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FIG. 2. Effect of direct stimulation of CD2" CD8" CD3~ NK cells with TLR7L, TLRSL, or TLR7/8L. (A and C) Expression of TLRs on
stimulated and nonstimulated (Non-stim.) CD2" CD8" CD3~ NK cells, determined by qrt-PCR as described in Materials and Methods. Results
are shown as the increase in expression relative (rel.) to that in CD3™ T cells (A) or nonstimulated NK cells (C). (B) The lytic activities of TLR
agonist-stimulated or nonstimulated NK cells and accessory cells against K562-GFP cells are compared at an E:T ratio of 50:1. P values for
comparison to the control compound are as follows: *, <0.43; #, <0.28. (D) Cells were sorted into CD2" CD8* CD3~, CD3*, CD21", and
CD172% cells (by the MACS system [Miltenyi Biotech]) and into adherent Md/monocytes (¥*Mac). The cells were cultured with or without
TLR7/8L for 18 h and were then used to measure mRNA expression or NK cell cytotoxicity as described in Materials and Methods. The results

are means * standard deviations for separate experiments (n = 3).

TLR7 and TLRS8 agonists induce cytokine production in
CD2* CD8* CD3" cells. The data presented to this point (Fig.
1 to 5) show that the response of NK cells to the TLR7/8
agonist is more often significant than the responses to TLR7L
and TLRS8L, which often are not statistically different from the
controls. Therefore, for the balance of this study, we report
only the analysis of responses to the TLR7/8 agonist.

We further analyzed porcine NK cells for the production of
IFN-y and intracellular storage of perforin following activation
with these TLR agonists. CD2" CD8* CD3~ NK cells were
incubated with the TLR7/8 agonist 3M-011 for 18 h and were
tested in an intracellular staining assay. The presence of both
IFN-vy and perforin could be demonstrated in resting CD2™"
CD8" CD3™ NK cells. Whereas baseline IFN-y levels differed
considerably from animal to animal, perforin stayed within the
range of 4 to 7% (Fig. 6A and B). Following stimulation with
TLR agonists, both perforin storage and IFN-y production
increased at least threefold (Fig. 6C and D). The increases in
cytokine and perforin storage did not wholly correlate with the
increase in the cytotoxicity of sorted NK cells following stim-
ulation with these agonists, since a minimal increase in cyto-
toxicity was observed. Although TLR7/8 agonists appeared to
induce cytokine production substantially, they did not signifi-
cantly enhance NK cell cytotoxicity, suggesting that the direct
engagement of TLR7 and TLRS8 on NK cells by their agonists
is directed toward the upregulation of cytokines such as IFN-y.

The TLR7/8 agonist enhances the ability of porcine NK cells
to lyse FMDV-infected cells. We were interested in examining
the ability of activated porcine NK cells to lyse porcine target
cells infected with FMDV. We tested nonstimulated and
TLR?7/8 agonist-stimulated PBMC in a killing assay using IBRS2
cells and SK6 cells infected with the LL-KGE virus. Neither
nonstimulated nor TLR7/8 agonist-stimulated porcine NK cells
could lyse noninfected SK6 cells (Fig. 7A), while stimulated NK
cells showed much higher Iytic capability toward infected cells
than nonstimulated NK cells. Moreover, these activated porcine
NK cells could kill IBRS2 cells, which are endogenously infected
with classical swine fever virus (Fig. 7B). Taken together, stimu-
lation of porcine NK cells with TLR7/8 agonists renders them
capable of lysing virus-infected cells in vitro.

Quantitative mRNA expression. To learn about the possible
molecular mechanisms that could be involved in TLR-medi-
ated activation of porcine NK cells, we performed qrtRT-PCR
on RNA isolated from purified CD2" CD8" CD3~ NK cells
previously cultured in the presence of TLR7/8L. The mRNAs
of most activating receptors, i.e., NKp46, NKp80 (Fig. 8A),
NKG2D, and CD161 (Fig. 8B), were not upregulated, whereas
a minimal increase in expression relative to that in nonstimu-
lated NK cells was observed for NKp30 (at least threefold)
(Fig. 8A). Only Ly49 was considerably upregulated (10-fold)
(Fig. 8B). Interestingly, direct stimulation with TLR agonists
induced upregulation of mRNAs for two inhibitory receptor
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FIG. 3. Expression of TLR7 and TLR8 mRNAs in porcine cells by qRT-PCR. (A) Expression of TLR7 and TLRS in nonstimulated (Non-stim.)
CD1727 cells, Mdb/monocytes (Mac.), or CD21" cells relative to (rel.) that in CD3™ T cells, and expression of TLR7 and TLRS in TLR7/8L-
stimulated (Stim.) CD172" cells, Md/monocytes, or CD21* cells relative to that in nonstimulated cells of the same type. (B) Influence of accessory
cells on NK cell cytotoxicity after stimulation with TLR agonists. Cells were sorted using the MACS or Dynabead system as described in Materials
and Methods. Sorted CD2" CD8" CD3~ NK cells were cocultured either with CD172" cells (top) or with CD21™ cells or adherent Mdb/monocytes
(bottom) in the presence or absence of TLR7L, TLR8L, or TLR7/8L for 18 h. An NK cell cytotoxicity assay against K562-GFP cells was then
performed. Data are means = standard deviations for three experiments (n = 3).

genes, NKG2A and SH2D1B, six- and fourfold, respectively
(Fig. 8B). Among the mRNAs for effector molecule genes,
granzyme A was upregulated to the greatest extent (4.7-fold),
followed by perforin (2.7-fold) and granzyme B (1.2-fold) (Fig.
8A). TRAIL, which plays an important role in apoptosis in-
duction, was highly upregulated (33-fold) (Fig. 8B). Analysis of
the expression of cytokine receptor mRNA showed that direct
stimulation of NK cells with TLR agonists appeared to affect
the regulation of all cytokine receptors assessed. The greatest
effects were observed on IL-15Ra and IL-12RB2 (Fig. 8C).
Additionally, CD2" CD8" CD3~ NK cells expressed mRNAs

for the SOCS3 and CCRS genes, which in this instance were
upregulated following stimulation with the TLR7/8 agonist. The
increase in SOCS3 expression could be due to the increased
production of cytokines by these cells, while CCRS in the natural
setting could increase expression in preparation for migration
toward the chemokine gradient, e.g., in infected tissues.

DISCUSSION

Cell-mediated immunity to pathogens can be improved by
applying adjuvants, which, among other functions, nonspecifi-
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FIG. 4. Supernatants from TLR agonist-stimulated accessory cells
activate porcine NK cells. CD172" cells, CD21" cells, and adherent
Md were separated from PBMC and stimulated with TLR7L, TLRSL,
or TLR7/8L for 18 h. Later, CD2" CD8" CD3~ NK cells were cul-
tured in the presence of the supernatants, and their lytic activity was
assessed. Shown is NK cell activation by supernatants from TLR7/8L-
stimulated CD172" cells (A), Md/monocytes (B), or CD217" cells (C).
*, P = 0.05 for comparison to supernatants from control compound-
treated cells. Data are means =+ standard deviations for four experi-
ments (n = 3).

cally activate inflammatory responses. Some of the most effec-
tive of these function by initially stimulating DCs. TLRs are
expressed by multiple types of DCs, and therefore, TLR ago-
nists have been studied for adjuvant capacity.

We addressed the impact of TLR agonist stimulation on the
functional activity of porcine NK cells, and we show that
TLR7/8L can activate porcine NK cells to produce IFN-y and
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perforin and can enhance cytotoxicity against tumor cells and
FMDV-infected cells in vitro. The results also show that the
activation of NK cells is most effectively achieved through the
activation of DCs and, to a lesser extent, Md/monocytes. B
cells are not significantly responsive. Moreover, the results
suggest at least two main pathways of TLR activation of por-
cine NK cells. First, CD2" CD8" CD3~ NK cells express
mRNAs for both TLR7 and TLRS. Exposure of these highly
enriched NK cells to TLR7L or TLRSL is characterized by
IFN-vy production. However, these cells exhibited minimal cy-
totoxicity when directly cultured in the presence of the TLR
agonists. Second, activation can be mediated by soluble factors
produced by CD172% cells, Mdb/monocytes, and B cells stim-
ulated with the TLR7/8 agonists. Innate cytokines secreted by
these cell populations include IL-12, IL-18, IL-15, and IFN-a.
Although this study does not provide direct evidence for cell-
cell interaction in activating NK cells, it could be an alternative
pathway for CD172* cells to enhance NK cell cytotoxicity.

Considering the evidence collected in this study, we propose
possible mechanistic pathways of porcine NK cell activation
following stimulation with TLR7/8 agonists (Fig. 9). The ago-
nists likely act through three cell types: (i) DCs, (ii) Md/
monocytes, and (iii) B cells. These may, at variable levels,
produce cytokines such as IL-12, IL-15, IL-18, or IFN-a, which
in turn stimulate NK cells. In addition, stimulation with TLR
agonists may induce the expression of ligands on DCs that
interact with receptors on NK cells, enabling the latter to
become activated in a cell-cell-dependent manner. This was
shown for human DCs that were induced to express major
histocompatibility complex class I chain-related gene A
(MICA) and MICB, which, in turn, activated NK cells through
binding to NKG2D (19, 20). Moreover, maximal IFN-y pro-
duction by NK cells required direct contact of NK cells with
DCs as well as stimulation by cytokines secreted by DCs after
stimulation with TLR agonists (21). Additionally, activation of
porcine NK cells occurs via direct interaction with TLR7/8
receptors expressed by NK cells. The consequence of such NK
cell stimulation is increased IFN-y production, increased per-
forin storage, and a small increase in cytotoxicity.

It is not surprising that several types of cells are targets of
TLR agonist induction of cytokines, resulting in NK cell acti-
vation. Protamine-condensed mRNA has been found to have
activating properties on DCs, monocytes, B cells, NK cells, and
granulocytes when added to whole PBMC (37). In those stud-
ies, the results suggested that the effect was mediated through
TLR7 and TLRS. This demonstrates that several cell types in
PMBCs express TLR7 or TLR8 and may react to stimulation.
However, Zhang et al. (49) recently reported that TLR7 is
expressed only by antigen-presenting cells (B cells and Md),
and not by T cells, in swine. The reasons for this discrepancy
are not known, and those authors did not explain how the T
cells examined were obtained and purified. Recently, Adams et
al. (1) examined skin biopsy specimens for in situ immuno-
modulatory effects of imiquimod (a TLR7 agonist) and found
that the cell infiltrate was mostly populated with monocytes,
Mo, myeloid DCs, NK cells, T cells, and a small proportion of
plasmacytoid DCs (pDCs). The goal of that study was to show
the applicability of TLR7 as an adjuvant in immunization
against melanoma. Here we show that TLR7 and TLRS8
mRNAs are expressed on CD172%, CD21", and Md/monocyte
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FIG. 5. Secretion of cytokines by PBMC following culture in the presence of TLR7L, TLRSL, or TLR7/8L. PBMC or sorted cell populations
were incubated with either TLR7L, TLR8L, TLR7/8L, or a control compound for 18 h, and supernatants were collected for cytokine detection by
ELISA as described in Materials and Methods. (A) IFN-a; (B) IL-12; (C) IL-18; (D) IL-15. (E) Neutralizing antibodies against IL-12, IL-15, or
IFN-a do not completely inhibit the activation of porcine NK cells in PBMC stimulated with TLR7/8L. PBMC were cultured in the presence of
TLR7/8L with the addition of antibodies against IL-12, IL-15, IFN-a, or a mixture of the three antibodies. An NK cytotoxicity assay against
K562-GFP cells was performed 18 h later as described in Materials and Methods. Data are means * standard deviations for three experiments

(n = 3).

cell populations of swine and that all these cell populations are
stimulated to produce cytokines that activate porcine NK cells
by agonists of these receptors.

It is encouraging that the stimulation of NK cells by TLR7/8
agonists renders these cells highly cytotoxic against FMDV-
infected cells, suggesting that these compounds may be bene-
ficial as adjuvants for vaccines against FMDV. The advantage
of using TLR7/8 agonists as adjuvants to enhance innate re-
sponses resides in the fact that following stimulation of DCs,
the function of antigen uptake is preserved, in contrast to
stimulation through other TLRs, such as TLR3 or TLR4. Ac-
tivation through those receptors leads to maturation of DCs
and may induce programs that disable them from particulate
antigen uptake (47). Therefore, TLR7/8 stimulation may afford
rapid generation of innate responses while allowing antigen-
presenting cells to further participate in the development of an
adaptive immune response.

To our knowledge, there are no data on the expression
profiles of TLR7 and TLRS on porcine NK cells. Ideally, dem-
onstration of protein expression would have been more infor-
mative; however, no reagents are available yet for swine. Here
we show that TLR7 and TLR8 mRNAs are present in CD2™"
CD8" CD3~ NK cells as well as in CD172™ cells, Md/mono-
cytes, and B cells. Therefore, the observed stimulation of
sorted NK cells is likely mediated through direct interaction
with TLR agonists. However, in a mixed-cell environment,
stimulation of NK cells could result from a concerted effort of
the stimuli by both direct and indirect interactions with the
TLR agonist. In such a situation, it is difficult to discern

whether TLR7/8 agonist-induced NK cell activation was sec-
ondary to accessory cell activation. A similar observation has
been made in the case of CpG stimulation of NK cells in mice,
where the pDCs expressed TLRY, and the authors conclude
that there was an amplification of signals in such an environ-
ment (40).

Treatment with cytokines that normally enhance NK cell
activity entails upregulation of genes involved in the function
of NK cells (3, 31, 48). Therefore, it was reasonable to expect
that TLR7/8 agonist treatment, which stimulated the produc-
tion of such cytokines, would induce the expression of activat-
ing receptors on these cells. However, we did not find signifi-
cant increases in mRNA expression for NKp46, NKpS§80,
NKG2D, or CD161, but we observed a very high upregulation
of TRAIL mRNA. Since we did not measure the protein ex-
pression, caution should be exercised in interpreting these
data, because the function of certain receptors or effector mol-
ecules may be upregulated without the necessity of an mRNA
increase. This has been reported for perforin following the
treatment of NK cells with IL-18 (18). In a recent study by
Schlaepfer and Speck (38), the level of NKG2D protein ex-
pression on human NK cells did not increase after treatment
with TLR7/8 agonists, and the expression levels of other inhib-
itory and activating receptors were similarly unaltered. How-
ever, the expression of TRAIL was upregulated, a pattern
similar to the mRNA expression profile obtained in our study.
Given the function of TRAIL, it is anticipated that it could
have played a major role in enhancing porcine NK cell cyto-
toxicity.
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FIG. 6. IFN-y and perforin induction by TLR7/8L in CD2" CD8" CD3~ NK cells. Sorted cells were cultured in the presence or absence of
TLR7/8L for 18 h and were later stained intracellularly for IFN-y or perforin as detailed in Materials and Methods. Cells were gated on CD2*
cells. FITC, fluorescein isothiocyanate. (A and B) IFN-y and perforin, respectively, in nonstimulated cells; (C and D) IFN-y and perforin,
respectively, in TLR7/8L-stimulated cells. Data are representative of five separate experiments. Numbers in upper right corners of histograms are

percentages of IFN-y- or perforin-producing cells.
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FIG. 7. TLR7/8L enhances the cytotoxicity of NK cells against
FMDV-infected cells. Sorted CD2* CD8* CD3~ cells or bulk PBMC
were cultured in the presence of TLR7/8L for 18 h and were later used
in an NK cell killing assay against SK6 cells previously infected (Inf)
with LL-KGE virus (A) or IBRS2 cells (B). Data are representative of
three individual experiments (n = 3).

The soluble factors mostly involved in NK cell activation
following the treatment of PBMC with TLR7 or TLRS are
likely the cytokines IL-12, IL-15, IL-18, and IFN-a. We de-
tected these cytokines in the supernatants of PBMC, CD172*
cells, CD21" cells, or Md/monocytes incubated with the
TLR7/8 agonists. We have previously shown that these cyto-
kines enhanced porcine NK cell cytotoxicity and IFN-y pro-
duction when applied directly to NK cell cultures (43). Al-
though the cytokines may have contributed to the activation of
porcine NK cells, their precise role is not clear, because block-
ing with neutralizing antibodies against IL-12, IL-15, or IFN-a
did not completely eliminate the cytotoxicity of NK cells. A
lack of complete inhibition of NK cell cytotoxicity was also
reported in similar studies (38).

Porcine pDCs can produce IFN-a (42), but no detailed in-
formation is available as to whether they produce cytokines
such as IL-15 or IL-18. We have previously reported that both
the pDCs and the monocyte-derived DCs in the circulation
express CD1 and CD172 in addition to class II major histo-
compatibility complex (31a and C. K. Nfon, F. N. Toda, M.
Kenney, J. Pacheco-Tobin, and W. T. Golde, submitted for
publication). Therefore, we used CD172 expression for the
isolation of leukocytes containing these DC populations. These
cells produced IL-12, IL-15, IL-18, and IFN-« in response to
TLR7/8 agonists. Neutralizing antibodies to these cytokines
only partially inhibited cytokine-dependent NK cell activation.
This indicates that the activation of porcine NK cells by
TLR7/8 agonists may be a multifactor signaling process, in-
volving direct cell-cell interaction with cells such as DCs and/or
Md/monocytes, cytokine mediated stimulation, and direct
stimulation through TLRs expressed by the NK cells.

1sanb AQ Tzoz ‘TT AeN uo /610 wse 1nd//:dny woly papeojumod


http://cvi.asm.org/

876 TOKA ET AL.

£

=

5 80 |A
c

o

c

o 60
h

°3

o 40
4

< 2

9

) 20

£

-

k) 0 —— B . o
I.E NKp46 NKp30 NKp80 GzmA GzmB Perforin
E

it

? 80 |B
c

o

c

P

® 3

9 ¢ 40

o

c Z

g 20

£

5

S 0!

LE NKG2D CD161 NKG2A SH2D1B Ly49 TRAIL
E

=

3 C
c 80

o

c

o

=060

° ©

o S 40

o X

c Z

5 2

£ 0

b=

= 0

LE IL-18Ra IL-12Rb2 IL-15Ra IFNaR1 SOCS3 CCR5

FIG. 8. Quantitative mRNA expression of NK cell-associated
genes. RNA was isolated from CD2* CD8" CD3~ NK cells stimulated
with TLR7/8 agonists for qrt-PCR. (A and B) Activating and inhibiting
receptor genes; (C) cytokine receptor, SOCS, and CCR5 genes. Ex-
pression is shown relative to that in nonstimulated CD2" CD8* CD3~
NK cells. Data are representative of four determinations (n = 3). Gzm,
granzyme.

DC-NK cell interaction has been shown for murine NK cells
(9), while direct stimulation with TLR agonists has been dem-
onstrated for human NK cells through TLR7, although some
controversy between reports exists (15). Direct activation of
porcine NK cells by cytokines has been reported by Pintaric et
al. (32). However, in our case we allow for the possibility that
TLR7/8 may not have directly activated porcine NK cells and
that the observed increase in cytotoxicity following the incu-
bation of purified NK cells with TLR7/8 agonists could have
been due to the stimulation of residual DCs. Since we lack a
single exclusive marker for porcine NK cells, we could achieve
only 90 to 95% pure CD2" CD8" CD3~ cells, which are
enriched for, but are not exclusively, NK cells.
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FIG. 9. Possible pathways of porcine NK cell activation by TLR7/

8L. (Arrow 1) Addition of TLR7/8L to a culture of porcine PBMC may
induce cytokine production in DCs, M¢/monocytes, or B cells. (Arrow
2) Cytokines such as IL-12, IL-15, IL-18, or IFN-a may then act on NK
cells to enhance their cytolytic activity as well as their IFN-y produc-
tion. (Arrow 3) Once DCs are activated by TLR7/8L, they may express
ligands such as MICA or MICB and thereby interact directly with NK
cells through NKG2D to promote their cytotoxic and secretory func-
tions. (Arrow 4) TLR7/8L themselves may directly activate the NK
cells through direct engagement of their appropriate receptors ex-
pressed on the NK cells, thus driving them to increased NK cell
activity.

Human peripheral blood pDCs and monocyte DCs have
been reported to express perforin and granzyme B following
culture in the presence of the TLR7 agonist imiquimod. More-
over, these DCs had the ability to kill K562 cells in vitro (41).
We did not observe any killing of K562 by CD172" cells cul-
tured in the presence of the TLR7/8 agonist. This may indicate
a species difference in reactivity to TLR stimulation or a di-
vergence of innate responses in swine using bystander activa-
tion of lymphocytes to achieve tumor cell and infected-cell
killing, particularly by NK cells.

In summary, the data presented in this study clearly show
that TLR7/8 agonists activate porcine NK cells. Both direct
and indirect stimulatory pathways appear to be involved in
generating an innate immune response of porcine NK cells
following stimulation with these compounds. CD172" cells and
Md/monocytes are directly involved in this activation process
through cytokine production. Moreover, we show the expres-
sion of TLR7 or TLR8 mRNA by both porcine NK cells and
accessory cells. TLR agonist-activated NK cells are activated to
produce IFN-y and increase intracellular perforin levels, and
they are capable of killing FMDV-infected cells. However, it
remains to be determined whether these TLR agonists can
enhance NK cell activity in vivo and thereby afford protection
against viral infection. Interventional vaccine formulations in-
corporating these molecules, targeting DCs and NK cells,
could constitute a vital strategy for enhancing innate immunity
and adaptive responses to FMDYV in swine.
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