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ABSTRACT Pathogen recognition receptors are vital components of the immune
system. Engagement of these receptors is important not only for instigation of in-
nate immune responses to invading pathogens but also for initiating the adaptive
immune response. Members of the NOD-like receptor (NLR) family of pathogen rec-
ognition receptors have important roles in orchestrating this response. The NLR fam-
ily member NLRC5 regulates major histocompatibility complex class | (MHC-I) expres-
sion during various types of infections, but its role in immunity to influenza A virus
(IAV) is not well studied. Here we show that Nirc5—/~ mice exhibit an altered CD8™
T cell response during IAV infection compared to that of wild-type (WT) mice.
Nirc5—/~ mice have decreased MHC-I expression on hematopoietic cells and fewer
CD8" T cells prior to infection. NLRC5 deficiency does not affect the generation of
antigen-specific CD8* T cells following IAV infection; however, a change in epitope
dominance is observed in Nirc5—/~ mice. Moreover, IAV-specific CD8* T cells from
Nirc5—/~ mice have impaired effector functions. This change in the adaptive im-
mune response is associated with impaired viral clearance in Nirc5~/~ mice. Collec-
tively, our results demonstrate an important role for NLRC5 in regulation of antiviral
immune responses and viral clearance during IAV infection.

IMPORTANCE The NOD-like receptor family member NLRC5 is known to regulate
expression of MHC-| as well as other genes required for antigen processing. In addi-
tion, NLRC5 also regulates various immune signaling pathways. In this study, we in-
vestigated the role of NLRC5 during influenza virus infection and found a major role
for NLRC5 in restricting virus replication and promoting viral clearance. The ob-
served increases in viral titers in NLRC5-deficient mice correlated with impaired ef-
fector CD8* T cell responses. Although NLRC5-deficient mice were defective at clear-
ing the virus, they did not show an increase in morbidity or mortality following
influenza virus infection because of other compensatory immune mechanisms. There-
fore, our study highlights how NLRC5 regulates multiple immune effector mechanisms
to promote the host defense during influenza virus infection.

KEYWORDS Nod-like receptor, NLR, NLRC5, influenza A virus, lung, T cell, major
histocompatibility complex, MHC, natural killer cell

nfluenza A virus (IAV) epidemics are an important cause of morbidity and mortality

around the world, resulting in 3 to 5 million severe cases and 250,000 to 500,000
deaths per year (1). The ability of IAV to undergo frequent genetic mutations increases
the potential for further epidemics. Therefore, understanding the immune response to
IAV is necessary for developing improved therapies and vaccines. The NOD-like recep-
tor (NLR) family is an important group of regulators of both the innate and adaptive
immune systems. Multiple NLR family members play essential roles during IAV infec-
tion. NLRP3 functions in innate immunity and healing responses during IAV infection (2,
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3) as well as in adaptive immune responses (4). Furthermore, NOD2-deficient mice
exhibit decreased type | interferon (IFN) production (5) and diminished CD8* T cell
generation in response to AV (6).

Though traditionally thought of as immune sensors, NLRs also participate in the
modulation of immune signaling pathways and functions. Class Il transactivator (CIITA),
a member of the NLR family, regulates the transcription of major histocompatibility
complex class Il (MHC-II) genes (7). NLRC5 comparably regulates the expression of
major histocompatibility complex class | (MHC-I) genes (8). In addition, NLRC5 regulates
the expression of genes required for antigen processing, such as the 82-microglobulin,
Tap1, and Lmp2 genes (8-10). NLRC5 is expressed in most hematopoietic cells, includ-
ing myeloid cells, CD4" and CD8* T cells, B cells, natural killer (NK) cells, and natural
killer T (NKT) cells (9, 11). However, the breadth of function of NLRC5 during infection
has not been examined fully.

Various studies have reported contradictory roles for NLRC5 in other immune
signaling pathways. In vitro overexpression or small interfering RNA (siRNA)-mediated
knockdown of NLRC5 suggested roles for NLRC5 as an inhibitor of NF-«B signaling (12,
13) and an activator of type | IFN production (14, 15). However, infections with viruses
or bacteria in knockout mice or cells derived from knockout mice did not duplicate
these results, and no differences in NF-«B-dependent gene expression were observed
(16, 17). IFN-y and CD8* T cell levels, however, have been shown to decrease in
Nlrc5~/~ mice compared to those in wild-type (WT) mice during Listeria monocytogenes
infection (10, 16).

Here we report on a previously unexplored role for NLRC5 during AV infection in
vivo. Our results show that NIrc5~/~ mice have an intrinsic defect in MHC-I expression
on a variety of cell types. Moreover, a reduction in the total number of CD8" T cells is
also observed in Nirc5~/~ mice prior to infection. Notably, NLRC5 deficiency leads to
impaired CD8" T cell effector functions and delayed viral clearance during IAV infec-
tion. Together, our data identify NLRC5 as a modulator of CD8* T cell responses during
IAV infection.

RESULTS

In vitro functions of NLRC5. In addition to its role as a regulator of MHC-I
expression (8), multiple studies have linked NLRC5 to control of the NF-«B pathway or
regulation of type | interferon (IFN) production. However, there have been conflicting
reports of NLRC5 either potentiating (14, 15, 18), suppressing (12, 13, 19), or having no
effect on (16, 17) NF-kB or IFN production. It has further been reported that NLRC5 may
function during activation of the inflammasome (16, 20, 21). Therefore, to address the
role of NLRC5 during IAV infection, we infected WT or NiIrc5~/~ bone marrow-derived
dendritic cells (BMDCs) with the influenza A/Puerto Rico/8/34 H1N1 virus (PR8) or the
influenza A/HKx31 H3N2 virus (x31). We did not detect any defect in the activation of
caspase-1 or the production of interleukin-18 (IL-1B) in vitro following infection with
either virus (Fig. 1A and B and 2A and B). Type | IFN responses during infection with PR8
tended to be higher in Nirc5~/— BMDCs (Fig. 1C), and infection with x31 induced
significantly higher levels of Ifnb in Nirc5—/— BMDCs than in WT cells (Fig. 2C). Regard-
less of the virus, we consistently observed increased activation of the mitogen-
activated protein (MAP) kinase extracellular signal-regulated kinase (ERK) and of NF-xB
as well as increased production of the NF-«B-dependent cytokine IL-6 in Nirc5~/—
BMDCs compared to that in WT cells (Fig. 1D and E and 2D and E). We also examined
the expression of MHC-I on BMDCs before and after infection with IAV. Similar to
previous reports, the absence of NLRC5 was associated with decreased expression of
both H2-DP and H2-K* MHC-I molecules (Fig. 1F and G and 2F and G).

Nirc5-deficient mice have reduced MHC-I expression in vivo. The differences in
NF-kB activation and MHC-| expression in vitro prompted us to examine the role of
NLRC5 during PR8 infection in vivo. To this end, we infected WT and Nirc5~/~ mice
intranasally (i.n.) with 900 PFU of PR8. Unlike our in vitro results, we found no
differences in the amounts of either IL-6 or IL-18 in the lungs of Nirc5~/~ mice and WT
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FIG 1 NLRC5 control of immune pathways during PR8 infection in vitro. BMDCs from WT and Nirc5—/~ mice were mock infected or
infected at an MOI of 10 with influenza A/PR/8/34 HI1N1 (PR8) virus for 24 h. (A) IL-1 levels in culture supernatants of uninfected
and PR8-infected BMDCs. (B) Western blotting of WT and Nirc5—/— BMDC lysates for pro-caspase-1 (p45) and active caspase-1 (p20).
(C) Expression levels of IFN-B (Ifnb) relative to those of B-actin in uninfected and PR8-infected BMDCs. (D) WT and Nirc5~/— BMDC
lysates collected at the indicated time points were analyzed by Western blotting for phosphorylated and total ERK MAP kinase and
IkBa as well as a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) loading control. (E) IL-6 levels in the culture supernatants of
uninfected or PR8-infected BMDCs. (F and G) MHC-I KP and DP isoform expression levels were measured by flow cytometry and
presented as geometric mean fluorescence intensities (MFI). Data are representative of two or three independent experiments (n =
2 or 3 wells per experiment) and are means = SEM. **, P < 0.01; ***, P < 0.001 (two-sided unpaired Student’s t test).

controls (Fig. 3A and B). We further examined leukocyte infiltration into the lungs but
found no differences in neutrophil numbers between WT and Nirc5~/~ mice (Fig. 3C).
Consistent with our in vitro data, the expression of MHC-I H2-KP and H2-DP was
significantly lower on lymphocytes isolated from the lungs of Nirc5~/— mice than on
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FIG 2 NLRC5 control of immune pathways during x31 infection in vitro. BMDCs from WT and Nirc5~/~ mice were mock infected or infected
at an MOI of 10 with influenza A/HKx31 H3N2 (x31) virus for 24 h. (A) IL-18 levels in culture supernatants of uninfected and x31-infected
BMDCs. (B) Western blotting of WT and Nirc5-/— BMDC lysates for pro-caspase-1 (p45) and active caspase-1 (p20). (C) Expression levels
of IFN-B (Ifnb) relative to those of B-actin in uninfected and x31-infected BMDCs. (D) WT and Nirc5~/~ BMDC lysates collected at the
indicated time points were analyzed by Western blotting for phosphorylated and total ERK MAP kinase and IkBa as well as a GAPDH
loading control. (E) IL-6 levels in the culture supernatants of uninfected or x31-infected BMDCs. (F and G) MHC-I K® and DP isoform
expression levels were measured by flow cytometry and presented as geometric MFI. Data are representative of two independent
experiments (n = 2 or 3 wells per experiment) and are means * SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-sided unpaired Student’s
t test).
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FIG 3 Effects of Nirc5 deletion in the lungs of IAV-infected mice. Mice were infected with 900 PFU of PR8 virus, and lungs were harvested
on day 2 or 7 after infection. (A and B) Lung cytokine levels were determined on the indicated days after infection by ELISAs for IL-18 and
IL-6. (C) Lung neutrophil numbers were determined by flow cytometry. (D to G) Flow cytometry examinations of MHC-I expression on total
lung leukocytes (D and E), total spleen leukocytes (F), and total mediastinal lymph node (MdLN) leukocytes (G). The data are presented
as geometric MFI. Data are representative of three or four independent experiments (n = 4 to 9 mice per genotype per experiment) and
are means *= SEM. *, P < 0.05; ***, P < 0.001 (two-sided unpaired Student’s t test).

those from WT controls on both days 2 and 7 after infection (Fig. 3D and E). Further-
more, this reduction in MHC-I levels was not confined to the site of infection, as MHC-I
levels were lower on lymphocytes in the spleen (Fig. 3F) and lymphocytes in the
mediastinal lymph nodes (MdLN) (Fig. 3G).
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FIG 4 Effects of Nirc5 deletion on MHC-I expression in specific cell populations. Mice were infected with 900 PFU of PR8, and lungs were
harvested on day 7 after infection. (A to D) Flow cytometry analyses of MHC-I expression in the indicated cell populations from the lungs
and MdLN. Data are presented as geometric MFI. The data are representative of three or four independent experiments (n = 4 to 7 mice
per genotype per experiment) and are means = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-sided unpaired Student’s t test).

We further characterized the function of NLRC5 in vivo by examining MHC-I expres-
sion on various cell types. Expression levels of both MHC-I H2-DP and H2-KP were lower
on dendritic cells (DCs) (Fig. 4A), B cells (Fig. 4B), CD4* T cells (Fig. 4C), and CD8* T cells
(Fig. 4D) in the lungs and MdLN of Nlrc5—/~ mice. These in vivo data demonstrate that
deletion of Nlrc5 decreases MHC-I expression on virtually all lymphocytes but does not
affect expression of inflammasome- or NF-«B-dependent cytokines, such as IL-18 or
IL-6, during PR8 infection.
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Effects of diminished MHC-I expression on adaptive immune responses. MHC-I
is essential for the generation and effector functions of CD8* T cells (22). Previous
reports indicated that Nirc5~/— mice have intrinsic defects in MHC-I expression and T
cell numbers (10, 16). Indeed, we found that expression levels of MHC-I molecules on
splenocytes were lower in naive Nirc5~/~ mice than in WT mice (Fig. 5A to D). CD8* T
cell numbers were also lower in the spleens of Nlrc5—/~ mice prior to infection with IAV,
but CD4™ T cell numbers were similar to those of WT controls (Fig. 5E and F). Therefore,
we sought to determine the effects of Nirc5 deficiency and lower MHC-I expression on
CD8™* T cell responses during PR8 infection. To investigate whether NLRC5 deficiency
leads to altered proliferation of CD8* T cells, we isolated T cells from the spleens of WT
and Nirc5-/~ mice, labeled them with carboxyfluorescein succinimidyl ester (CFSE), and
stimulated them in vitro with anti-CD3e and anti-CD28 antibodies. We assessed T cell
proliferation by CFSE dilution and found normal proliferation of Nirc5—/— CD8" T cells
(Fig. 5G).

Consistent with the observations for naive mice, total numbers of CD8™ T cells were
reduced in both the lungs and MdLN of Nirc5—/~ mice infected with PR8 on day 7 after
infection (Fig. 6A and B). However, the number of IAV-specific CD8* T cells as deter-
mined by tetramer staining was not diminished for Nlrc5—/~ mice compared to that for
WT mice. Interestingly, we observed a shift in tetramer-specific populations between
WT and Nirc5~/~ mice, with an increase in PB1-specific cells and a decrease in
PA-specific cells in Nlrc5—/~ mice (Fig. 6C and D). We also examined the functionality
of the T cells and found a significant decrease in IFN-y* CD8* T cells in Nlrc5~/~ mice
compared to those in WT mice (Fig. 6E). In addition, cytotoxic T cells from Nirc5—/~ mice
had less expression of granzyme B (Fig. 6F). To validate the significance of these
impaired effector responses on day 7 after infection, we injected PR8-infected mice
with splenocytes that were pulsed with CD8-specific IAV peptides and labeled with
CFSE. Mice were also injected with unpulsed splenocytes as a control. Examination of
the ratio of pulsed to unpulsed cells after 12 h demonstrated that WT CD8™ T cells were
able to eliminate nearly all 1AV peptide-pulsed cells, whereas Nirc5~/— mice had
significantly more 1AV peptide-pulsed cells remaining (Fig. 6G). Because the peptides
used to pulse these splenocytes were CD8* T cell specific, our results demonstrate a
distinct functional defect in this cell population in Nlrc5~/— mice. Although CD8* T cell
function was impaired, we did not observe any effect of Nirc5 deficiency on the total
number of CD4* T cells or IFN-y*™ CD4+ T cells (Fig. 6H and I).

Altered immune responses affect virus clearance in Nirc5—/~ mice. To investi-
gate whether NLRC5 deficiency alters virus replication and clearance, we assessed lung
virus titers on days 2, 7, and 10 after PR8 infection (Fig. 7A to Q). In line with defective
CD8™* T cell responses, higher viral loads were seen in the lungs of Nirc5~/~ mice on
days 7 and 10 after infection (Fig. 7B and C). Virus titers were also higher at day 2,
suggesting that innate immune responses were also impaired in Nlrc5~/— mice (Fig.
7A). Because of the altered immune response and increased virus titers, we examined
whether Nirc5~/— mice displayed enhanced morbidity or mortality. Surprisingly,
Nirc5—/~ mice did not exhibit any difference in weight loss or mortality compared to
that of WT mice in response to PR8 infection (Fig. 7D and E), and the only pathological
difference in lungs was an increase in bronchial epithelial proliferation in Nlrc5—/~ mice
over that in WT mice (Fig. 7F).

Compensatory immune responses in Nirc5-deficient mice during in vivo 1AV
infection. Despite significantly impaired CD8* T cell responses (Fig. 5E to G), only
minor differences in virus titers and no noticeable differences in morbidity and mor-
tality were observed for Nirc5—/~ mice. This prompted us to examine whether other
immune mechanisms mitigate these outcomes in Nlrc5~/~ mice. Humoral immunity is
an important aspect of the adaptive immune response to IAV (23). We found that B cell
numbers in the MdLN and IAV-specific antibody responses on days 7 and 12 after
infection were normal in Nlrc5—/~ mice (Fig. 8A to C). Because NLRC5 is implicated in
regulating type | interferon production (14, 15), we examined this and found elevated
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IFN-B expression in the lungs of Nirc5—/— mice (Fig. 8D). NK cells, which are innate
lymphoid cells that are inhibited by MHC-I, might be more prevalent or more activated
in Nlrc5~/— mice (24). Although their numbers were lower in the spleen prior to
infection with IAV (Fig. 8E and F), NK cells were more prevalent in the lungs of Nlrc5—/~
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FIG 6 NLRC5 modulates the CD8* T cell response to IAV infection. Mice were infected with 900 PFU of PR8, and lungs and MdLN were
harvested on day 7 after infection. Cells isolated from whole lungs and MdLN were examined for T cell responses. (A and B) Total lung
(A) and MdLN (B) CD8* T cell numbers and percentages. (C and D) IAV tetramer-specific CD8* T cell numbers and percentages in the
lungs. (E and F) Numbers and percentages of IFN-y* or granzyme B* (GrnB*) CD8* T cells in the lungs following in vitro restimulation.
(G) In vivo cytotoxicity assay examining the ability of CD8* T cells to kill splenocytes pulsed with IAV-specific peptides versus unpulsed
control splenocytes. (H and 1) Total lung numbers and percentages of CD4* T cells (H) and IFN-y* CD4* T cells () following in vitro
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mice on day 7 after infection, and those cells tended to have increased granzyme B
expression (not statistically significant) compared to that of WT controls (Fig. 8G to I).
Together, these results suggest that multiple antiviral immune mechanisms are intact
or enhanced in Nlrc5~/~ mice during IAV infection and may compensate, to some
extent, for the diminished CD8" T cell responses.
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FIG 7 Effects of genetic deletion of NLRC5 on morbidity, mortality, and virus titer during IAV infection. Mice were infected
with 900 PFU of PR8. (A to C) Lung viral loads were determined from whole-lung homogenates on days 2, 7, and 10 after
infection. The weight loss (D) and mortality (E) of IAV-infected WT and Nirc5—/— mice are shown. (F) Pathology analysis was
performed for the indicated parameters on H&E-stained lung sections collected 7 days after PR8 infection. The data are
representative of two to four independent experiments (n = 4 to 10 mice per genotype per experiment) and are means = SEM.
*, P < 0.05; ***, P < 0.001 (two-sided unpaired Student's t test for panels A and B; Mann-Whitney test for panel C).

DISCUSSION

Previous studies have reported diverse roles for NLRC5 in MHC-I expression, inflam-
masome activation, type | IFN responses, and the regulation of NF-«B signaling (12-21).
Our results show that NLRC5 also plays an important role in MHC-I expression in the
lungs, spleen, and MdLN both before and during IAV infection in vivo. MHC-Il expression
was decreased in CD4+ and CD8* T cells, B cells, and dendritic cells from NLRC5-
deficient mice. These data further confirm a key role for NLRC5 in regulation of MHC-I
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FIG 8 Nirc5-/— mice have normal humoral and increased innate responses during IAV infection. Mice were infected with 900 PFU of
PR8, and the spleen, lungs, serum, and MdLN were collected on the indicated days after infection. (A and B) Percentages and total
numbers of B cells in the MdLN on day 7 after infection. (C) ELISA for PR8-specific serum antibody titers on days 7 and 12 after infection.
Data are presented as relative antibody levels (OD,5,). Preimmune mouse serum values show the baseline value for each isotype. (D)
Lung IFN-B gene expression relative to that of B-actin on day 7 after infection. (E and F) Percentages and total numbers of spleen NK
cells on day 0 (naive mice). (G and H) Percentages and total numbers of lung NK cells on day 7 after infection. (I) Expression of granzyme
B (GrnB) in the NK cell population on day 7 after infection, as determined by flow cytometry. GrnB expression is presented as geometric
MFI. All data are representative of two independent experiments (n = 3 to 5 mice per genotype per experiment) and are means * SEM.
*, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-sided unpaired Student’s t test).

expression. However, our data failed to demonstrate a role for NLRC5 in inflammasome
activation in response to IAV infection. Furthermore, a significant effect of NLRC5 on
NF-kB activation or IL-6 production was observed only during IAV infection in vitro. It
should also be noted that IFN-B expression was elevated in Nirc5~/~ BMDCs in vitro,
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especially with infection by the x31 virus. Although IFN-B expression was higher in
Nlirc5—/~ mice in vivo, virus titers were also higher at the same time points. Therefore,
it remains to be tested whether NLRC5 directly regulates IFN-B expression during IAV
infection or if a higher IFN-f level is merely a response to an increased virus load due
to defects in other immune pathways.

Studies by Biswas et al. and Yao et al. reported that NLRC5 regulates MHC-I
expression and cytotoxic CD8™" T cell responses to L. monocytogenes infection (10, 16).
These studies also showed reduced MHC-| expression on a variety of cells prior to
stimulation. Stimulation of Nirc5—/~ cells with IFN-y or lipopolysaccharide (LPS) or
infection with L. monocytogenes failed to induce MHC-I expression to the same extent
as that in WT cells (10, 16). Although Nirc5~/~ mice were found to have normal CD8*
T cell development in the thymus, the numbers of CD8* T cells in the spleens of
Nirc5—/~ mice were lower prior to infection (16). Yao et al. also showed a reduction in
the relative proportion of CD8* T cells in the spleen following infection with L.
monocytogenes. Both Biswas et al. and Yao et al. showed that CD8" T cells from
Nlrc5—/~ mice were functionally inferior in their cytotoxic activity, resulting in increased
bacterial burdens in the spleen and liver (10, 16). Although Yao et al. reported minor
differences in the production of IL-183, neither group observed differences in type | IFN
or IL-6 levels (16). In another model, Tong et al. demonstrated NLRC5 regulation of
MHC-I expression during infection with vesicular stomatitis virus (VSV). However, NLRC5
only transiently regulated IL-6 and type | IFN, for the first 6 h following VSV infection
(19). Another study, by Kumar and colleagues, reported no significant differences in the
levels of IL-1B, IL-6, or other cytokines in Nirc5—/~ mice injected with the double-
stranded RNA (dsRNA) analogue poly(l-C) (17). That study did not examine the effects
of the Nlrc5~/~ genotype on MHC-| expression. Based on the studies discussed above
and our own data, it is clear that NLRC5 is important for the basal expression of MHC-I
molecules and that the defect observed in its absence persists during infection. These
data also demonstrate that Nirc5—/~ mice have intrinsic defects in peripheral CD8* T
cell numbers and impaired CD8* T cell function during infection.

MHC-I presentation is important for activation of CD8 T cells (22). In our hands, this
was associated with lower CD8* T cell numbers prior to infection and fewer IFN-y- and
granzyme B-producing CD8™ T cells during IAV infection in Nlrc5—/~ mice. Furthermore,
IAV-specific CD8* T cells in Nirc5—/— mice were less efficient at killing IAV peptide-
pulsed cells in our in vivo experiments. The development of a Th1-biased, cytotoxic,
pathogen-specific CD8" T cell response during IAV infection is important for resolving
the infection (25, 26), and a slight defect in viral clearance was observed in our study,
in association with diminished CD8™* T cell responses in Nlrc5—/~ mice. However, we did
not observe any difference in weight loss or mortality during IAV infections of Nirc5—/~
mice and WT mice. Mice deficient in other molecules in the MHC-I expression pathway
also exhibit a similar phenotype. Mice deficient in MHC-I H2-K® and H2-DP molecules
(KeD?~/~) exhibit reduced numbers of CD8™" T cells, but when challenged in vivo, they
still generate CD8*" MHC-I-specific allogeneic responses. Despite the lack of MHC-I Kb
and DP molecules, a minor population of functionally competent CD8* T cells arises in
KPDP—/~ mice (27). It is also noteworthy that T cells are able to recognize target cells
even with a very low MHC-I density (28). Antigen presentation in Nirc5—/~ cells has also
been examined in other models. With DCs loaded with exogenous SIINFEKL peptide,
Nlrc5-deficient DCs or B cells were able to activate and induce the proliferation of OT-I
CD8™ T cells despite reduced MHC-I expression (11, 29). However, when the SIINFEKL
peptide was expressed endogenously by transfection of SINFEKL mRNA within the
Nlrc5—/~— DCs, they displayed a slight reduction in antigen-presenting capacity com-
pared to that of WT controls (29). Biswas et al. and Yao et al. also examined the ability
of B cells or DCs to present SIINFEKL to CD8* T cells, and they found more prominent
defects in CD8" T cell responses (10, 16). Although the reason for the observed
differences in magnitude of the antigen-presenting defects is not clear, all these studies
agree that, under some conditions, antigen-presenting cells from Nlrc5~/~ mice have
impaired antigen-presenting capacity. A study by Staehli et al. observed defective
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killing of Nirc5-deficient SIINFEKL peptide-pulsed target cells by OT-I T cells (11). This
finding suggests that impaired pathogen clearance might be due to impaired target
cell killing rather than a reduction in CD8* T cell numbers. This report is in line with our
own data from IAV-infected mice. In vivo, we observed only a shift in the CD8* T cell
epitope dominance, with increased PB1-specific cells and decreased PA-specific cells.
However, the functionality of these IAV-specific cells was compromised in Nlrc5—/—
mice. Overall, our data and the previous reports discussed above support a role for
NLRC5 in determining the robustness of MHC-I-CD8™" T cell interactions. However, the
observed reduction in MHC-I results in only a minor defect in antigen-specific CD8* T
cell functionality, but not T cell proliferation, in our model.

Other than CD8* T cells, humoral immune responses as well as innate immune
responses are important during IAV infection. The intact humoral immune responses in
Nirc5—/~ mice may prevent the development of severe disease in our model, in which
only modestly impaired cellular immunity was observed (23). Although it is not clear
whether the increase in IFN- observed in Nirc5~/~ mice is a consequence of higher
virus titers or is specific to Nirc5 deletion, higher IFN- levels may also be beneficial to
the host in cases of impaired cellular immunity. In addition to these, NK cells may
further constitute a compensatory mechanism in Nlrc5—/~ mice infected with IAV. NK
cells play an important role in the early antiviral immune response by killing infected
cells and regulating later adaptive immunity (30). During IAV infection, the NK cell-
activating receptor NKp46 can interact with IAV hemagglutinin (HA) to kill infected cells
(31). The murine receptor corresponding to NKp46, NCR1, has also been shown to affect
the immune response to IAV (32). Multiple clinical studies have reported a decrease or
absence of circulating NK cells in IAV-infected patients with severe symptoms (33-35).
Although NK cell numbers were lower prior to infection in our mice, we observed
increased NK cell numbers in the lungs of Nirc5—/~ mice on day 7 after IAV infection.
Thus, NK cell responses may act to counterbalance the defective CD8* T cell responses
observed in Nirc5—/— mice. Notably, Ludigs et al. recently showed that T cell-specific
deletion of Nirc5 enhanced NK cell cytotoxicity (24). Therefore, Nirc5~/— mice may
prove to be an interesting tool for studying compensatory mechanisms in the immune
response and warrant future studies to investigate these responses during IAV infec-
tion.

Overall, our study demonstrates that the NLR family member NLRC5 is important for
MHC-I expression in naive mice and the effector CD8* T cell functions in response to
IAV infection. Our data also indicate that impaired cytotoxic T cell responses in Nlrc5—/—
mice might be compensated through increased NK cell and type | IFN responses and
normal humoral immunity. These findings add to our knowledge of the functional
diversity of innate immune sensors and the induction of host protective responses
during viral infection and may aid in the development of therapies or vaccines that can
alter T cell epitope dominance or enhance CD8* T cell or NK cell responses to combat
infection.

MATERIALS AND METHODS

Mice. Nirc5-/— mice on the C57BL/6J background have been reported previously (10, 16, 17). WT
C57BL/6J mice were purchased from Jackson Laboratory and subsequently bred in-house at St. Jude
Children’s Research Hospital (SJCRH) for more than 5 generations, in the same animal room as that for
Nirc5~/~ mice, prior to beginning experiments. For experiments with the x31 virus, WT and Nirc5~/~ mice
were cohoused in the same cage for 2 weeks prior to harvest of bone marrow. All mice were bred and
maintained at SJCRH. All animal experiments were conducted under protocols approved by the St. Jude
Children’s Research Hospital Committee on Use and Care of Animals (protocol 482) and were performed
in accordance with institutional policies, AAALAC guidelines, the American Veterinary Medical Associa-
tion (AVMA) guidelines on euthanasia, NIH regulations (36), and the U.S. Animal Welfare Act of 1966.

Viruses. The influenza A/Puerto Rico/8/34 H1N1 virus (PR8) and the influenza A/HKx31 H3N2 virus
(x31) were generated using an eight-plasmid reverse genetics system (37). Stocks were propagated up
to two times by allantoic inoculation of 10-day-old embryonated chicken eggs with seed virus diluted
10~4. The stock virus concentration was determined by the plaque assay method as previously reported
(38). Dendritic cells were infected at a multiplicity of infection (MOI) of 10 with either virus. Influenza
A/Puerto Rico/8/34 HINT1 virus (PR8) was used for all in vivo experiments.
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In vivo infection. Mice were anesthetized with 5 mg tribromoethanol (Avertin) administered via
intraperitoneal injection and then infected with PR8 virus at a dose of 900 PFU administered intranasally
in 30 pl of phosphate-buffered saline. Mice were monitored until they recovered from anesthesia. For all
experiments, animals infected with IAV were weighed and monitored daily for signs of distress. Mice
were euthanized by CO, asphyxiation followed by cervical dislocation at the indicated times after
infection (day 0, 2, 7, 10, or 12 postinfection [p.i.]). For survival experiments, animals were euthanized by
CO, asphyxiation followed by cervical dislocation when they lost 33% of their preinfection weight or
became moribund.

In vitro BMDC stimulation. WT and Nirc5-/~ BMDCs were differentiated as previously described,
using granulocyte-macrophage colony-stimulating factor (GM-CSF) (38). Day 7 BMDCs were infected with
IAV at an MOI of 10, and samples were collected for flow cytometry at 24 h p.i. Samples were also tested
for cytokine levels by enzyme-linked immunosorbent assay (ELISA) or quantitative real-time PCR (qRT-
PCR). For flow cytometry, cells were stained with anti-CD80, -CD11¢, -MHC-I H2-KP, and -MHC-| H2-D®
(16-10A11, N418, AF6-88.5, and KH95; Biolegend, San Diego, CA). Data were analyzed using FlowJo
(FlowJo, LLC, Ashland, OR), and the geometric mean fluorescence intensity (MFI) was calculated using
FlowJo.

Quantification of lung viral loads. Lungs were harvested from WT and Nirc5—/~ mice infected i.n.
with 900 PFU of IAV on the indicated day after infection. Lung viral titers were determined as previously
reported (38). Briefly, diluted lung homogenates were plated on Madin-Darby canine kidney (MDCK)
cells. After a period of infection, the cells were washed and overlaid with minimum essential medium
(MEM) containing agarose (Lonza, Basel, Switzerland). After 3 days, agar plugs were removed, and
plagques were visualized using crystal violet.

Flow cytometric analysis of lung, spleen, and mediastinal lymph node cells. Mice were infected
i.n. with 900 PFU of IAV. Mice were euthanized on day 0, 2, 7, 10, or 12 for sampling of the whole lungs,
spleen, mediastinal lymph nodes (MdLN), or blood serum. Cells from the lungs were isolated following
red blood cell (RBQ) lysis, using a Percoll gradient. Spleen and MdLN cells were isolated directly after RBC
lysis. Dendritic cells were identified by staining with anti-CD86 and -CD11c antibodies (GL-1 and N-418;
Biolegend) and anti-MHC-II antibody (MHCII, MS/114.15.2; eBioscience, San Diego, CA). Neutrophils were
gated as Gr-1* and CD11b™ cells (RB6-8C5 and M1/70; Biolegend). B cells were identified using a CD19*
(6D5; Biolegend) gating strategy. T cell responses were examined by flow cytometry after staining with
anti-T cell receptor B (anti-TCR-B), anti-CD8, and anti-CD4 antibodies (H57-597, 53-6.7, and RM4-5;
Biolegend). NK cells were stained and gated as NK1.1+ CD3~ cells (PK136 and 17A2; Biolegend). For
intracellular cytokine staining, we stained lung samples with anti-granzyme B (GB11; BD Biosciences),
anti-gamma interferon (XMG1.2; Biolegend), or anti-tumor necrosis factor alpha (anti-TNF-a) (MP6-XT22;
Biolegend) after stimulation with a cocktail of IAV peptides (PB1,4;5_511, PB1-F2¢5_50, NP3gs 374 PAsss 2330
and NS2,,,_,,,) in the presence of monensin for CD8* T cells or phorbol myristate acetate (PMA)-
ionomycin-monensin for CD4+ T cells. Cells were analyzed using an LSR Il flow cytometer (BD Biosci-
ences, San Jose, CA). Data were analyzed in FlowJo (FlowJo, LLC). Total cell numbers were calculated by
multiplying the percentage of positive cells acquired by the total number of cells isolated.

In vitro T cell proliferation. We examined the proliferation of CD8* T cells in vitro by CFSE staining.
T cells were isolated from mouse spleens and labeled with 1.5 ug/ml of CFSE (eBioscience). Cells were
then plated in RP10 medium in the presence or absence of plate-bound anti-CD3e and -CD28 antibodies
(145-2C11 and 37.51; eBioscience) for 3 days, followed by IL-2 (10 pg/ml) for 2 days. Cells were then
stained with anti-CD8 and -CD4 antibodies and examined by flow cytometry for CFSE dilution.

In vivo cytotoxicity. To examine the in vivo cytotoxic capacity of CD8* T cells, WT splenocytes were
labeled with a high concentration of CFSE (1.5 wg/ml) and pulsed with CD8-specific IAV peptides
(PB1503-711 PB1-F2¢5_50, NP5eg 374 PA,,4 533, @and NS2,,,_;15,). Another set of WT splenocytes was stained
with a low concentration of CFSE (0.15 pg/ml) but not pulsed with IAV peptides, as a control. Mice that
had been infected with IAV for 7 days were then injected with a 1:1 mixture of the pulsed and unpulsed
splenocytes. Spleens of IAV-infected mice were removed 12 h after injection, and the ratio of pulsed
CFSEMi9h to unpulsed CFSE'*w splenocytes was determined by flow cytometry.

Cytokine quantification. Cytokine levels in cell culture supernatants or whole-lung homogenates
were analyzed using Ready-Set-Go IL-6 or IL-1B ELISA kits following the manufacturer’s instructions
(eBioscience). All cytokines from lung homogenates were normalized to the total protein in the
homogenate by the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL), and their concentrations
were expressed as picograms of cytokine per milligram of total protein.

IAV-specific antibody ELISA. IAV was partially purified through a 30% sucrose cushion, and virions
were lysed in RIPA buffer. Lysate was diluted in bicarbonate ELISA coating buffer and used to coat ELISA
plates. Pre- and postinfection sera from mice were diluted and added to ELISA plates after blocking with
1X ELISA/ELISPOT assay buffer (eBioscience). Isotype-specific mouse anti-IAV antibodies were detected
using a C57BL/6-HRP SBA clonotyping system (Southern Biotech). Relative antibody levels were mea-
sured by determining the optical density at 450 nm (OD,,) after tetramethylbenzidine (TMB) substrate
addition and quenching with 1 N H,SO,.

qRT-PCR. Total RNA was isolated using the Trizol method (Life Technologies, Carlsbad, CA). First-
strand cDNA was generated from total RNA by use of high-capacity cDNA reverse transcription reagents
(Applied Biosystems, Foster City, CA). cDNA samples were prepared and subjected to qRT-PCR on an ABI
Prism 7900 instrument, using SYBR green PCR master mix (Applied Biosystems), and the results were
normalized to the B-actin housekeeping gene. The following primer pairs were used for qRT-PCR analysis:
for mouse B-actin, 5'-GGCTGTATTCCCCTCCATCG-3" (forward) and 5'-CCAGTTGGTAACAATGCCATGT-3’
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(reverse); and for mouse IFN-B, 5'-GCCTTTGCCATCCAAGAGATGC-3' (forward) and 5'-ACACTGTCTGCTG
GTGGAGTTC-3’ (reverse). qRT-PCR data were determined according to the standard curve method.
Histopathology. The left lobes of the lungs from each mouse were formalin fixed, paraffin embed-
ded, and processed by standard techniques at the Veterinary Pathology Core at SJICRH. Longitudinal
5-uwm sections were stained with hematoxylin and eosin (H&E), and histopathological analysis was
conducted by an experienced pathologist blinded to the experimental groups (Peter Vogel, SJICRH).

Statistical analysis. GraphPad Prism 6.0 software was used for data analysis. Data are presented as

means * standard errors of the means (SEM) or standard deviations (SD). Statistical significance was
determined by Student’s t test for single comparisons, two-way analysis of variance (ANOVA) for weight
loss, and the Kaplan-Meyer test for survival studies. P values of <0.05 were considered statistically
significant.
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