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ABSTRACT Natural killer (NK) cells are equipped to innately produce the cytokine gamma interferon (IFN-vy) in part because
they basally express high levels of the signal transducer and activator of transcription 4 (STAT4). Type 1 interferons (IFNs) have
the potential to activate STAT4 and promote IFN-y expression, but concurrent induction of elevated STAT1 negatively regulates
access to the pathway. As a consequence, it has been difficult to detect type 1 IFN stimulation of NK cell IFN-vy during viral infec-
tions in the presence of STAT1 and to understand the evolutionary advantage for maintaining the pathway. The studies reported
here evaluated NK cell responses following infections with lymphocytic choriomeningitis virus (LCMV) in the compartment
handling the earliest events after infection, the peritoneal cavity. The production of type 1 IFNs, both IFN-a and IEN-3, was
shown to be early and of short duration, peaking at 30 h after challenge. NK cell IFN-vy expression was detected with overlapping
kinetics and required activating signals delivered through type 1 IFN receptors and STAT4. It took place under conditions of
high STAT4 levels but preceded elevated STAT1 expression in NK cells. The IFN-vy response reduced viral burdens. Interestingly,
increases in STAT1 were delayed in NK cells compared to other peritoneal exudate cell (PEC) populations. Taken together, the
studies demonstrate a novel mechanism for stimulating IFN-vy production and elucidate a biological role for type 1 IFN access to
STAT4 in NK cells.

IMPORTANCE Pathways regulating the complex and sometimes paradoxical effects of cytokines are poorly understood. Accumu-
lating evidence indicates that the biological consequences of type 1 interferon (IFN) exposure are shaped by modifying the con-
centrations of particular STATSs to change access to the different signaling molecules. The results of the experiments presented
conclusively demonstrate that NK cell IFN-y can be induced through type 1 IFN and STAT4 at the first site of infection during a
period with high STAT4 but prior to induction of elevated STAT1 in the cells. The response mediates a role in viral defense.
Thus, a very early pathway to and source of IFN-v in evolving immune responses to infections are identified by this work. The
information obtained helps resolve long-standing controversies and advances the understanding of mechanisms regulating key
type 1 IFN functions, in different cells and compartments and at different times of infection, for accessing biologically important

functions.
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K cells of the innate immune system have both antimicrobial

and immunoregulatory functions (1, 2). They mediate these
as a result of their cytotoxicity and cytokine-producing abilities,
but the pathways activating and promoting engagement of NK cell
effects are incompletely understood. During responses to viral
infections, the antiviral cytokines, type 1 interferons (IFN-a/f)
stimulate both cellular resistance to viruses and NK cell cytotoxic
function (3-5). The cytokines also have the potential to either
promote or inhibit IFN-vy production in different cell types (5-7),
but type 1 IFN enhancement of IFN-vy might not be important in
NK cell responses to viruses because infections eliciting high sys-
temic type 1 IFN levels are not associated with systemic NK cell
IFN-vy production (8, 9). Instead, NK cell IFN-vy production in the
presence of high type 1 [FN is elicited when interleukin-12 (IL-12)
is induced and is dependent on this cytokine (4, 8). As a conse-
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quence, NK cell IFN-+y has not been readily detected during infec-
tions with viruses failing to stimulate IL-12 production.

The first described signaling pathway engaged by type 1 IFN
binding to the specific heterodimeric receptor stimulates phos-
phorylation of the signaling and transcription factors STAT1 and
STAT?2 (5, 10). Complexes, including these activated intermedi-
aries, elicit expression of a wide range of gene products important
for delivering direct antiviral functions. In addition, certain type 1
IFN immunoregulatory effects, including activation of NK cell
cytotoxicity, are dependent on STAT1 (4, 11). There are a total of
seven STAT molecules—STAT1 through STAT6, with two
STAT5s—and type 1 IFNs conditionally activate all of these (5,
12), including STAT4, an important intermediary in IL-12 stim-
ulation of NK cells as well as type 1 IFN stimulation of certain T
cell populations for IFN-+y production (4, 13-15). Previous work
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from our group, examining responses in mouse spleens, has dem-
onstrated that NK cells express high basal levels of STAT4 and that
their exposure to type 1 IFNs activates STAT4 (9). Nevertheless, it
has only been possible to identify the type 1 IFN induction of NK
cell IFN-vy production during acute viral infections of STAT1-
deficient but not of STAT1-complete mice because the concurrent
induction of STAT1 by type 1 IFN and/or IEN-y negatively regu-
lates the response (6, 9). These results leave open the intriguing
question of why a pathway from type 1 IFN to STAT4 activation
under basal NK cell conditions would be evolutionarily preserved
when it is rapidly turned off at times of type 1 IFN production.

With the hypothesis that type 1 IFN induction of NK cell IFN-y
is in place to access low, regional levels of the cytokine as infections
are initiated, studies were undertaken to examine responses at the
earliest times of viral infection under immunocompetent condi-
tions. The system used for study was intraperitoneal (i.p.) infec-
tion of C57BL/6 (B6) mice with lymphocytic choriomeningitis
virus (LCMV) (7, 9, 16, 17). This infection has been well charac-
terized and is of relevance to the human condition because LCMV
can cause significant morbidity and mortality, particularly in im-
munodeficient individuals (18-20). The virus is a potent inducer
of type 1 IFN, with systemic levels produced in serum and spleen
for several days after i.p. infection (7, 9, 17). In contrast, LCMV is
a poor inducer of IL-12, with low to undetectable levels of the
cytokine produced (8, 16), and NK cell IFN-vy expression is also
low to undetectable in the serum and spleens of LCMV-infected
mice (8, 9). Because the initial site of virus entry is the peritoneal
cavity, the studies focused on previously uncharacterized events at
this location.

The results of the experiments reported here reveal unique
compartmental innate cytokine responses, with IFN-a and IFN-£
production and NK cell IEN-vy expression detected at 24 h after
infection and peaking at 30 h after infection. Studies under con-
ditions of blocked type 1 IFN receptor access and/or deficiency in
STAT4 conclusively demonstrated that NK cell IFN-vy expression
was dependent on the type 1 IFNs and STAT4. The pathway en-
hanced the antiviral state. Interestingly, in comparison to other
peritoneal populations, STAT1 induction in NK cells was delayed
and separated from the NK cell IFN-vy response by 10 to 12 h.
Thus, the results uncover a key role for type 1 IFN activation of NK
cell IFN-vy and mechanistically resolve important issues concern-
ing the earliest pathways to, sources of, and functions for IFN-+y.

RESULTS

Innate cytokine responses to LCMV infection in the peritoneal
cavity peak early and include NK cell IFN-vy expression. To char-
acterize responses at the earliest times after infections, lavage flu-
ids and cells were collected from peritoneal cavities of B6 mice that
had been uninfected or infected i.p. with 5 X 10* PFU LCMV at
the indicated times prior to harvest. The fluids were tested to eval-
uate cytokines released at the site. The IFN-vylevels were measured
using a cytometric bead assay (CBA). Low but consistently detect-
able levels of IFN-y were found peaking at 30 h after LCMV infec-
tion (Fig. 1A). Enzyme-linked immunosorbent assays (ELISAs)
were used to measure IFN-« and IFN-B. In contrast to the re-
ported extended kinetics of systemic levels of these cytokines (7, 9,
17) as well as the type 1 IFNs detected through 48 h after infection
in serum samples taken from mice used for these experiments
(data not shown), concentrations of IFN-« and IFN- S in the peri-
toneum reached their peak values of 340 and 69 pg/ml, respec-
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tively, at 30 h after challenge and were sharply confined to the 6-h
periods surrounding that point (Fig. 1A). The levels of IL-12p70, a
known inducer of IFN-v, were acquired from the CBAs. All sam-
ples were below the limit of detection for the assay, with no de-
tectable levels in a large majority of samples isolated after 20 to
48 h of infection (Fig. 1A). Thus, the peritoneal cytokine responses
to LCMYV infection include early induction of IFN-vy, with kinet-
ically overlapping IFN-a and IFN- 3 production, but undetectable
IL-12.

To define the major cell populations contributing to IFN-y
production, peritoneal excudate cells (PECs) from uninfected
(0 h) mice and mice infected with LCMV for 20, 24, 30, 36, 40, and
48 h were isolated, stained for NK1.1 and T cell receptor B (TCR-
B), fixed, and permeabilized to stain for cytoplasmic IFN-vy (see
Materials and Methods for staining and gating strategies). Total
lymphocytes were evaluated with an extended lymphocyte gate.
The NK cell subpopulations were identified as NK1.1* TCR-8~
and the T cell subpopulations as NK1.1~ TCR-B*. Lymphocytes
isolated from uninfected mice, including total, NK, and T cells,
did not basally express detectable IFN-v; the positive frequencies
for all populations were <4% (Fig. 1B and C). By 24 h after chal-
lenge with LCMV, approximately 14 to 37% of the NK cells ex-
pressed moderate to high levels of intracellular IEN-+y. The peak of
this NK cell response was at 30 h after infections, when 28 to 43%
of the NK cells expressed IFN-vy. The response was resolving at 36
to 48 h. In contrast to the NK cells, neither total lymphocyte nor T
cell populations had high IFN-+y levels at any of the times exam-
ined (Fig. 1B and C). These results demonstrate that during
LCMYV infection, peritoneal NK cells respond with IFN-+y expres-
sion and are the major producers of the cytokine in the peritoneal
cavity.

Type 1 IEN responsiveness is required for induction of NK
cell IFN-vy expression. Because induction of the biologically ac-
tive IL-12p70 heterodimer can be accompanied by higher-level
IL-12p40 subunit production (8), representative lavage samples
from 0, 24, 30, 36, 40, and 48 h following LCMV infection were
tested in an ELISA for the subunit. Consistent with our earlier
studies (8), all samples had IL-12p40 levels at or below the limit of
detection for the assay (data not shown). To determine if biolog-
ically relevant IL-12 was induced below detection limits, unin-
fected and LCMV-infected mice were treated with control anti-
body or anti-IL-12p40 antibody neutralizing the function of
biologically active IL-12p70 (8). As a positive control for an IL-12-
induced IEN-yresponse (21, 22), mice were given lipopolysaccha-
ride (LPS) i.p. at 6 h prior to harvest. In comparison to LCMV
infection, LPS treatment induced higher levels of IFN-vy in lavage
fluids (Fig. 2A) and higher proportions of NK cells expressing
IEN-+y (Fig. 2B). The enhanced response to LPS was blocked by the
anti-IL-12 treatment. In contrast, the IFN-vy response to LCMV
infection was resistant to the anti-IL-12 treatment (Fig. 2A and B).
Thus, IL-12 is not required for the NK cell IFN-vy response elicited
by the virus.

Two different approaches were used to evaluate the role of type
1 IFNs in stimulating NK cell IFN-+y within mice blocked in their
responsiveness to the cytokines. The first examined responses in
cells from uninfected and 30-h LCMV-infected immunocompe-
tent mice that had been treated with control antibodies or anti-
bodies blocking access to the type 1 IFN receptor, anti-IFNAR
(23). As shown in Fig. 3A, the infected control-treated mice had
the expected 25 to 30% of their NK cells expressing IFN-+, but this
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FIG1 Cytokine expression in the peritoneal cavity during LCMV infection. C57BL/6 mice were uninfected (time 0) or infected i.p. with LCMV for the indicated
times. Peritoneal lavage fluids and cells were collected. (A) Cytokine levels in lavage fluids were measured. IFN-yand IL-12p70 levels were quantified by CBA, and
IFN-a and IFN-f levels were quantified by ELISA. CBA data were pooled from six independent experiments with the following total numbers of individual
samples: n =11 (time 0),2 (20 h), 9 (24 h), 8 (30 h), 17 (36 h), 3 (40 h), and 5 (48 h). ELISA data were pooled from six independent experiments with total n =
11(0h),2(20h),6(24h) 11 (30h), 11 (36 h), 3 (40 h), and 5 (48 h). (B and C) Flow cytometry was used to define subsets expressing intracellular IFN-y. Cell
surface staining of NK1.1 and TCR-f3 followed by cytoplasmic staining for IFN-vy expression was carried out. Analysis was based on subsets identified in an
extended lymphocyte gate. (B) Representative cytoplasmic IEN-+y expression within total lymphocytes, T cells, and NK cells (solid black line) compared to isotype
controls for staining (dashed black line). The numbers shown are percentages of IFN-+y-expressing cells. (C) Proportions of peritoneal NK cells expressing IFN-y
were evaluated by pooling results from eight independent experiments with total n = 13 (0 h),2 (20 h), 4 (24 h), 10 (30 h), 15 (36 h), 5 (40 h), and 5 (48 h). Filled
circles are results from individual animals. Bars are means *+ standard errors of the means (SEM).

response was reduced to <1% in the infected mice treated with  (IFNAR™/7) (24). In comparison to the up to 36% of NK cells
antibodies against IFNAR. The second approach examined re-  expressing IFN-y in wild-type (WT)-infected mice, <1% of the
sponses in mice that were blocked in type 1 IFN responsiveness NK cells in the infected IFNAR™/~ mice expressed IFN-y at 30 h
as a result of genetic mutation of the type 1 IFN receptor after LCMYV infection (Fig. 3B). Thus, blocking type 1 IFN respon-

A IFN-y B IFN-y
1 LCMV LPS
*k%k
+
y 2% 15%| A 2% 35%]| >
° Z
£ Control [®] (4] A b %
= i_L ﬁ 6-' 25
g . . 3
4% 17%)| |12% 15%| X 10
Fde A g 3 :.
Y 5 .¥ — - Y o Y o
s O % i i i i O O F o g
F oS TCRB—> IFN-y—> TCRB—>IFNy—> O & O & O &
Ohrs 30hrs 6hrs Ohrs 30hrs 6hrs
LCMV LPS LCMV LPS

FIG 2 Effects of IL-12 blockade on peritoneal IFN-+y responses to LCMV or LPS. Mice were uninfected, infected with LCMV for 30 h, or treated with LPSat 6 h
prior to harvest. They were administered anti-IL-12 or control antibodies 12 h prior to LCMV infection and 36 h prior to LPS treatment. Peritoneal lavage fluids
and cells were harvested at the indicated times. (A) IFN-vylevels in the lavage fluids were determined by CBA. Each point represents an individual animal. (B) NK
cell subsets were identified and examined for IFN-+y level expression by flow cytometry. Representative flow cytometric plots from individual animals are shown
on the left, and a quantification of the data is shown in bar graphs on the right. Results presented for both panels are pooled from two independent experiments
having groups each having n = 3. Means * SEM are shown. *, P < 0.02; ***, P =< 0.0001.
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FIG 3 Effects of type 1 IFN responsiveness on peritoneal NK cell IFN-vy expression. (A) Control or anti-IFNAR antibodies were administered to mice prior to
LCMYV infection, and NK cell IFN-vy expression was measured at 30 h after infection. Intracellular IFN-vy expression in single samples is shown on the left, and
quantification of multiple samples is shown on the right. Data are representative of one independent experiment with n = 3. (B) NK cells were examined for
IFN-vy expression at 30 h after LCMV infection of IFNAR™/~ and WT mouse controls. Representative staining from single samples is presented on left. Data
pooled from two independent experiments with n = 3 (WT) and 5 (IFNAR™/7) are presented on right. Bars are means = SEM. (C) Adoptive transfer of
peritoneal cells from IFNAR ™/~ and WT mice into WT mice followed by LCMV infection was performed to assess the requirement for type 1 IFN signaling within
NK cells. Recipient cells were identified as CD45.1" and donor cells were identified as CD45.1~. The IFN-vy expression, in representative samples, by WT and
IFNAR ™/~ peritoneal NK cells following adoptive transfer into WT mice at 30 h after LCMV infection is given on the left. Data pooled from two independent
experiments with n = 4 (0 h) and 6 (30 h) are shown on right. Each point represents an individual animal. Bars are means = SEM. *, P < 0.0005; **, P = 0.0001;

e P =0.0001.

siveness in vivo dramatically inhibits induction of peritoneal NK
cell IFN-vy expression after LCMV infection.

Because type 1 IFNs stimulate a wide range of effects, including
those important for antiviral defense, the direct consequences of
NK cell responsiveness to these cytokines required examination in
the context of a WT environment. Therefore, experiments evalu-
ated IFN-v induction in peritoneal WT (IFNAR*/*) and IF-
NAR ™/~ cells after their isolation and adoptive transfer into WT
recipient mice (Fig. 3C). Cells from recipient and donor mice were
distinguished by expression of the CD45.1 or CD45.2 allele, with
recipient mice being CD45.1" and donor mice being CD45.1~
(Fig. 3C). For these studies, WT and IFNAR-deficient PECs were
prepared and transferred into WT recipient mice prior to LCMV
infection. None of the populations expressed IFN-vy when recipi-
ents remained uninfected (Fig. 3C; 0 h after LCMV). When WT
PECs were transferred into WT recipients, both donor and recip-
ient NK cells expressed IFN-+y at 30 h after infection, with overall
mean expression of 23 and 21%, respectively (Fig. 3C). In con-
trast, transferred NK cells isolated from IFNAR-deficient mice
were significantly decreased in their ability to express IFN-vy, with
expression averaging approximately 4% compared to 22% of WT
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recipient NK cells (Fig. 3C). Taken together, the studies conclu-
sively prove that type 1 IFN signaling within peritoneal NK cells is
required for the induction of IFN-y expression during LCMV
infection.

NK cell IFN-y expression requires STAT4. To determine the
role of STAT4 in NK cell IEN-vy expression, responses in mice
lacking STAT4 as a result of genetic mutation (STAT4~/7) (13)
were evaluated. Here, the PECs were isolated from uninfected
mice and mice at 30 or 36 h after LCMV infections (Fig. 4A). NK
cells from infected STAT4-deficient mice were induced to express
much lower levels of IFN-vy and did so in lower frequencies than
NK cells from infected WT mice (Fig. 4A). To define the effects of
STAT4 loss within NK cells in a WT environment of infection,
adoptive transfer experiments were carried out using PEC donor
cells isolated from WT or STAT4-deficient mice and then deliv-
ered into WT recipient mice. The donor cells were identified by
lack of CD45.1 expression and the recipient cells by CD45.1 ex-
pression (Fig. 4B). None of the populations expressed IFN-ywhen
recipients remained uninfected (Fig. 4B; 0 h after LCMV infec-
tion). When WT PECs were transferred into WT recipient mice,
both recipient and donor NK cells expressed normal levels of

July/August 2011 Volume 2 Issue 4 e00169-11


mbio.asm.org

NK Cell IFN-y Production Elicited by Type 1 Interferon

A Uninfected 30hrs 36hrs
- 2% / 40% I 31% . 401 oW
NK Cells /! Z 30 ] STAT4--
\ y 'it; *
5 20-
STATA/ / 1% 14% 13% g
NK Cells ‘ < 19
\ L\ L\ Ol —misi- 7 [ ] T
IFN-y > Ohrs 30hrs LCMV
B Donor Recipient
CD45.2 CD45.1
STAT4+/+ or - LCMV sTAT4+/+
Lo~ S B
Total Total Recipient Donor
Lymphocytes NK Cells NK Cells NK Cells
Ds\r;_lc_)r: 92% 98% 30% 34% . 507 ITI
>
i 40 v u
30hrs LCMV 8% 0%, e z . .
» 304 v A
; ) - - —4
Donor: 91% 97% I} O 204 v il
STAT4-/- Il X . =
30hrs LCMV ‘ 9% - S0 . . N
. . B
TCR-p —» CD45.1 > IFN-y > T o <
Time LCMV: B oS oSS
NK Cells: Recipient Donor | Recipient Donor
WT Donor STAT4-/- Donor

FIG 4 Effect of STAT4 loss on peritoneal NK cell IFN-+y expression. (A) Differences in the responses to LCMV infection were examined in WT and STAT4~/~
mice. Representative IFN-+y expression in NK cells (solid black line) isolated from uninfected (0 h) and 30- and 36-h LCMV-infected mice compared to isotype
controls (dashed black line) is given on the left. Shown is a quantification of IFN-vy expression in STAT4~/~ peritoneal NK cells (white bars) compared to WT
(black bars) results from multiple mice. Data are representative of two independent experiments with n = 3 (0 hand STAT4~/~ at 30 h) and 2 (WT at 30 h). (B)
Adoptive transfer of peritoneal cells from WT and STAT4~/~ mice into WT mice followed by LCMV infection. Donor and recipient mice were congenic with cells
from donor mice lacking CD45.1 (CD45.17) and from recipient mice expressing CD45.1 (CD45.1%). Representative IFN-y expression by WT and STAT4~/~
peritoneal NK cells (solid black line) during adoptive transfer into WT mice at 30 h after LCMV infection compared to isotype control (dashed black line) is
presented on the left. Points on the right show results from individual mice collected from two independent experiments with n = 4 (0 h), 5 (30 h WT), and 4

(30 h STAT4~/~). Bars are means = SEM. *, P < 0.05; **, P < 0.02.

IFN-v at 30 h after infection. In contrast, when STAT4 "/~ cells
were transferred, donor NK cells produced significantly lower lev-
els of IFN-y compared to WT recipient NK cells in response to
infection (Fig. 4B). Hence, STAT4 expression within peritoneal
NK cells is necessary for optimal I[FN-vy induction.

The STAT1 and STAT4 levels are differentially expressed in
cell subsets during LCMV infection. Because our previous stud-
ies have shown that a pathway from type 1 IFN through STAT4 for
NK cell IFN-vy expression in the spleen is associated with high
basal STAT4 levels but blocked by increasing STAT1 levels during
infections (9), intracellular STAT levels were examined in the
peritoneal populations by flow cytometric approaches. The exper-
iments demonstrated high basal STAT4 levels in NK cells
(Fig. 5A). The trait was unique to NK cells, with only low propor-
tions of total lymphocytes and T cells expressing STAT4 and only
doing so at lower levels, and NK cells retained their unique high
levels of STAT4 throughout infection (Fig. 5A). In contrast, all
populations isolated from uninfected mice were low for STAT],
but expression in the NK cells was always slightly lower (Fig. 5B).
Following LCMYV infection, the total lymphocyte and T cell pop-
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ulations rapidly elevated STAT1 expression, with 80 to 95% of the
populations expressing high levels of STAT1 by 40 h after infec-
tion (Fig. 5B to D). The peritoneal NK cells also had STATT1 levels
induced during the infection, but in comparison to the other pop-
ulations, there was a delay, requiring upwards of 8 to 16 h longer
than total lymphocytes and T cells to reach 50% high levels of
STAT1-expressing cells (Fig. 5B to E). Thus, the NK cell popula-
tions uniquely express high levels of STAT4 basally and after in-
fection. Moreover, although all populations have elevated STAT1
after infection, induction in NK cells is delayed.

The peritoneal IFN-y response promotes resistance to
LCMV infection. After i.p. infection, LCMV was difficult to detect
in lavage fluids at 20 and 24 h, but titers rapidly increased by 30 h
and subsequently decreased (Fig. 6A). To determine the physio-
logic relevance of the peritoneal IFN-vy response, viral burdens
were measured in samples collected from WT mice and mice ren-
dered unresponsive to IFN-vy as a result of genetic mutation of the
IFN-vy receptor (IFN-yR~/7) (25). The IFN-yR-deficient mice
had significant increases in LCMV titers of approximately 1 log at
30 h after infection (Fig. 6A). Experiments evaluating the require-
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FIG 5 STAT1 and STAT4 levels in peritoneal cells. Total intracellular STAT1 and STAT4 protein levels were measured by flow cytometry in peritoneal cells
isolated at different times during LCMV infection of WT mice. Representative data of STAT4 (A) and STAT1 (B) expression at 0, 30, and 48 h after LCMV
infection in single samples examining total lymphocytes, T cells, and NK cells (solid black line) are shown compared to isotype controls (dashed black line).
Compiled data on the percentage of cells expressing STAT1 (open bars) and STAT4 (filled bars) (=SEM) at 0, 24, 20, 36, 40, and 48 h of LCMV infection are
shown for total lymphocytes (C), T cells (D), and NK cells (E). Data are representative of three independent experiments, with different ranges of times for groups

with n = 3.

ment for NK cells demonstrated that in comparison to control
antibody treatments, antibodies to NK1.1 depleted the following:
(i) the NK cells from the PECs isolated from uninfected and in-
fected mice (Fig. 6B), (ii) the major population expressing intra-
cellular IFN-y after infection (Fig. 6B), and (iii) the levels of de-
tectable IFN-yin lavage fluids collected at 30 h following challenge
(Fig. 6C). The effects were accompanied by proportional increases
in viral titers (Fig. 6C). Taken together, these studies demonstrate
that the IFN-vy responses have an impact on controlling the viral
burden in the peritoneal cavity during LCMV infection and that
NK cells are required for the optimal IFN-vy response, and its
effects.

DISCUSSION

In the work presented above, the interplay between cytokines and
intracellular signaling molecules in the regulation of NK cell acti-
vation and function is defined at the earliest site of viral infection
in immunocompetent mice. Production of IFN-¢, IFN-f3, and
IEN-v in the peritoneal cavity was shown to peak at 30 h after
LCMYV infection. NK cells were the major producers of IFN-y and
uniquely expressed high levels of STAT4. The pathway for induc-
tion of NK cell IFN-+y production was dependent on responsive-
ness to type 1 IFNs and on the STAT4 signaling molecule. The
elicited IFN-vy enhanced defense because loss of responsiveness to
the factor resulted in increased viral burdens. Thus, type 1 IFN
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induction of IFN-vy production by NK cells, dependent on STAT4,
is conclusively proven to occur and to lead to downstream effects
under immunocompetent conditions.

Previous work from this laboratory has established that under
basal conditions, splenic NK cells express high STAT4 and low
STATT1 levels and preferentially activate STAT4 over STAT1 after
ex vivo exposure to type 1 IFNs (9). Nevertheless, it has only been
possible to identify type 1 IFN activation of STAT4 and IFN-vy in
the spleens of STAT1-deficient mice during LCMV infection be-
cause the type 1 IFNs and IFN-vy induce STAT1 levels to block the
pathway to STAT4 (9). The results reported here answer the ques-
tion of why a pathway from type 1 IFN to STAT4 for IFN-vy ex-
pression would be maintained when it is rapidly turned off by
concurrent STAT1 induction; it is used to locally access a short
burst of IFN-vy at very early times after infection. In this case,
“locally” is the peritoneal cavity. In addition to the detectable NK
cell IFN-vy response, innate responses to LCMV at this site differed
from the well-characterized responses in spleen and serum (7, 9,
17) with regard to the kinetics and magnitude of type 1 IFN pro-
duction and the kinetics of STAT1 induction in NK cells (9). Type
1 IFN production in the peritoneal cavity was very early and of
short duration— detectable at 24 h, peaking at 30 h, and resolving
by 36 h after infection (Fig. 1)—and although total lymphocytes
and T cells had dramatically elevated STAT1 levels early, induc-
tion was delayed by 8 to 16 h in the NK cells (Fig. 5). Thus, in
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FIG 6 Impact of peritoneal IFN-y on LCMV viral burden. (A) Viral titers at
different times of infection in the peritoneal cavity. Differences in LCMV titer
in IFN-yR~/~ compared to WT controls are shown. Data are from one inde-
pendent experiment for groups with n = 5. Bars are means = SEM. Results are
representative of five different experiments with different numbers of samples
at different times of infections. (B) NK cell depletion in the peritoneum. The
consequences of control antibody compared to anti-NK1.1 treatments on NK
cell numbers and IFN-vy-expressing cells at 30 h of LCMV infection are pre-
sented in the upper panel. Flow graphs show results from individual samples.
Bar graphs give averages from three individual mice. (C) Peritoneal IFN-y
levels were measured in lavage fluids by CBA following control or anti-NK1.1
treatments. Data representative of two experiments with n = 6 (30 h) for each
group in each experiment. Peritoneal viral titers were measured in a plaque
assay. Data representative of three independent experiments with individual
total samples for each group being n = 15. Each point represents an individual
animal. Bars are means = SEM. *, P = 0.05; **, P < 0.0002.

contrast to the spleen, the environment in the peritoneal cavity
allows type 1 IFN to access STAT4 prior to STAT1 induction in
NK cells (Fig. 7).

Why was STAT1 elevation delayed in the NK cells compared to
the other PEC populations examined? Promoter sequences in the
STAT]I gene specific for STAT1 complexes may act to enhance
STATI induction whenever STAT1 is activated (26). Thus, any
cytokine signaling through STAT1 would be expected to induce
elevated STATI levels. In addition to type 1 IFN receptors, recep-
tors for IFN-vy also activate STAT1 (10). The results presented
here suggest that NK cells might first respond to type 1 IFN expo-
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FIG 7 Compartmental differences in innate immune response to LCMV
infection. Shown is a schematic representation of the differences in the im-
mune response to LCMV in the peritoneal cavity compared to the spleen. The
results presented here studying the peritoneal cavity show that both type 1
IFNs and the viral burden peak at 30 h. This is correlated with an early peak in
IFN-7y production in NK cells. NK cell production of IFN-vy occurs before
STAT1 levels have risen. Previous work with the spleen has shown that a more
vigorous peak in viral load and type 1 IFNs is seen between 2 and 3 days after
LCMV infection with a concurrent rise in STAT1 (7). Type 1 IFNs are unable
to access STAT4-dependent IFN-vy production due to the earlier rise in STAT1
levels. The response in the peritoneum promotes antiviral defense. The re-
sponse in the spleen protects from dysregulated cytokine production and
cytokine-mediated disease.

sure with IFN-vy because of their high STAT4 levels, but once
IFN-v is induced, it acts back on the cells to induce STAT1. This
would explain the delay in STAT1 induction in NK cells compared
to other subsets. Alternatively or additionally, it might just take
longer for type 1 IEN to induce STAT1 in populations with high
STAT4 levels. The NK cells in both the spleen (9) and peritoneum
(Fig. 5) consistently have lower levels of STATI. Because the
spleen is a secondary compartment of infection, most of the NK
cells may be experiencing cytokines produced earlier at other sites
and/or not be synchronized to make a detectable short burst of
IFN-vin this compartment. In any case, it is remarkable that there
is a window of opportunity for IFN-+y production under the con-
ditions in the peritoneum given the link between this response and
shutting it off. The pathway suggests that there will be a very early
source of NK cell IFN-y whenever type 1 IFNs are induced.

Our studies are helping to resolve conflicting reports in the
literature on potential type 1 IFN consequences for IFN-vy expres-
sion (5, 6, 9), adding information to the growing literature report-
ing cellular differences in type 1 IFN responses (27, 28) and ad-
vancing the mechanistic understanding of how the biological
effects of STAT cytokines are regulated to access diverse and par-
adoxical effects as needed. Type 1 IFNs have long been known to
exert antiviral effects and enhance NK cell cytotoxicity through
the activation of STATI (4, 5, 11). The NK cells, however, are
positioned to respond to type 1 IFNs with STAT4 activation be-
cause high basal levels of STAT4 are associated with the type 1 IFN
receptor (9). Increasing the endogenous levels of total STAT1 pro-
tein negatively regulates STAT4 access in part by displacing
STAT4 from the receptor, and this induction of STAT1, as ob-
served in the spleen, is beneficial because it protects from dysregu-
lated systemic IFN-vy production and cytokine-mediated disease
(9). In contrast, the results reported here show that the type 1 IFNs
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have early access to STAT4 and the NK cell IFN-y pathway prior to
STAT]I induction and that this pathway promotes resistance to
infection. Recent studies have shown that similar STAT4-STAT1
regulation is in place in humans; type 1 IFNs induce STAT4 acti-
vation in NK cells isolated from healthy individuals, but the re-
sponse is diminished in NK cells from individuals chronically in-
fected with hepatitis C virus. The activation of STAT4 negatively
correlates with STAT1 levels in these populations (29). Thus,
modulation of STAT4 and STAT1 concentrations in different cell
types under different conditions of infections in mice and humans
helps explain how type 1 IFNs can enhance or antagonize IFN-y
stimulation, and the studies with mice provide explanations for
how the balance, in both directions, works to the benefit of the
host. A change in relative STAT ratios might also play a role in
conditioning NK cells to modify type 1 IEN responses from pro-
moting cytokine production to enhancing cytotoxic function.

In addition to our earlier studies with STAT1-deficient mice,
there have been a few other reports suggesting a role of type 1 IFN
in NK cell IFN-vy expression. One examined a number of activa-
tion responses, including intracellular IFN-vy, of type 1 IEN
receptor-deficient compared to WT NK cells following in vitro
exposure to vaccinia virus and dendritic cells (30). Early in vivo
IFN-vyinduction has been reported in the mouse peritoneum dur-
ing different viral infections (31), and intracellular [FN-+y expres-
sion by splenic NK cells has been observed following treatments
with the chemical analogue of viral nucleic acids, polyinosinic-
polycytidylic acid [poly(I - C)] (32, 33). These in vivo studies,
however, have been done under conditions where the type 1 IFN
effects were not delineated from those that might have been me-
diated by other cytokines induced under the experimental condi-
tions used, including reported IL-12. In one study with
poly(I - C) (32), the intracellular NK cell IFN-+y expression was
shown to be blocked by treatments with antibodies neutralizing
type 1 IEN function, but the consequences of the treatments on
other cytokine responses were not evaluated. Here, in vivo re-
sponses under which the type 1 IFN receptor was blocked were
evaluated by different approaches, including adoptive transfer of
peritoneal populations from WT or type 1 IFN receptor-deficient
mice into WT-infected mice (Fig. 3). This method allows direct
comparison of donor and recipient cells in the context of the com-
plete endogenous immune responses. Thus, to our knowledge,
this is the first demonstration of type 1 IFNs inducing IFN-v pro-
duction from NK cells under immunocompetent conditions of
viral infection.

The studies do not exclude possible roles for accessory cyto-
kines in enhancing type 1 IFN induction of IFN-vy. Certainly,
IL-12 is an activator of STAT4 and a potent inducer of IFN-vy (13,
34). The cytokine IL-18 can enhance the stimulation of IFN-vy by
either type 1 IFNs or IL-12 (7, 35-37), and new studies decipher-
ing pathways from different sensors have demonstrated synergism
between type 1 IFNsand IL-12 for IFN-vyinduction in human cells
(38). The results presented here, however, suggest that there may
be a short burst of IFN-+y induced by type 1 IFNs independent of
IL-12, and our previous work examining murine cytomegalovirus
infections of mice has shown that induced type 1 IFNs promote
NK cell cytotoxicity but IL-12 is required for splenic and systemic
NK cell IFN-7y (3, 4). The experiments carried out here neutraliz-
ing IL-12 in vivo show that IL-12 does not play arole in the LCM V-
induced NK cell IFN-vy response (Fig. 2). Interestingly, the posi-
tive controls for these studies (i.e., effects on LPS induction of
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IFN-+yin the peritoneal cavity) (Fig. 2) demonstrate that when it is
elicited, IL-12 is important in eliciting a peritoneal NK cell IFN-vy,
but also that there is residual NK cell IFN-vy after neutralization.
This is consistent with early reports of incomplete IFN-+y blockade
by IL-12 neutralization following LPS treatment in other settings
(21) and the known LPS induction of IFN- 3 (39). Taken together,
the studies suggest that IL-12 is an important inducer of NK cell
IEN-v if elicited and the critical cytokine for IFN-+y induction
once STAT] levels are increased. There are likely to be additional
regulatory factors in play, however, as the presence of STAT1
eventually results in reduced IFN-v induction by either type 1
IENs or IL-12 (6). Thus, much remains to be done to map the
complex interactions between type 1 IFN and IL-12 for shaping
NK cell responses, but eliciting different type 1 IFN and IL-12
responses may be part of directing the magnitude of, and contin-
ued access to, the NK cell IFN-vy response.

The peritoneal responses reported here demonstrate that by
being receptive to early type 1 IFN signaling with IFN-vy produc-
tion, NK cells can serve as sensors for and responders to the pres-
ence of viral pathogens. The studies surprisingly reveal a previ-
ously elusive role for NK cells in early defense against LCMV. In
comparison to other viral infections in compartments outside the
peritoneal cavity, LCMV has been shown to be relatively insensi-
tive to the direct antiviral effects of NK cells (40—42) or IFN-y
(43). Our previous attempts to access NK cell IFN-+y in defense
against LCMV have shown that administration of IL-12 prior to
infection can induce the response to result in under a 1-log de-
crease in splenic viral titers (44). In this report, infection-induced
IFN-v, dependent on NK cells, was shown to proportionally limit
viral burden at this first site of infection. Thus, though modest,
there is a documented effect of the NK cells and IFN-+y during
LCMV infection. The mechanism for the antiviral effect mediated
by IEN-vy is not known. Given the rapid kinetics, it is likely to be a
result of the activation of direct antiviral effects in infected cells or
macrophages rather than enhancement of adaptive immune func-
tions resulting from promoting major histocompatibility com-
plex (MHC) class 1 expression or CD8 T cell effector functions
(45). It remains to be determined whether or not the NK cell
IFN-v elicited by type 1 IFNs will be a more important first re-
sponse in defense against other more sensitive viral infections
and/or for promoting immunoregulatory functions.

In summary, these studies discover a novel pathway for NK cell
stimulation at an initial site of infection. Moreover, they advance
understanding of the regulation of type 1 IFN responses and pro-
vide critical insights into how the immune response is finely reg-
ulated to deliver maximal protection without being detrimental to
the host.

MATERIALS AND METHODS

Mice. Specific-pathogen-free C57BL/6 (B6) (C57BL/6NTac) and B6.SJL-
Ptprca/BoyAiTac mice, which are C57BL/6 mice that express the congenic
CD45.1 allele of the Ptprc (protein-tyrosine-phosphatase, receptor type ¢
locus) gene, were purchased from Taconic Laboratories (Germantown,
NY). Breeding pairs of the Star4~/~ mice (13) on the B6 background were
a gift from Mark H. Kaplan of Indiana University, B6 IfngR~/~ mice (25)
with control WT mice were purchased from the Jackson Laboratories (Bar
Harbor, ME), and Ifnar~/~ mice (24) on the B6 background were a gift
from Murali-Krishna Kaja of the University of Washington. All mice ex-
cept B6.SJL mice expressed the CD45.2 allele. Genetically mutated mice
were bred and maintained in isolation facilities at Brown University
through brother-sister mating. All mice used in experiments were 5 to 12
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weeks old. Animals obtained from sources outside Brown University were
housed in the animal care facility for at least 1 week before use. Handling
of mice and experimental procedures were conducted in accordance with
institutional guidelines for animal care and use.

Virus, infections and treatments. For LCMV infection experiments,
mice were either uninfected (0 h after infection) or infected i.p. with 5 X
10* PFU of LCMV Armstrong strain, clone E350 (7, 9, 17). For IL-12
blocking experiments, animals were injected with either 750 g or 1 mg of
anti-IL-12p40 (anti-IL-12/23, clone C17.8; BioXCell, West Lebanon, NH)
or control rat IgG2a (clone 2A3; BioXCell) antibodies 12 h prior to LCMV
infection and 36 h prior to treatment with 20 ug of LPS (from Salmonella
enterica serovar Enteritidis; Sigma, St. Louis, MO). Samples from LPS-
treated mice were harvested 6 h after treatment (22). (The levels of efficacy
of treatment with either 750 ug or 1 mg of anti-IL-12 were similar.) For
IFNAR blocking experiments, animals were injected with 250 ug of anti-
IFNARI (clone MAR1-5A3; Leinco Technologies, St. Louis, MO) or con-
trol IgG antibodies 12 h prior to LCMV infection. For NK depletion ex-
periments, animals were injected with 500 g of anti-NK1.1 (clone
PK136; BioXCell) or control IgG2a antibodies at 36 or 12 h prior to LCMV
infection.

Sample preparation. PECs were extracted on the indicated days of
infection. LCMV-infected and control uninfected (0) mice were anesthe-
tized and bled retro-orbitally to collect serum samples. Mice were hu-
manely sacrificed, by cervical dislocation after anesthetization, and the
peritoneal cavity was lavaged with 5 ml of cold serum-free RPMI medium
(Gibco, Invitrogen, Carlsbad, CA). Mice were gently agitated to increase
PEC suspension in lavage medium. For analysis of surface marker expres-
sion or total STAT levels, PECs were resuspended in staining buffer con-
taining 2% heat-inactivated fetal bovine serum (FBS) and then prepared
for flow cytometric analysis as described below. For examination of intra-
cellular IFN-vy, PECs were resuspended in complete media containing
5 ug/ml brefeldin A (Sigma, St. Louis, MO), without additional stimula-
tion, for 4 h at 37°C. Cells were then stained as described below. Peritoneal
lavage fluids and serum samples were aliquoted and stored at —80°C for
later use in cytokine and viral titer measurements.

Adoptive transfers. Total donor PECs from uninfected mice
(CD45.2) were isolated as described above and resuspended in 300 ul of
RPMI medium. These cells were injected i.p. into uninfected recipient
mice (CD45.1). Recipient mice were rested for 1 h and either left unin-
fected or infected with LCMV as described above. Staining to identify
donor and recipient cell populations was performed as described below
using an anti-CD45.1-fluorescein isothiocyanate (FITC) antibody.

Flow cytometric analysis. Detection of surface markers, intracellular
IFN-v, and intracellular total STAT1 and STAT4 was done with minor
modifications as previously described (9, 46). Briefly, PECs were incu-
bated with 2.4G2 antibody (BioXCell, West Lebanon, NH) to block non-
specific binding to the Fc receptor. Cell surface staining was then per-
formed with antibodies specific for the following: TCR-B-FITC, TCR-—
peridinin chlorophyll protein (PerCP), NKI1.1-phycoerythrin (PE) (all
from eBioscience, San Diego, CA), TCR-6-FITC, and CD45.1-FITC (BD
Biosciences, Franklin Lakes, NJ). For cell surface staining only, cells were
fixed with 2% paraformaldehyde. For intracellular staining of IFN-1y, cells
were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences)
and then stained with IFN-y-allophycocyanin (APC) (BD Biosciences).
For intracellular staining of total STAT1 and STAT4, cells were fixed and
permeabilized with Cytofix/Cytoperm and then further fixed and perme-
abilized with ice-cold pure methanol. Subsequent staining was performed
with combinations of STAT1-PE and STAT4-APC (custom prepared by
BD Biosciences). The following isotype controls were included in each
experiment: mouse IgG2a, mouse IgG2b, mouse IgGl, rat IgGl, rat
IgG2a, rat IgG2b, and hamster IgG (BD Biosciences or eBioscience). Sam-
ples were acquired using a FACSCalibur (BD Biosciences) with the Cell-
Quest Pro software package (BD Biosciences). Laser outputs were 15 mW
at 488- and 635-nm wavelengths. At least 120,000 events were collected
within a live-cell gate that was determined by forward and side scatter.

July/August 2011 Volume 2 Issue 4 e00169-11

NK Cell IFN-y Production Elicited by Type 1 Interferon

Analysis of flow cytometric data was performed using FlowJo9 (Tree Star,
Inc., Ashland, OR).

To ensure proper identification of the NK cell population in PECs,
NKI.1-positive cells were costained with markers identifying TCR-a/8
and TCR-y/8 T cells. A lymphocyte gate was set to maximize inclusion of
NKI1.17 cells at different times after infection, and it was identified as an
“extended lymphocyte gate.” Using this scheme, <5% of the NK1.1* cells
were TCR-8" under naive conditions; after LCMYV infection, the popula-
tion was reduced to <2%, and the cells were not producing IFN-vy (data
not shown). NK1.1* cells that were TCR-B+ (NK T cells) represented
approximately 30% of the total NK1.1" population at day 0. After LCMV
infection, this population was again diminished to <5%, and the IFN-y
produced by these cells represented only about 3% of the total IFN-y*
cells. Thus, all experiments defined NK cells to be NK1.1* TCR-B".

Cytokine measurements. [FN-vy and IL-12p70 were measured in the
peritoneal lavage fluid or the serum using the mouse inflammation kit
cytometric bead assay (BD Biosciences). The limits of detection were
2.5 pg/ml for IFN-vy and 10.7 pg/ml for IL-12p70. IFN-« and IFN-8 were
measured in the peritoneal lavage fluid or the serum using the VeriKine
mouse IFN-a or mouse IFN-B ELISA kits, respectively (PBL Interferon-
Source, Piscataway, NJ). The limits of detection for these assays were
12.5 pg/ml for IFN-« and 15.6 pg/ml for IFN-B. The IL-12p40 ELISA,
with a limit of detection of 100 pg/ml, was done as previously described
(8).

LCMV plaque assay. LCMV titers were determined as previously de-
scribed (7, 17). Briefly, peritoneal lavage fluids were thawed from storage
at —80°C and serially diluted. Samples were overlaid onto Vero cell
monolayers and incubated at 37°C for 1.5 h. Plaques were allowed to form
upon overlay of samples with a 50:50 mixture of agarose-medium 199
(Sigma) for 3 days and then visualized using neutral red staining (Sigma).
Included in each assay were positive LCMV control samples and negative
controls (uninfected animals).

Statistical analysis. All analyses were performed using Prism 5
(GraphPad Software, La Jolla, CA). Statistical significance was determined
using the two-way analysis of variance (ANOVA) test.

ACKNOWLEDGMENTS

The authors thank Seung-Hwan Lee and Han Cun for techniques and
advice and Maria Fragoso for technical assistance.

The work was supported by National Institutes of Health grants
CA41268 and AI55677.

The authors have no financial conflicts of interest.

REFERENCES

1. Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. 1999.
Natural killer cells in antiviral defense: function and regulation by innate
cytokines. Annu. Rev. Immunol. 17:189-220.

2. Lee SH, Biron CA. 2010. Here today—not gone tomorrow: roles for
activating receptors in sustaining NK cells during viral infections. Eur. J.
Immunol. 40:923-932.

3. Orange JS, Biron CA. 1996. Characterization of early IL-12, IFN-
alphabeta, and TNF effects on antiviral state and NK cell responses during
murine cytomegalovirus infection. J. Immunol. 156:4746—4756.

4. Nguyen KB, et al. 2002. Coordinated and distinct roles for IFN-alpha
beta, IL-12, and IL-15 regulation of NK cell responses to viral infection. J.
Immunol. 169:4279—4287.

5. Garcia-Sastre A, Biron CA. 2006. Type 1 interferons and the virus-host
relationship: a lesson in detente. Science 312:879—882.

6. Nguyen KB, et al. 2000. Interferon alpha/beta-mediated inhibition and
promotion of interferon gamma: STAT1 resolves a paradox. Nat. Immu-
nol. 1:70-76.

7. Pien GC, Nguyen KB, Malmgaard L, Satoskar AR, Biron CA. 2002. A
unique mechanism for innate cytokine promotion of T cell responses to
viral infections. J. Immunol. 169:5827-5837.

8. Orange JS, Biron CA. 1996. An absolute and restricted requirement for
IL-12 in natural killer cell IFN-gamma production and antiviral defense.
Studies of natural killer and T cell responses in contrasting viral infections.
J. Immunol. 156:1138—1142.

mBio mbio.asm.org 9


mbio.asm.org

Mack et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

10

. Miyagi T, et al. 2007. High basal STAT4 balanced by STAT1 induction to

control type 1 interferon effects in natural killer cells. J. Exp. Med. 204:
2383-2396.

Platanias LC. 2005. Mechanisms of type-I- and type-II-interferon-
mediated signalling. Nat. Rev. Immunol. 5:375-386.

Lee CK, et al. 2000. Distinct requirements for [FNs and STAT1 in NK cell
function. J. Immunol. 165:3571-3577.

Brierley MM, Fish EN. 2002. Review: IFN-alpha/beta receptor interac-
tions to biologic outcomes: understanding the circuitry. J. Interferon Cy-
tokine Res. 22:835-845.

Kaplan MH, Sun YL, Hoey T, Grusby M]J. 1996. Impaired IL-12 re-
sponses and enhanced development of Th2 cells in Stat4-deficient mice.
Nature 382:174-177.

Rogge L, et al. 1998. The role of Stat4 in species-specific regulation of Th
cell development by type I IFNs. J. Immunol. 161:6567—6574.

Nguyen KB, et al. 2002. Critical role for STAT4 activation by type 1
interferons in the interferon-gamma response to viral infection. Science
297:2063-2066.

Cousens LP, et al. 1999. Two roads diverged: interferon alpha/beta- and
interleukin 12-mediated pathways in promoting T cell interferon gamma
responses during viral infection. J. Exp. Med. 189:1315-1328.

Louten J, van Rooijen N, Biron CA. 2006. Type 1 IFN deficiency in the
absence of normal splenic architecture during lymphocytic choriomenin-
gitis virus infection. J. Immunol. 177:3266-3272.

Barton LL, Mets MB. 2001. Congenital lymphocytic choriomeningitis
virus infection: decade of rediscovery. Clin. Infect. Dis. 33:370-374.
Fischer SA, et al. 2006. Transmission of lymphocytic choriomeningitis
virus by organ transplantation. N. Engl. J. Med. 354:2235-2249.

Palacios G, et al. 2008. A new arenavirus in a cluster of fatal transplant-
associated diseases. N. Engl. J. Med. 358:991-998.

Wysocka M, et al. 1995. Interleukin-12 is required for interferon-gamma
production and lethality in lipopolysaccharide-induced shock in mice.
Eur. J. Immunol. 25:672—676.

Nguyen KB, Biron CA. 1999. Synergism for cytokine-mediated disease
during concurrent endotoxin and viral challenges: roles for NK and T cell
IFN-gamma production. J. Immunol. 162:5238—-5246.

Sheehan KC, et al. 2006. Blocking monoclonal antibodies specific for
mouse IFN-alpha/beta receptor subunit 1 (IFNAR-1) from mice immu-
nized by in vivo hydrodynamic transfection. J. Interferon Cytokine Res.
26:804-819.

Miiller U, et al. 1994. Functional role of type I and type II interferons in
antiviral defense. Science 264:1918—-1921.

Huang S, et al. 1993. Immune response in mice that lack the interferon-
gamma receptor. Science 259:1742—-1745.

Wong LH, et al. 2002. Isolation and characterization of a human STAT1
gene regulatory element. Inducibility by interferon (IFN) types I and II
and role of IFN regulatory factor-1. J. Biol. Chem. 277:19408-19417.
van Boxel-Dezaire AH, et al. 2010. Major differences in the responses of
primary human leukocyte subsets to IFN-beta. J. Immunol. 185:
5888-5899.

Zhou H, Zhao J, Perlman S. 2010. Autocrine interferon priming in
macrophages but not dendritic cells results in enhanced cytokine and
chemokine production after coronavirus infection. mBio 1(4):00219-10.
Miyagi T, et al. 2010. Altered interferon-alpha-signaling in natural killer
cells from patients with chronic hepatitis C virus infection. J. Hepatol.
53:424—-430.

mBio mbio.asm.org

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Martinez J, Huang X, Yang Y. 2008. Direct action of type I IFN on NK
cells is required for their activation in response to vaccinia viral infection
in vivo. J. Immunol. 180:1592-1597.

Malmgaard L, Paludan SR. 2003. Interferon (IFN)-alpha/beta, interleu-
kin (IL)-12 and IL-18 coordinately induce production of IFN-gamma
during infection with herpes simplex virus type 2. J. Gen. Virol. 84:
2497-2500.

Longhi MP, et al. 2009. Dendritic cells require a systemic type I interferon
response to mature and induce CD4* Thl immunity with poly IC as
adjuvant. J. Exp. Med. 206:1589-1602.

McCartney S, et al. 2009. Distinct and complementary functions of
MDAS5 and TLR3 in poly(I:C)-mediated activation of mouse NK cells. J.
Exp. Med. 206:2967-2976.

Berenson LS, Farrar JD, Murphy TL, Murphy KM. 2004. Frontline:
absence of functional STAT4 activation despite detectable tyrosine phos-
phorylation induced by murine IFN-alpha. Eur. J. Immunol. 34:
2365-2374.

Micallef MJ, et al. 1996. Interferon-gamma-inducing factor enhances T
helper 1 cytokine production by stimulated human T cells: synergism with
interleukin-12 for interferon-gamma production. Eur. J. Immunol. 26:
1647-1651.

Sareneva T, Matikainen S, Kurimoto M, Julkunen I. 1998. Influenza A
virus-induced IFN-alpha/beta and IL-18 synergistically enhance IFN-
gamma gene expression in human T cells. J. Immunol. 160:6032—6038.
Matikainen S, et al. 2001. IFN-alpha and IL-18 synergistically enhance
IFN-gamma production in human NK cells: differential regulation of
Stat4 activation and IFN-gamma gene expression by IFN-alpha and IL-12.
Eur. J. Immunol. 31:2236-2245.

PerrotI, etal. 2010. TLR3 and Rig-like receptor on myeloid dendritic cells
and Rig-like receptor on human NK cells are both mandatory for produc-
tion of IFN-gamma in response to double-stranded RNA. J. Immunol.
185:2080-2088.

Toshchakov V, et al. 2002. TLR4, but not TLR2, mediates IFN-beta-
induced STATlalpha/beta-dependent gene expression in macrophages.
Nat. Immunol. 3:392-398.

Bukowski JF, Woda BA, Habu S, Okumura K, Welsh RM. 1983. Natural
killer cell depletion enhances virus synthesis and virus-induced hepatitis
in vivo. J. Immunol. 131:1531-1538.

Bukowski JF, Warner JF, Dennert G, Welsh RM. 1985. Adoptive transfer
studies demonstrating the antiviral effect of natural killer cells in vivo. J.
Exp. Med. 161:40-52.

Bukowski JF, Yang H, Welsh RM. 1988. Antiviral effect of lymphokine-
activated killer cells: characterization of effector cells mediating prophy-
laxis. J. Virol. 62:3642-3648.

van den Broek MF, Miiller U, Huang S, Zinkernagel RM, Aguet M.
1995. Immune defence in mice lacking type I and/or type II interferon
receptors. Immunol. Rev. 148:5-18.

. Pien GC, Biron CA. 2000. Compartmental differences in NK cell respon-

siveness to IL-12 during lymphocytic choriomeningitis virus infection. J.
Immunol. 164:994-1001.

Biron CA, Sen GC. 2007. Innate immune responses to viral infections, p
249-278. In Knipe DM, Howley PM (ed), Fields virology, 5th ed. Wolters
Kluwer/Lippincott, Williams & Wilkins, Philadelphia, PA.

Miyagi T, Lee SH, Biron CA. 2010. Intracellular staining for analysis of
the expression and phosphorylation of signal transducers and activators of
transcription (STATs) in NK cells. Methods Mol. Biol. 612:159-175.

July/August 2011 Volume 2 Issue 4 e00169-11


mbio.asm.org

	Type 1 Interferon Induction of Natural Killer Cell Gamma Interferon Production for Defense during Lymphocytic Choriomeningitis Virus Infection
	RESULTS
	Innate cytokine responses to LCMV infection in the peritoneal cavity peak early and include NK cell IFN- expression.
	Type 1 IFN responsiveness is required for induction of NK cell IFN- expression.
	NK cell IFN- expression requires STAT4.
	The STAT1 and STAT4 levels are differentially expressed in cell subsets during LCMV infection.
	The peritoneal IFN- response promotes resistance to LCMV infection.

	DISCUSSION
	MATERIALS AND METHODS
	Mice.
	Virus, infections and treatments.
	Sample preparation.
	Adoptive transfers.
	Flow cytometric analysis.
	Cytokine measurements.
	LCMV plaque assay.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES


