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Summary

NK cells are important for the control of vaccinia virus (VV) in vivo. Recent studies have shown

that multiple pathways are required for effective activation of NK cells. These include both TLR-

dependent and -independent pathways, as well as the NKG2D activating receptor that recognizes

host stress-induced NKG2D ligands. However, it remains largely unknown what controls the

upregulation of NKG2D ligands in response to VV infection. In this study, we first showed that

IL-18 is critical for NK cell activation and viral clearance. We then demonstrated that IL-18

signaling on both NK cells and DCs is required for efficient NK cell activation upon VV infection

in vitro. We further showed in vivo that efficient NK cell activation to VV is dependent on DCs

and IL-18 signaling in non-NK cells, suggesting an essential role for NK cell-extrinsic IL-18

signaling in NK cell activation. Mechanistically, IL-18 signaling in DCs promotes expression of

Rae-1, an NKG2D ligand. Collectively, our data reveal a previously unrecognized role for NK

cell-extrinsic IL-18 signaling in NK cell activation through upregulation of NKG2D ligands.

These observations may provide insights into the design of effective NK cell-based therapies for

viral infections and cancer.
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Introduction

NK cells play an important role in antiviral responses [1, 2]. NK cells are particularly critical

for the control of poxviruses. Previous studies have shown that NK cells are activated in

response to poxviral infections and mobilized to the site of infection, leading to effective

viral control [3-6]. Vaccinia virus (VV) is the most studied member of the poxvirus family

and is the live vaccine responsible for the successful elimination of smallpox [7]. Efficient

NK cell activation represents the initial step in the control of VV infection. We have

recently shown that efficient activation of NK cells and subsequent control of VV infection
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in vivo requires both TLR-dependent and -independent pathways, as well as the NKG2D

activating receptor that recognizes host stress-induced NKG2D ligands [5, 6, 8]. However,

while we recently showed how STAT1 could influence NKG2D ligand expression [9], it

remains largely unknown what controls the upregulation of NKG2D ligands in response to

VV infection.

IL-18, originally called IFN-γ-inducing factor [10], is a pro-inflammatory cytokine that

plays an important role in innate and adaptive immune responses [11]. Studies have shown

that IL-18 is critical for NK cell activation and function both in vitro and in vivo [12, 13].

This is accomplished by enhancing IFN-γ production by NK cells [14-16], as well as by

stimulating NK cell proliferation and cytotoxicity [12, 13, 17]. IL-18 is also required for the

activation of NK cells in response to infections with VV and MCMV and plays a critical

role in antiviral defense [14, 15, 18]. But, how IL-18 contributes to the regulation of NK cell

activation and function remains incompletely defined.

In a model of VV infection, we first showed that NK cell activation and function are

severely compromised in IL-18 receptor-deficient (IL-18R−/−) mice, leading to impaired

viral clearance. We then demonstrated that IL-18 signaling on both NK cells and accessory

cells such as DCs, is critical for efficient NK cell activation in vitro. We further showed in

vivo that efficient NK cell activation to VV is dependent on DCs and IL-18 signaling in

non-NK cells, suggesting an essential role for NK cell-extrinsic IL-18 signaling in NK cell

activation. Furthermore, IL-18R−/− DCs failed to upregulate the expression of Rae-1, an

NKG2D ligand, which is required for efficient NK cell activation upon VV infection via the

NKG2D pathway. Collectively, the data presented here suggest a critical role for NK cell-

extrinsic IL-18 signaling in NK cell activation through upregulation of NKG2D ligands.

Results

IL-18 is required for efficient NK cell activation and VV clearance

Previous studies have shown that recombinant IL-18 or IL-18-expressing VV promotes NK

cell activation and VV clearance [14, 18]. However, it remains to be defined whether IL-18

signaling is necessary for NK cell activation and VV clearance. Here, we used IL-18R−/− to

address this question. We first examined whether IL-18 signaling is critical for NK cell

activation upon VV infection in vivo. WT or IL-18R−/− C57BL/6 mice were infected with

VV intraperitoneally and splenic NK cells were analyzed 24 h later. WT NK cells produced

significant amounts of GRB and IFN-γ (Fig. 1A, B), compared to the naïve control.

However, the production of GRB and IFN-γ by IL-18R−/−NK cells was significantly (p <

0.01) reduced compared to the WT controls (Fig. 1A, B). For the measurement of IFN-γ

production NK cells intracellularly, we used low doses of PMA and ionomycin (25ng/ml

each) to re-stimulate the NK cells ex vivo in order to increase the sensitivity of intracellular

IFN-γ detection. Without PMA/ionomycin restimulation, the production of IFN-γ – and the

sensitivity of our assay - is reduced (Fig. S1B, C) compared to that with PMA/ionomycin

(Fig 1A, B). However, the addition of PMA/ionomycin at these low doses (25ng/ml) did not

stimulate naïve NK cells to produce IFN-γ, suggesting the specificity of the assay. We also

found that VV-infected WT NK cells had enhanced lytic activity on YAC-1 target cells,

compared to naïve control (Fig. 1C), whereas NK cells from VV-infected IL-18R−/− mice
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showed a significantly (p < 0.05) reduced lytic activity on YAC-1 cells (Fig. 1C). We

further observed that the compromised NK cell activation in IL-18R−/− mice was associated

with a significantly (p < 0.01) higher viral load compared to WT mice (Fig. 1D). Viral loads

were measured in the ovaries where the virus has been known to accumulate early in the

infection [6]. These results indicate that IL-18 signaling is crucial for NK cell activation and

the innate immune control of VV infection in vivo.

IL-18 signaling on both NK cells and DCs is required for NK cell activation to VV in vitro

How does IL-18 signaling promote the activation of NK cells in response to VV infection?

Previous studies in other models have suggested that IL-18 can act directly on NK cells for

their activation [16, 19, 20]. To address this question, we utilized an in vitro DC-NK cell co-

culture system [5]. Purified WT or IL-18R−/− NK cells were co-cultured with WT or

IL-18R−/− bone marrow-derived CD11c+ DCs, followed by infection with VV. Under these

conditions, IL-18 was produced in the culture in response to the virus (Fig. S2A) and both

DCs and NK cells express the IL-18R (Fig. S2B). NK cells were analyzed for the production

of IFN-γ and GRB 18 h post-infection. Our results showed that NK cell activation was

compromised (p < 0.01) when IL-18R−/− NK cells were used for stimulation (Fig. 2A, B),

suggesting that direct IL-18 signaling on NK cells is important for their activation upon VV

infection. This is consistent with previous reports in other settings [16, 19, 20]. We further

observed that when IL-18R−/− DCs were used for stimulation, the production of IFN-γ and

GRB by WT NK cells in response to VV is also significantly (p < 0.01) reduced (2A, B),

indicating IL-18 signaling on accessory DCs is also critical for NK cell activation. These

results indicate that IL-18 signaling on both NK and accessory cells is required for the

activation of NK cells by VV in vitro.

NK cell-extrinsic IL-18 signaling is critical for NK cell activation to VV infection in vivo

The observation that NK cell-extrinsic IL-18 signaling is also critical for NK cell activation

in vitro led us to examine the physiological relevance of this finding in response to VV

infection in vivo. NK cells were purified from CD45.1+ C57BL/6 mice by FACS sorting and

adoptively transferred into CD45.2+ WT or IL-18R−/− recipient mice, followed by VV

infection intraperitoneally 2 days later (Fig. 3A). The production of IFN-γ and GRB was

assessed on the transferred CD45.1+ WT NK cells 24 h after infection. WT NK cells

transferred into WT recipients were able to mount an adequate response after VV infection

(Fig. 3B, C). However, the production of IFN-γ and GRB was significantly (p < 0.05)

reduced when WT NK cells were transferred into IL-18R−/− recipients (Fig. 3B, C),

suggesting that IL-18 signaling on non-NK cells is required for NK cell activation. Thus, our

results demonstrate that NK cell-extrinsic IL-18 signaling is required for NK cell responses

during VV infection in vivo.

Dendritic cells are required for NK cell activation to VV in vivo

We next investigated which non-NK cell component is responsible for NK cell activation in

response to VV infection in vivo. Conventional CD11c+ DCs have been shown to play a

critical role in NK cell activation [21, 22]. Furthermore, our data in vitro also suggest that

IL-18 signaling on DCs is critical for NK cell activation. Based on these findings, we
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hypothesized that DCs are required for the NK cell response to VV infection in vivo. To test

this, we used mice carrying the CD11c-DTR transgene where the diphtheria toxin (DT)

receptor is driven by the CD11c promoter so that it is expressed in CD11c+ conventional

DCs [23]. This allows administration of DT to ablate DCs in vivo. While a few confounding

cell populations do weakly express CD11c, upon administration of DT, we found DCs were

efficiently depleted. The activation of NK cells assessed by the production of IFN-γ and

GRB was significantly (p < 0.01) impaired in response to VV upon DC ablation (Fig. 4A,

B). Relative and absolute numbers of NK cells were unaffected by DT treatment (data not

shown). These results successfully replicate what others have shown [22] and suggest, in the

context of our work, that DCs do play an important role in NK cell activation in response to

VV infection in vivo.

IL-18 signaling on DCs is required for Rae-1 upregulation to VV in vivo

The requirement of IL-18 signaling on DCs for NK cell activation prompted us to

investigate the underlying mechanism. We have previously shown that the interaction

between NKG2D ligand expressed on DCs and NKG2D on NK cells is critical for NK cell

activation to VV infection [6]. NKG2D recognizes a diverse class of stress-induced host

ligands that are all poorly expressed on healthy adult cells, but become upregulated during

instances of cellular stress, such as viral infection [21, 24]. We hypothesized that

upregulation of NKG2D ligands upon VV infection is dependent on IL-18 signaling on DCs.

To test this, we examined the expression of the NKG2D ligand, Rae-1, on splenic

CD11c+B220−CD11b+ conventional DCs in WT and IL-18R−/− mice 24 h after VV

infection. We found a significant (p < 0.01) upregulation of Rae-1 expression in infected

WT DCs compared to the uninfected naïve control (Fig. 5A, B). However, the upregulation

of Rae-1 expression is significantly (p < 0.01) reduced in DCs from IL-18R−/− mice (Fig.

5A, B). To further demonstrate that IL-18 alone can directly act on DCs to upregulate Rae-1,

we found that rIL-18 can be sufficient to upregulate Rae-1 expression on WT, but not

IL-18R−/− DCs (p < 0.0001) in vitro (Fig. 5C). Thus, while IL-18 signaling on another cell-

type may be contributing NKG2D ligand upregulation on the DC, DC-intrinsic IL-18

signaling can upregulate Rae-1 expression. These results suggest that IL-18 signaling on

DCs is required for upregulation of NKG2D ligand expression, which in turn promotes NK

cell activation via the NKG2D pathway.

Discussion

In this report, we showed that IL-18 is critical for NK cell activation upon VV infection and

the subsequent viral clearance in vivo. In addition to the requirement of NK cell-intrinsic

IL-18 signaling for NK cell activation, we revealed a previously unknown mechanism by

which IL-18 activates NK cells through DCs by promoting the expression of NKG2D

ligands, which is required for NK cell activation via the NKG2D pathway. We showed that

this NK cell-extrinsic IL-18 signaling is critical for NK cell response to VV infection.

Although IL-18 had been shown to play an important role in NK cell activation [12, 13] and

antiviral defense [14, 15, 18], how IL-18 promotes NK cell activation and function during

viral infections remained incompletely defined. This is the first report showing that IL-18 is
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critical for NK cell activation and the clearance of VV infection in vivo. Furthermore, we

provided evidence that IL-18 signaling on both NK cells and DCs are important for NK cell

activation. The NK cell-intrinsic role of IL-18 is consistent with previous reports in other

models that IL-18 acts directly on NK cells for their activation [16, 19, 20]. However, the

NK cell-extrinsic role of IL-18 in NK activation upon viral infection represents a novel

finding. This observation not only advances our understanding for how IL-18 works in

promoting NK cell activation, but more importantly, may inform clinical applications of

IL-18 in NK cell-based therapies. Since we have shown that IL-18 action on DCs is required

to fully activate NK cells, new treatments should exploit the same mechanism in order to

achieve a maximal therapeutic effect.

NK cell activation in response to viral infection is regulated by engagement of NK

activating receptors such as Ly49H, NKp46 and NKG2D [24-26]. We have previously

shown that the interaction between NKG2D ligands on accessory cells such as DCs, and

NKG2D on NK cells is critical for NK cell activation and function in the setting of VV

infection [6]. However, it remained largely unclear how the upregulation of NKG2D ligands

on DCs in response to VV infection is regulated. In this study, we provided evidence that

IL-18 signaling on DCs is critical for upregulating NKG2D ligand expression upon VV

infection. Recent studies have shown that TLR stimulation on macrophages can upregulate

NKG2D ligand expression [27, 28]. Interestingly, both TLR and IL-18R signaling are

mediated by the common adaptor, MyD88 [29, 30]. In addition, we have recently shown that

STAT1 signaling in DCs is also critical for the upregulation of NKG2D ligands [9],

although this finding was in the 129 background. How IL-18R/TLR signaling promotes the

upregulation of NKG2D ligands remains unknown. Thus, future studies are needed to define

mechanisms responsible for IL-18R/TLR-mediated upregulation of NKG2D ligands.

Similarly, a potentially synergistic role of STAT1 activation and IL-18/TLR signaling in

NKG2D ligand upregulation requires further investigation.

It is important to note, however, that other accessory cells may also play roles in receiving

IL-18 signals to activate NK cells via NKG2D ligand upregulation. Our data shows a clear

role for DCs in receiving IL-18 signals to activate NK cells via NKG2D and, using the DTR

ablation model, we have shown that NK cell activation depends on the presence of DCs in

vivo. However, we have not entirely excluded a role for other accessory cells, such as

macrophages, in contributing to NK cell activation by upregulating ligands to NKG2D in

response to IL-18.

This work should also not exclude other mechanisms for cell-extrinsic IL-18 signaling in

NK cell activation. We have demonstrated one route for how IL-18, acting on DCs, can

boost NK cell activation by control of NKG2D ligand expression. However, this does not

completely rule out other putative mechanisms, including IL-18-induced production of other

pro-inflammatory cytokines known also known to play roles in NK cell activation and

proliferation such as IL-12 and IL-15. Furthermore, while IL-18 can upregulate Rae-1

expression on DCs in vitro, whether direct IL-18 signaling on DCs causes Rae-1

upregulation in vivo has not been conclusively demonstrated and IL-18 could conceivably

act through another cell to induce the upregulation of NKG2D ligands on DCs.
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In conclusion, we have shown that IL-18 is required for the innate immune control of VV in

vivo. This is mediated by promoting the activation and effector function of NK cells. This is

dependent on IL-18 signaling on both NK cells and DCs in response to VV in vitro.

Furthermore, we showed in vivo that efficient NK cell activation to VV is dependent on

DCs and IL-18 signaling in non-NK cells, suggesting an essential role for NK cell-extrinsic

IL-18 signaling in NK cell activation. In addition, IL-18 signaling on DCs promotes

expression of Rae-1, an NKG2D ligand. Taken together, our results reveal a previously

unknown role for NK cell-extrinsic IL-18 signaling in NK cell activation through

upregulation of NKG2D ligands and may provide insights into the design of effective NK

cell-based therapies for viral infections and cancer.

Materials and Methods

Mice

CD45.1+ and CD45.2+ C57BL/6 mice were obtained from the Frederick National

Laboratory for Cancer Research at the National Cancer Institute (Frederick, MD). IL-18R−/−

and CD11c-DTR mice on the C57BL/6 background were obtained from The Jackson

Laboratory (Bar Harbor, ME). Groups of 8- to 12-week-old mice were selected for this

study. All experiments involving the use of mice were done in accordance with protocols

approved by the Institutional Animal Care and Use Committee of Duke University (Durham,

NC).

Vaccinia virus

The Western Reserve (WR) strain of VV was purchased from American Type Culture

Collection (ATCC, Manassas, VA). VV was grown in TK-143B cells (ATCC) and purified

by a 35% sucrose cushion as described [8]. The titer was determined by plaque assay on

TK-143B cells and VV was stored at −80°C until use. For in vitro studies, VV was used at

an MOI of 1. For in vivo studies, 5 × 106 pfu of live VV in 0.05 mL of 1 mM Tris pH 9.0

was injected intraperitoneally.

Antibodies and flow cytometry

PE-conjugated anti-CD49b (clone DX5), PE-Cy5-conjugated anti-CD3ε (clone 145-2C11),

FITC-conjugated IFN-γ (clone XMG1.2), FITC-conjugated CD11c (clone HL3), APC-

conjugated IFN-γ (clone XMG1.2), APC-conjugated B220 (clone RA3-6B2), and

Streptavidinconjugated APC were purchased from BD Biosciences. PE-conjugated anti-

NKp46 (clone 29A1.4), Biotin-conjugated CD45.1 (clone A20), FITC-conjugated GRB

(clone NGZB), PECy5-conjugated CD11b (clone M1/10), PE-conjugated Rae-1 (clone

CX1), PE-conjugated rat IgG2b (clone eB149/10H5), PE-conjugated hamster IgG (clone

eBio299Arm), and PE-conjugated rat IgG2a (clone eBR2a) were purchased from

eBioscience.

To assess intracellular production of IFN-γ, splenocytes were incubated with 25ng/mL

PMA, 25ng/mL ionomycin, and 5μg/mL Brefeldin A containing Golgi-Plug (BD

Biosciences) for 4 hours at 37°C. To assess intracellular production of GRB, splenocytes

were cultured with 5μg/mL Brefeldin A containing Golgi-Plug alone for 4 hours at 37°C.
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Following incubation, cells were stained for surface molecules, permeablized using the

Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions and

stained for intracellular molecules. FACS Canto (BD Biosciences) was used for flow

cytometry event collection, which was analyzed using FlowJo software 9.5.3 (Tree Star,

Ashland, OR).

NK cell cytotoxicity assay

NK cell cytotoxicity was performed by a standard 4-hour chromium-51 release assay as

described [5]. Splenocytes were enriched for DX5+ NK cells by positive selection with PE-

conjugated anti-DX5 and anti-PE microbeads (Miltenyi Biotec). YAC-1 target cells

(ATCC), which are susceptible to NK cell-mediated cytotoxicity, were labeled with

chromium-51 and then incubated with DX5+ cells at different effector:target ratios for 4

hours at 37°C. The specific release of chromium-51 into the supernatant, measured by

counts per minute, assessed target cell lysis with no effector (spontaneous lysis) wells and

1% SDS (maximum lysis) wells used as controls. Specific release was calculated as

(experimental – spontaneous)/(maximum-spontaneous) x100.

Measurement of viral load

Viral load in the ovaries was measured by plaque-forming assay as described [5]. Two days

post-infection with 5 × 106 pfu VV, ovaries were harvested into 10 mM Tris pH9.0 and

stored at −80°C until use. Ovarian viral load was then measured by plaque-forming assay.

Ovaries were first homogenized and freeze-thawed three times. Serial dilutions of the lysate

were added to confluent TK-143B cells and the number of plaques was counted using

crystal violet staining after two days of culture at 37°C.

NK cell-DC co-culture

NK-DC co-culture was performed as described [6]. Briefly, splenocytes were enriched for

NK cells by positive selection with PE-conjugated anti-DX5 and anti-PE microbeads

(Miltenyi Biotec). DCs were generated from bone-marrow cells as described after five days

of culture with GM-CSF (1000 U/mL) and IL-4 (500 U/mL) (R&D Systems) [6]. DX5+ NK

cells (2 × 105) were then cultured with the bone-marrow-derived DCs (105) in a ratio of 2:1

in the presence or absence of VV at an MOI of 1 overnight at 37°C. IL-18 production was

assayed by harvesting the supernatant for analysis by ELISA (eBioscience). IL-18R

expression was determined by sort-purifying NK cells or DCs into TRI Reagent (Sigma) for

RNA purification and semi-quantitative RT-PCR (Promega) PCR for IL-18R. Forward

primer 5′-AGAGCTTCGTCTTGGTGAGAA-3′ and reverse primer 5′-

TACCTGTTAGTGTCTCGTCTCTT-3′ were purchased from Integrated DNA Technologies

to assess IL-18R expression. Recombinant mouse IL-18 protein was purchased from Life

Technologies.

NK cell transfer experiment

DX5+CD3− NK cells were first enriched from the naïve splenocytes of CD45.1+mice by

positive selection with PE-conjugated anti-DX5 and anti-PE microbeads (Miltenyi Biotec)

and then purified via flow cytometry sorting on a FACS DiVA with a purity >95%. 5 to 10
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× 105 NK cells were transferred by tail-vein intravenous injection into recipient CD45.2+

C57BL/6 or IL-18R−/−mice. After two days, mice were infected by injection of 5 × 106 pfu

VV, i.p. or left naïve and sacrificed 24 hours post-infection for analysis.

DC Ablation

CD11c-DTR+ mice were ablated of their CD11c+ DCs by a single i.p. injection of 4 ng

diphtheria toxin (DT, Sigma) per gram of body weight (~100 ng/mouse) in 100ul PBS as

described [23]. Control mice received PBS injections. One day after DT administration,

mice were infected by i.p. injection of 5 × 106 pfu VV or left naïve and sacrificed 24 hours

post-infection for analysis. We observed ~90% reduction in CD11c+ DCs upon DT

administration and could not appreciate a concomitant effect on the relative or absolute

number of NK cells.

Statistical Analysis

All data are presented as means and standard errors. All indicated statistical tests, including

unpaired student’s t test, ANOVA, and ANCOVA, were performed using GraphPad Prism 6

software (GraphPad Software, La Jolla, CA). Significance was assumed at p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
IL-18 is required for efficient NK cell activation and VV clearance. WT and IL-18R−/−

C57BL/6 mice were infected by i.p. injection of 5 × 106 pfu VV or left uninfected (naïve).

(A) 24 h after infection, splenocytes were assayed for IFN-γ and GRB production.

Representative FACS plots showing the percentage of IFN-γ and GRB-positive

NKp46+CD3-NK cells are shown. (B) The mean percentages ±s.e.m. of IFN-γ and GRB-

positive NK cells (n=3 mice per group) are shown. Interaction term for two-way ANOVA is

p<0.01 for IFN-γ and GRB. Data is representative of three independent experiments. (C) 48
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h after infection, splenocytes were enriched for DX5+ cells and NK cell lytic activity was

assayed on YAC-1 target cells by a standard 4-hour chromium release assay at different

effector:target ratios. The mean percentages ±s.e.m. of specific lysis are indicated (n=3 per

group). ANCOVA comparing infected WT and IL-18R−/− mice shows p<0.05. Data is

representative of two independent experiments. (D) 48 h after infection, ovaries of female

mice were harvested for measurement of viral load by plaque assay using TK-143B cells.

Data represents the mean viral titer ±s.e.m. as pfu per ovary (n=4 per group). Data is

representative of two independent experiments. ** signifies a p-value <0.01 on an unpaired

student’s t test.
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FIGURE 2.
IL-18 signaling on both NK cells and DCs is required for NK cell activation to VV in vitro.

WT or IL-18R−/− NK cells were co-cultured with WT or IL-18R−/− bone-marrow derived

CD11c+ DCs and stimulated with VV or left uninfected (naïve) for 18 h. (A) The percentage

of IFN-γ and GRB-positive DX5+CD3− NK cells are shown on representative FACS plots.

(B) The mean percentages ±s.e.m. of IFN-γ and GRB-positive DX5+CD3− NK cells are

shown (n=3 wells per condition). Data is representative of three independent experiments.

Interaction term for two-way ANOVA is p<0.01 for both IFN-γ and GRB.
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FIGURE 3.
NK cell-extrinsic IL-18 signaling is critical for NK cell activation in vivo. (A) Five to 10 ×

105 DX5+CD3− NK cells from the spleens of CD45.1+ WT C57BL/6 mice were purified by

cell sorting and injected intravenously into WT or IL-18R−/− recipients, which are both

CD45.2+. Two days after cell transfer, recipient mice were infected with 5 × 106pfu VV i.p.

or left uninfected (naïve). 24 h after infection, spleens were assayed for IFN-γ and GRB

production by donor (CD45.1+) NK cells. (B) The percentages of IFN-γ and GRB-positive

NKp46+CD3− NK cells from the WT CD45.1+ donor NK cells are shown on representative

FACS plots with recipient genotype and stimulation indicated above. (C) The mean

percentages ±s.e.m. of IFN-γ and GRB-positive WT donor NKp46+CD3− NK cells are

shown (n=2 infected mice). Interaction term for one-way ANOVA is p<0.01 for IFN-γ and

GRB production. Data is representative of four independent experiments. ** signifies a p-

value <0.05 on post-hoc unpaired student’s t test comparing WT donor NK cell activation

between infected WT and IL-18R−/− recipients.
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FIGURE 4.
Dendritic cells are required for NK cell activation to VV in vivo. CD11c-DTR+ transgenic

mice were treated with diphtheria toxin (DT) and the next day were infected i.p. with 5 ×

106pfu VV or left uninfected (naïve). Control mice were injected with PBS. 24 h after

infection, splenocytes were assayed for IFN-γ and GRB production. In the naïve mice,

CD11c+ DCs, but not NK cells or total splenocytes, were depleted in mice carrying the

transgene (data not shown). (A) Representative FACS plots with the percentages of IFN-γ

and GRB-positive NKp46+CD3− NK cells are shown. (B) The mean percentages ± s.e.m. of
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IFN-γ and GRB-positive NKp46+CD3− NK cells (n=2 mice per group). Interaction term for

two-way ANOVA is p<0.01 for IFN-γ and GRB. Data is representative of two independent

experiments.
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FIGURE 5.
IL-18 signaling on DCs is required for Rae-1 upregulation to VV in vivo. WT or IL-18R−/−

mice were infected with 5 × 106pfu VV i.p. or left uninfected (naïve). 24 h after infection,

splenocytes were assayed for Rae-1 surface expression on CD11c+CD11b+B220− cDCs. (A)

Histograms compare Rae-1 expression on cDCs from infected (thick line) and naïve (dotted

line) WT (top panel) and IL-18R−/− (bottom panel) mice. Shaded histogram indicates

isotype control. (B) The mean fluorescent intensity ±s.e.m. of Rae-1 on cDCs is shown (n=3

infected mice). Data is representative of three independent experiments. Interaction term for

two-way ANOVA is p<0.01. (C) Histograms compare Rae-1 expression on WT (top panel)

and IL-18R−/− (bottom panel) bone marrow-derived DCs cultured with 5 ng/mL rIL-18

(thick line) or left untreated (dotted line) for four days. Shaded histogram indicates isotype

control (D) The mean fluorescent intensity ±s.e.m. of Rae-1 on bone-marrow derived DCs is

shown (n=3 wells). Data is representative of three independent experiments. Interaction term

for two-way ANOVA is p<0.0001.
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