011). This suggests possible xenorecognition of EL cells leading to
canine NK-mediated cytotoxicity, which would be consistent with reduced capability of EL-
cultured NK cells to kill CTAC targets if there had been prior degranulation and incomplete
recovery.

In some experiments, cytotoxicity of cytokine-cultured cells against CTAC targets was as
high as 70%. This approximates the specific cytotoxicity against CTAC cells reported for T
cells and NKT cells (Huang et al., 2008; Lin et al., 2010), which would utilize recognition of
allogenic MHC I for killing, unlike NK cells, which are activated by low or absent MHC |
expression. We verified that MHC | levels in CTAC cells are comparable to those seen in
various other tumors, and about 50% lower than the levels of MHC | observed in peripheral
blood leukocytes. Only one commercially available antibody recognizes canine MHC I, and
it recognizes a conserved epitope in the non-polymorphic region of the molecule. The lack
of anti-canine MHC I antibodies that can block the interaction between MHC | and the
surface receptors on the NK cells that recognize this complex, precluded absolute

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 September 15.
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confirmation of MHC I-dependent cytotoxicity in our experiments. This confirmation will
require future efforts to identify or generate MHC I-deficient canine target cells or to
develop anti-canine MHC I blocking antibodies.

In summary, this is the first report showing enrichment and expansion of canine non-T, non-
B lymphocytes that have cytotoxic activity and meet the standard criteria to be defined as
NK cells. This establishes a foundation to develop antibodies to identify specific canine NK
cell markers that can be used for positive selection. It also shows that canine NK cells retain
evolutionarily conserved mechanisms of growth regulation and activation, and may provide
useful models to develop and refine therapeutic strategies based on adoptive transfer of
allogeneic NK cells.
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Figure 1.
Depletion of CD5+ cells from PBMC. Immunomagnetic separation was used to obtain

CD5+ cell-depleted populations for expansion of putative NK cells. The top panels show
PBMC prior to (left) and after (right) CD5+ cell depletion with gating on lymphocytes based
on forward and right angle (side) light scatter properties. The bottom panels show CD5
staining vs. right angle light scatter in lymphocytes prior to (left) and after (right) CD5+ cell
depletion. The figure shows depletion in PBMC from one representative sample of eight
used for analysis.
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Figure 2.

Morphologic and immunophenotypic properties of the non-T, non-B lymphocytes after
culture. (A) Photomicrograph of a cytospin preparation of cultured non-T, non-B
lymphocytes (Aqueous Romanowsky stain, 500X magnification). (B-F) Flow cytometric
light scatter and expression of CD45, CD3, CD5, CD22, and CD14 in non-T, non-B
lymphocytes after 14 days in culture with IL-2 + [IL-15.
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6.6:1 2.2:1 0.7:1 0.24:1 0.08:1

Effector:Target
Mean % cytotoxicity St. Dev
41.3 21
22.0 16
11.5 9
4.4 5

Specific cytotoxicity against CTAC target cells mediated by cultured non-T, non-B
lymphocytes. Specific cytotoxicity was measured using a >1Cr release assay. Labeled CTAC
cells were co-cultured for 4 hr with decreasing numbers of non-T, non-B lymphocytes
expanded in IL-2 or IL-2 + IL-15 for 14 days. Percent specific cytotoxicity was calculated
according to the formula (experimental release — spontaneous release)/(maximum release —
spontaneous release) x 100. Intra-experimental variance for replicates was <15% for each
condition. The top panel shows results of each of the cytoxocity experiments. Cytotoxicity
was not significantly different based on the expansion conditions; the table summarizes the
means and standard deviations of the % cytotoxicity at each effector:target ratio used for all

the experiments.
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Fold-expansion of CD5-negative cells in culture

14-day expansion
IL-2 | IL-2+1L-15 | EL08-1D2cells+IL-2

Donor A 0.21 354 ND
Donor B 1.09 7.75 ND
Donor C 2.26 4.67 ND
Donor Da 4.6 11 ND
21-day expansion

Donor p? ND 4.72 77.8
Donor E ND 287 62.1
Donor F ND 85.3 559
Donor G ND 181 ND

ND = Not done.

a .
Experiments performed on separate samples from the same donor.
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