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ABSTRACT
Cancers can escape immunesurveillance by diminishing the expression of MHC class-I molecules (MHC-I)
and components of the antigen-processing machinery (APM). Developing new approaches to reverse
these defects could boost the efforts to restore antitumor immunity. Recent studies have shown that the
expression of MHC-I and antigen-processing molecules is transcriptionally regulated by NOD-like receptor
CARD domain containing 5 (NLRC5). To investigate whether NLRC5 could be used to improve tumor
immunogenicity, we established stable lines of B16-F10 melanoma cells expressing NLRC5 (B16-5), the T
cell co-stimulatory molecule CD80 (B16-CD80) or both (B16-5/80). Cells harboring NLRC5 constitutively
expressed MHC-I and LMP2, LMP7 and TAP1 genes of the APM. The B16-5 cells efficiently presented the
melanoma antigenic peptide gp10025–33 to Pmel-1 TCR transgenic CD8C T cells and induced their
proliferation. In the presence of CD80, B16-5 cells stimulated Pmel-1 cells even without the addition of
gp100 peptide, indicating that NLRC5 facilitated the processing and presentation of endogenous tumor
antigen. Upon subcutaneous implantation, B16-5 cells showed markedly reduced tumor growth in C57BL/
6 hosts but not in immunodeficient hosts, indicating that the NLRC5-expressing tumor cells elicited
antitumor immunity. Following intravenous injection, B16-5 and B16-5/80 cells formed fewer lung tumor
foci compared to control cells. In mice depleted of CD8C T cells, B16-5 cells formed large subcutaneous
and lung tumors. Finally, immunization with irradiated B16-5 cells conferred protection against challenge
by parental B16 cells. Collectively, our findings indicate that NLRC5 could be exploited to restore tumor
immunogenicity and to stimulate protective antitumor immunity.

Abbreviations: APM, antigen processing machinery; B16-5, B16-F10 cells expressing NLRC5; B16-80, B16-F10 cells
expressing CD80; B16-5/80, B16-F10 cells expressing NLRC5 and CD80; b2M, b2 microglobulin; CITA, MHC-I trans-
activator; CIITA, MHC-II trans-activator; CTL, cytotoxic T lymphocytes; DC, Dendritic cells; ER, endoplasmic reticulum;
MHC-I, major histocompatibility class-I; NLRC5, NOD-like receptor CARD domain containing 5; TAP, transporters
associated with antigen processing.
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Introduction

An important immune evasion mechanism of tumor cells is to
reduce their immunogenic potential and thereby escape
destruction by cytotoxic T lymphocytes (CTL). For this pur-
pose, cancer cells use several strategies such as downregulation
of dominant tumor antigens, blockade of the APM and repres-
sion of the MHC-I molecules.1 Expression of MHC-I requires
the assembly of MHC-I heavy chain, b2 microglobulin (b2M)
and an antigenic peptide within the endoplasmic reticulum
(ER).2,3 The antigenic peptide is generated by proteasomes,
transported across the ER by ‘transporters associated with anti-
gen processing’ TAP1 and TAP2, loaded onto MHC-I:b2M
complex and delivered to the cell surface. By sampling these

peptides, CD8C T cells carry out their immunesurveillance
functions and eliminate neoplastic cells expressing tumor-spe-
cific and tumor-associated antigens.4-6 Many cancers show
defects in the MHC-I antigen presentation pathway that would
allow cancer cells to escape destruction by CTLs.1,7,8 In some
cancers, the MHC-I defects correlate with high tumor grading,
disease progression, reduced survival and failure of CTL-based
immunotherapies.1,8 Notably, in melanoma patients undergo-
ing immunotherapy, all regressing metastatic lesions expressed
residual MHC-I while progressing metastases did not.9,10 The
defects in the expression of MHC-I and APM in cancer cells
are classified into reversible “soft” and irreversible “hard”
lesions.7,11 While hard lesions arise from gene loss or structural
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mutations, soft lesions could arise from epigenetic, transcrip-
tional and post-translational alterations.12-14 The soft lesions
are exemplified by restoration of MHC-I expression by DNA
demethylating agents or IFNg:15,16 Even though defects in
MHC-I expression and antigen presentation in cancer cells
have been extensively documented, the transcriptional regula-
tion of MHC-I and antigen-processing pathway genes, and
their deregulation in cancer cells are not yet well understood.

NLRC5 is a member of the NLR family proteins that
contain a nucleotide-binding domain and leucine-rich
repeats, which are conserved in pattern recognition recep-
tors that regulate inflammatory responses and cell death.17

NLRC5 is conserved in vertebrates and is expressed in vari-
ous tissues, although high expression occurs in immune tis-
sues and mucosal epithelia.18-22 The NLRC5 promoter is
inducible by IFNg: 18,21,23 NLRC5 is structurally related to
NLRA, also known as MHC-II trans-activator (CIITA),
which is essential for the transcription of MHC-II genes.24

Similar to CIITA that induces MHC-II genes, NLRC5 pro-
motes MHC-I gene expression and thus called MHC-I
trans-activator (CITA).23,24 Several groups studying the role
of NLRC5 in innate immune functions have generated
Nlrc5¡/¡ mice, which have confirmed the essential role of
NLRC5 in MHC-I expression.18-23,25-29 The promoters of
MHC-I genes contain cis-regulatory elements (SXY module)
that bind distinct transcription factors, with which NLRC5
interacts and recruits transcriptional modifiers to assemble
the MHC-I enhanceosome transcriptional complex.24,30-33

NLRC5 also induces genes coding for B2M, LMP2 (large
multifunctional proteasome 2, a proteasome component)
and TAP1 involved in antigen processing and presentation
to CD8C T cells.23,26,27 In agreement, Nlrc5-/- mice show
impaired CTL responses, and NLRC5-null target cells are
not efficiently cleared by CTLs.26,27

Given the role of NLRC5 in the transcription of MHC-I
and APM genes, we postulated that NLRC5 may play
important roles in antitumor immunity and its loss may
promote tumor immune evasion. In this study, we investi-
gated the ability of NLRC5 to elicit antitumor immunity
using the B16-F10 (referred hereafter as B16) mouse mela-
noma model. The B16 melanoma is a poorly immunogenic
tumor that grows aggressively in syngeneic C57Bl/6 mice.34

B16 cells express several melanoma antigens such as gp100
(also called Pmel-1), tyrosinase, tyrosinase-related protein 1
and dopachrome tautomerase.34 The poor immunogenicity
of B16 cells has been linked to low expression of MHC-I
and APM.35 To determine whether NLRC5 could be used to
improve tumor immunogenicity, we generated stable lines
of B16 cells expressing NLRC5 either alone or along with
the T cell co-stimulatory ligand CD80. We evaluated the
ability of these cells to present exogenously added or endog-
enous gp100 antigenic peptide in vitro and in vivo, their
growth as tumors in C57BL/6 mice and their ability to acti-
vate gp100-specific CD8C T cells. We also investigated the
ability of NLRC5-expressing B16 cells to confer immune
resistance to challenge by parental B16 cells. Our findings
show that NLRC5 expression renders B16 cells immuno-
genic and raise the possibility that NLRC5 could be
exploited to elicit antitumor immunity.

Results

Stable expression of NLRC5 enhances MHC-I expression in
B16 cells and increases their ability to activate CD8C T cells

B16 cells express low levels of MHC-I, b2M and several genes
of the APM such as LMP2, LMP7, TAP1, TAP2, PA28a and
PA28b.35 As NLRC5 is a master regulator of MHC-I and some
of the APM,24 we evaluated Nlrc5 gene expression in B16 cells.
Wild type B16 cells (B16-Wt) showed negligible level of Nlrc5
gene expression at steady state that was increased >1500-fold
following IFNg stimulation (Fig. 1A). On the other hand, some
of the mouse cancer cell line that we examined did not upregu-
late Nlrc5 upon IFNg stimulation and showed defective MHC-I
gene expression (Fig. S1). These results indicate that B16 cells
are not inherently defective in Nlrc5 gene expression. To test
whether NLRC5 would enable B16 cells to activate tumor anti-
gen-specific CD8C T cells, we derived stable lines expressing
human NLRC5 (B16-5), which has been previously shown to
induce MHC-I expression in murine B16 cells.31 Human and
mouse NLRC5 show 62.3% amino acid sequence identity and
80% similarity (Fig. S2).20 Moreover, human and mouse MHC-
I gene promoters harbor similar cis-regulatory elements that
are occupied by transcriptional enhanceosomes containing
NLRC5.33 To increase the ability of B16-5 cells to activate
tumor antigen-specific CD8C T cells, we generated B16-5 cells
expressing the costimulatory ligand CD80 (B16-5/80).36 As
controls, cells expressing only CD80 (B16-80) or the empty vec-
tors (B16-v), and B16-Wt cells were used. When compared
with B16-Wt cells, the transfected cells showed slightly
increased level of endogenous murine Nlrc5 expression that
was significant only in B16-v cells (Fig. 1A).

As expected, the transfected human NLRC5 transcripts were
detected only in B16-5 and B16-5/80 cells. As there is no
expression of human NLRC5 in the control groups (B16-Wt,
B16-v), it was not possible to calculate fold increase of NLRC5
expression relative to controls. Nonetheless, the Ct values for
human NLRC5 in B16-5 (22.3) and B16-5/80 (24.8) indicated
that the transfected gene was well expressed in these cells. Ct
value for the housekeeping gene Rplp0 was 14.9 in both B16-5
and B16-5/80 cells. Notably, B16-5/80 cells showed a 6-fold less
NLRC5 transcript level with respect to B16-5 cells (Fig. 1B),
suggesting the possibility of competition for the transcription
machinery in cells harboring both NLRC5 and CD80 expres-
sion constructs.

Next we examined the expression of genes coding for MHC-
I and molecules involved in antigen processing (Fig. 1A). Con-
sistent with previous reports,23,26 B16-5 and B16-5/80 cells
showed constitutive expression of MHC-I genes H2D and H2K,
although B2M was significantly upregulated only in B16-5 cells.
The expression levels of H2D and H2K genes in NLRC5
expressing cells were comparable to the levels induced by
IFNg in B16-Wt cells. Both B16-5 and B16-5/80 cells showed
significant upregulation of Psmb9 and Psmb8 coding for the
proteasomal components LMP2 and LMP7, respectively, and
Tap1 compared to B16-v controls (Fig. 1A). In general, the
expression of the above NLRC5-induced antigen-processing
genes was slightly lower in B16-5/80 cells than in B16-5 cells,
presumably due to weaker expression of NLRC5 in the latter
(Fig. 1B). Strikingly, B16-5 and B16-5/80 cells did not show

2 G. M. RODRIGUEZ ET AL.



expression of several other MHC-I pathway genes that were
induced by IFNg such as Psme1, Psme2 and Tapbp coding for
the proteasomal activators PA28a and PA28b and TAP bind-
ing protein, respectively. These results indicate that NLRC5
induces only a subset of IFNg-inducible MHC-I antigen-proc-
essing pathway genes.

B16-5 cells showed elevated cell surface expression of MHC-
I molecules H-2Db and H-2Kb (Fig. 1C, D), consistent with the
expression of H2D, H2K and B2M genes. B16-5/80 cells showed
reduced expression of MHC-I when compared with B16-5 cells,
corresponding to the reduced level of NLRC5 transcripts and
B2M gene expression in B16-5/80 cells (Fig. 1B). B16-v cells

Figure 1. Stable expression of NLRC5 induces MHC-I and a subset of antigen processing pathway genes in B16-F10 melanoma cells. B16-F10 melanoma cells (B16-Wt)
were transfected with expression constructs of human NLRC5 (EBSB-PL-EGFP-NLRC5) and mouse CD80 (pcDNA3.0-CD80), either alone or together. Transfected cells were
selected with blasticidin, G418 or both to generate the stable lines B16-5, B16-80 and B16-5/80 expressing NLRC5, CD80 or both, respectively. Control cells were trans-
fected with both vectors (B16-v) and selected by antibiotics. (A) B16-derived cell lines were evaluated by qPCR for the expression of endogenous Nlrc5 and genes coding
for MHC-I (H-2D, H-2K), b2 micoglobulin, and the antigen-processing machinery: proteasome components LMP2 and LMP7, proteasome activators PA28a and PA28b,
transporter associated with antigen processing Tap1, and the Tap1-associated protein tapasin. B16-Wt cells treated with 500 pg/mL of IFNg were used as control, along
with the induction of the Stat1 gene. Gene expression was normalized to the housekeeping gene Rplp0 (36B4) and then compared to B16-Wt cells to measure fold
change. Mean § SEM from three experiments are shown. Statistical comparison of the indicated groups was done by Mann–Whitney test: ����p < 0.0001. (B) Relative
expression of human NLRC5 transgene in B16-5 and B16-5/80 cells. (C) Cell surface expression of MHC class-I (H-2Db) and CD80 were measured in parental and B16-
derived stable cell lines by flow cytometry. Expression level in B16-Wt cells (dark gray histograms) was overlapped with that of transfected cells (white histograms). GFP
fluorescence served as marker for the NLRC5 expression construct. (D) Mean fluorescence intensity (MFI) values of H-2D, H-2K and CD80 expression in
B16-derived cell lines. Data shown are mean C SEM from five experiments, normalized to the expression level in B16-Wt cells. Mann–Whitney test: ��p < 0.01,
���p < 0.001, ����p < 0.0001.
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expressing the control vector showed slight augmentation of
MHC-I surface expression, presumably arising from the induc-
tion of endogenous Nlrc5 gene (Fig. 1A). B16 cells do not
express CD80, which was markedly elevated in B16-80 and
B16-5/80 cells harboring the murine CD80 expression con-
struct (Fig. 1C, D).

Next we tested the ability of the B16-derived cell lines to
present the mgp100 tumor antigenic peptide to Pmel-1 TCR
transgenic CD8C T cells and stimulate cell proliferation. While
parental (B16-Wt) and control (B16-v) cells did not induce
proliferation of naive Pmel-1 cells in response to exogenously
added cognate peptide mgp10025-33, B16-5 and B16-5/80 cells
stimulated robust cell proliferation (Fig. 2A). B16-80 cells also
induced strong proliferation of Pmel-1 cells in the presence of

mgp100, presumably by delivering co-stimulatory signals that
supplement the basal TCR signaling.37 However, B16-5/80 cells
did not elicit a response superior to B16-5 cells. Together, the
above data indicated that stable NLRC5 expression in cancer
cells can upregulate the expression of functional MHC-I mole-
cules and present tumor antigenic peptides to CD8C T cells
and stimulate their proliferation.

NLRC5 expression in B16 cells enables presentation of
endogenous tumor antigenic peptide

B16-5 cells induced low but discernible proliferation of Pmel-1
cells in the absence of exogenous peptide (Fig. 2A), suggesting
that NLRC5 may also facilitate the processing and presentation

Figure 2. NLRC5 increases the antigen-presenting capacity of B16 cells and enables presentation of endogenous tumor antigenic peptide. (A) B16-derived cell lines
(� B16-Wt; � B16-v; ^ B16-5, & B16-80; ~ B16-5/80) were gamma irradiated (100Gy) and incubated with purified Pmel-1 TCR transgenic CD8C T cells along with the
indicated concentrations of mouse gp100 melanoma antigen-derived peptide mgp10025–33. Proliferation of T cells was evaluated by [

3H]-thymidine incorporation in tripli-
cates. Representative data from three experiments with comparable results are shown. Statistical comparison was done by Mann–Whitney test. B16-v versus B16-5, B16-
80, B16-5/80: ���p <0.001. (B) Irradiated B16-derived cell lines were incubated with Pmel-1 cells that were pre-stimulated for 3 d with IL-15 and IL-21 (cytokine-primed)
in the presence of the indicated concentrations of mgp100 peptide. T cell proliferation was evaluated by [3H]-thymidine incorporation. Representative data from three
experiments are shown. Mann–Whitney test: B16-v versus B16-5, B16-80, B16-5/80: ���p < 0.001; B16-v versus B16-5/80: ### p < 0.005. (C) Freshly purified (naive: col-
umns a, b) or cytokine-primed Pmel-1 cells (columns c, d) were labeled with CFSE and incubated with irradiated B16-derived cell lines in the presence (columns b, d) or
absence (columns a, c) of mgp100 peptide. At the indicated days (1, 2, 4, 6) of culture, cell proliferation was evaluated by dilution of the CFSE fluorescence intensity. Rep-
resentative data from three independent experiments with comparable results are shown.
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of endogenous mgp100 peptide. This idea was supported by
increased expression of the genes coding for LMP2, LMP7 and
TAP1 in B16-5 cells (Fig. 1A). Therefore, we examined the abil-
ity of NLRC5-expressing B16 cells to present endogenous
tumor antigenic peptides. Theoretical estimates indicate that
processing and presentation of a specific endogenous antigenic
peptide via the MHC-I pathway is a very inefficient process.3

This could limit the ability of B16 cells to activate naive T cells.
We have previously shown that “priming” of naive CD8C T
cells with IL-15 and IL-21 increases their responsiveness to lim-
iting concentrations of antigenic peptides.38 Therefore, we pre-
stimulated Pmel-1 cells with IL-15 and IL-21 and then tested
their responsiveness to B16 cells in the presence or absence of
mgp100 peptide. As expected, cytokine-primed Pmel-1 cells
showed significant DNA synthesis in response to lower concen-
trations of mgp100 presented by B16-Wt or B16-v cells
(Fig. 2B; 0.1 mg/mL), while naive Pmel-1 cells showed negligi-
ble proliferation at this peptide concentration (Fig. 2A). Com-
pared to B16-Wt and B16-v cells, B16-5 and B16-5/80 cells
induced strong DNA synthesis in cytokine-primed Pmel-1 cells
at limiting concentrations of mgp100 (Fig. 2B, 0.01 mg/mL).
Importantly, B16-5/80 cells induced strong proliferation of
cytokine-primed Pmel-1 cells in the absence of exogenous pep-
tide (Fig. 2B), confirming the processing of endogenous antigen
and presentation of the mgp100 peptide by B16 cells expressing
NLRC5.

Next, we evaluated the proliferation kinetics of naive and
cytokine-primed Pmel-1 cells by CFSE assay (Fig. 2C), which
assesses cell division while thymidine incorporation reflects
DNA synthesis. In the presence of mgp100, all B16-derived cell
lines induced strong proliferation of cytokine-primed Pmel-1
cells that was clearly discernible within 2 d of stimulation
(Fig. 2C: all cells, column d). Consistent with the thymidine
incorporation data (Fig. 2B), only B16-5/80 cells induced
robust proliferation of cytokine-primed cells in the absence of
exogenously added mgp100 peptide (Fig. 2C: B16-5/80 cells,
column-c, days 2, 4, 6). This response was almost comparable
in kinetics and magnitude to that of na€ıve Pmel-1 cells stimu-
lated by exogenous mgp100 peptide (Fig. 2C, B16-5/80 cells,
column-b, days 2, 4, 6). Strikingly, B16-5/80 cells also induced
proliferation of naive Pmel-1 cells in the absence of exogenous
peptide, albeit with a delayed kinetics (Fig. 2C: B16-5/80 cells,
column a, day 6). These results indicate that melanoma cells
can be rendered immunogenic that are capable of activating
naive CD8C T cells by expressing NLRC5 along with CD80.

Cytokine-primed Pmel-1 cells activated by B16-5/80 cells
acquire memory-like phenotype with reduced
differentiation toward effector cells

Next we examined the phenotype and functionality of Pmel-1
cells activated by B16-5 and B16-5/80 cells. Most of the naive

Figure 3. B16 cells expressing both NLRC5 and CD80 efficiently activate Pmel-1 CD8C T cells. Naive and cytokine-primed Pmel-1 cells were co-cultured with irradiated
(100Gy) B16-derived cell lines in the presence or absence of mgp100 peptide. Activation of Pmel-1 cells were evaluated after 3 d by analyzing (A) modulation of the
expression of CD44 and CD62L, (B) production of IL-2, (C) expression of the effector cytokine TNFa and (D) mobilization of CD107b to the cell surface. Numbers within
the histograms represent the percentage of cells within the quadrant or the indicated marker boundaries. Representative data from at least two experiments with similar
results are shown.
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or cytokine-primed Pmel-1 cells incubated with B16-v cells, in
the presence or absence of mgp100 peptide, showed
CD44loCD62Lhi phenotype reflecting inefficient T cell activa-
tion (Fig. 3A, first row). While B16-5 cells did not cause appre-
ciable change in this phenotype even with mgp100 peptide,
B16-80 cells presenting the exogenous peptide caused an
increase in CD44 expression in about 40% of cytokine-primed
but not naive Pmel-1 cells (Fig. 3A, second and third rows).
Only B16-5/80 cells induced marked activation of naive Pmel-1
cells without the addition of exogenous peptide, as reflected by
the increased frequency of CD44loCD62Llo and CD44hiCD62Llo

cells (Fig. 3A, bottom row, first two plots). Importantly, cyto-
kine-primed Pmel-1 cells exposed to B16-5/80 cells displayed
not only an increased proportion of cells with CD44hiCD62Llo

activated phenotype but also a notable increase in
CD44hiCD62Lhi memory-phenotype cells (Fig. 3A, bottom
row, last two plots).

Evaluation of IL-2 and TNFa production by cytokine-
primed Pmel-1 cells under the above conditions revealed that
B16-5/80 cells strongly induced these cytokines, even in the
absence of exogenous mgp100 peptide (Fig. 3B, C bottom
rows). B16-5/80 cells also activated cytokine-primed Pmel-1
cells to display CD107b at the cell surface, which is associated
with granule exocytosis in CTLs39 (Fig. 3D). While B16-5 and
B16-v cells induced minimal IL-2 and TNFa production or
CD107b expression in cytokine-primed Pmel-1 cells, B16-80
cells elicited a discernible response only in the presence of
exogenous peptide (Fig. 3B, C, third row). Even though B16-5/
80 cells elicited similar phenotypic changes in “naive” Pmel-1
cells with or without peptide addition (Fig. 3A), the responder
cells acquired effector functions only in the presence of
mgp100 peptide (Fig. 3B–D). Together, the data shown in
Fig. 2 and 3 indicate that expression of both NLRC5 and CD80
in B16 cells is necessary to promote efficient activation of
CD8C T cell functions.

NLRC5 reduces tumor formation by B16 cells in a CD8C T
cell-dependent manner

To evaluate the effect of NLRC5 on the tumor-forming poten-
tial of B16 cells in vivo, we implanted the B16-derived cells lines
subcutaneously and monitored tumor growth in C57BL/6 mice.
Whereas control and B16-80 cells rapidly established as
tumors, B16-5 cells showed significantly reduced tumor growth
(Fig. 4A). Surprisingly, B16-5/80 cells, which were more effi-
cient than B16-5 cells in activating Pmel-1 cells in vitro, dis-
played an intermediate rate of tumor growth. The reduced
ability of B16-5 and B16-5/80 cells to form tumors is unlikely
to result from cell-intrinsic difference in growth rates, as their
in vitro expansion was comparable to that of B16-v cells
(Fig. 4B). In fact, B16-5/80 cells showed a stronger in vitro
expansion than B16-80 cells, but showed reduced in vivo tumor
growth. Moreover, B16-5 and B16-5/80 cells showed compara-
ble tumor forming ability in Rag1¡/¡ mice (Fig. 4C), suggesting
that their reduced growth in C57BL/6 mice was mediated by
antitumor immune response elicited by NLRC5 expression.
Next, we compared the ability of B16-derived cells to form
tumor foci in the lungs following intravenous injection. As
shown in Fig. 4D, expression of NLRC5, CD80 or both

significantly reduced the numbers of lung tumor foci compared
to B16-Wt of B16-v cells. Interestingly, B16-5/80 cells devel-
oped the least number of lung tumor foci (Fig. 4D), although
they formed larger subcutaneous tumors than B16-5 cells
(Fig. 4A, D). These results indicated that NLRC5 expression
retarded tumor growth and metastatic potential of B16 cells,
which could be further enhanced in certain anatomic sites by
simultaneous expression of CD80.

Next we examined whether the reduced tumor growth of
B16-5 cells was mediated by CD8C T cells. To this end, we
depleted CD8C T cells one day prior to tumor cell inoculation
(Fig. 5A) and monitored tumor growth. Treatment with
CD8C-depleting antibody, but not the isotype control, resulted
in massive growth of the subcutaneously inoculated B16-5 cells
(Fig. 5B–D). CD8C T cell depletion also enabled B16-5 cells to
obliterate the lungs following intravenous inoculation, although
this did not cause a significant increase in the lung mass
(Fig. 5C–D). Collectively, the above results indicate that CD8C

T-cell-mediated antitumor immunity underlies the reduced
tumor forming ability of NLRC5 expressing B16 cells.

B16 cells expressing NLRC5 elicit potent antitumor
immunity

To directly examine whether B16 cells expressing NLRC5 acti-
vated tumor-specific CD8C T cells in vivo, irradiated B16-v,
B16-5 or B16-5/80 cells were inoculated into the footpad of
C57BL/6 mice followed by intravenous injection of na€ıve or
cytokine-primed Pmel-1 cells (Fig. 6A). Examination of the
draining and non-draining lymph nodes and spleen showed
that B16-5 cells and B16-5/80 cells induced robust proliferation
of cytokine-primed Pmel-1 cells (Fig. 6B). However, naive
Pmel-1 cells underwent proliferation only in mice inoculated
with B16-5/80 cells (Fig. 6B). These results indicated that
NLRC5 expression enhanced the cross-presentation of tumor
cell-derived mgp100, however activation of naive CD8C T cells
required a costimulatory signal.

Next we investigated whether NLRC5 expression enabled
B16 cells elicit protective antitumor immunity by endoge-
nous CD8C T cells. C57BL/6 mice were immunized with
irradiated B16 cell lines and then challenged 4 weeks later
with parental (B16-Wt) cells (Fig. 6C). Measurement of
tumor size in challenged mice showed significant reduction
in tumor growth in mice vaccinated with B16-5 cells
(Fig. 6D). Notably, B16-5 cells conferred superior protection
compared to B16-5/80 cells (Fig. 6D). Moreover, immuniza-
tion with B16-5 cells prevented the development of palpable
tumors in nearly 50% of the challenged mice (Fig. 6E),
while the rest showed negligible tumor growth (Fig. 6D).
Although mice immunized with B16-5/80 cells also resisted
tumor growth (Fig. 6E), those that developed tumors
showed considerably larger tumors than mice immunized
with B16-5 cells (Fig. 6D). Mice immunized with B16-5
also showed better resistance to lung tumor foci formation
by B16-Wt cells than mice immunized with B16-5/80 cells
(Fig. 6F). These findings indicate that stable expression of
NLRC5 alone is sufficient to render B16 cells immunogenic
and elicit protective antitumor immunity.
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Discussion

Several immunotherapeutic approaches are currently being
evaluated to restore functional antitumor immunity against
established tumors that challenge surgical resection and defy
other treatment regimens.40,41 Among these, inhibitors of
immune checkpoint blockade have shown impressive success
in prolonging patient survival. Despite these advances, reduced
tumor immunogenicity remains an important obstacle for

eliciting efficient antitumor CTL response.42 Most tumors are
initially immunogenic, but undergo T-cell-dependent selection
toward less immunogenic outgrowth.5,6 Tumors progressively
become less immunogenic by downmodulating dominant
tumor antigens, the APM or MHC-I.1,7 Although restoration of
MHC-I and improving the presentation of subdominant anti-
gens are considered promising approaches to improve tumor
immunogenicity, there has been only limited success in achiev-
ing this goal.7 Our findings on the B16 melanoma model

Figure 4. NLRC5 expression reduces the tumor forming ability of B16 cells. (A) The B16-derived cell lines (� B16-v;^ B16-5,& B16-80;~ B16-5/80) were injected sub-
cutaneously into C57BL/6 mice (1 £ 105 cells per injection site) and tumor growth was monitored. Error bars represent standard error. n D 4–6 mice/group from three
experiments. Statistical comparisons were performed using two-way ANOVA with Tukey’s multiple comparisons. ��p < 0.01. (B) Growth of B16-derived cells in vitro. The
B16-derived cell lines were seeded at different concentrations and in triplicates in 96-well plates and their growth was evaluated by MTT assay. Data were pooled from at
least three independent experiments. Error bars represent SEM. Samples were normalized to B16-vector cells. (C) Subcutaneous tumor growth of B16-5 (^), B16-5/80
(~) and control B16-v (�) cells in Rag1¡/¡ mice. Data represent four mice per group from two experiments. (D, E) The B16-derived cell lines were injected intravenously
into C57BL/6 mice (2 £ 105 cells/mouse) and formation of tumor foci in the lungs was evaluated 17 d later. Representative images of the lungs (D) and the number of
tumor foci (E) are shown. Mean § SE from the indicated number of mice per group from two–three independent experiments are shown. (B, D) Data were compared by
one-way ANOVA with Kruskal–Wallis test adjusted for Dunn’s multiple comparisons. �p < 0.05, ��p < 0.01, ���p < 0.005.
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indicate that NLRC5 could be exploited to restore MHC-I
expression and antigen presentation in cancer cells, and thereby
elicit antitumor immunity.

Several groups have generated NLRC5-deficient mice inde-
pendently.26,27,29,43 Even though these mice show markedly
reduced expression of MHC-I in lymphoid and myeloid cells,
this defect does not impair CD8C T cell development, matura-
tion or homeostasis, all of which require MHC-I. Hence,
NLRC5 is dispensable for the basal expression of MHC-I and
its critical functions in immune cell homeostasis. Induction of
MHC-I genes by IFNg still occurs in NLRC5-deficient cells,
albeit to a reduced level,27,29 suggesting that NLRC5-indepen-
dent transactivation of MHC-I genes can also occur. NLRC5-
deficient B lymphocytes and macrophages stimulated with LPS
efficiently present the OVA peptide to OT-I TCR transgenic
CD8C T cells,26,27 suggesting that inducers of MHC-I expres-
sion may overcome NLRC5 deficiency to a certain extent. How-
ever, NLRC5-deficient T lymphocytes pulsed with the OVA-
peptide were not efficiently killed by OT-I cells.27 Moreover,
NLRC5-deficient mice were inefficient in clearing the intracel-
lular bacteria Listeria monocytogenes, although they efficiently
cleared vesicular stomatitis virus.26,43 Collectively, these reports
suggest that NLRC5 may be dispensable to mount an efficient
CTL response during acute inflammatory conditions but is crit-
ical when the inflammatory response is chronic and not robust,
which is probably the case in cancers. It is noteworthy that

experimental evidence for the role of NLRC5 in tumor immune
surveillance using NLRC5-deficient mice has not been reported
yet. Although the residualMHC-I expression and NLRC5-inde-
pendent induction of MHC-I genes by inflammatory mediators
may confound tumor immunesurveillance experiments44 in
NLRC5-deficient mice, such studies are needed to understand
whether loss of NLRC5 would compromise immunesurveil-
lance and contribute to immune evasion.

Intriguingly, B16-5/80 cells, which were more efficient than
B16-5 cells in activating Pmel-1 cells in vitro (Fig. 3), were less
efficiently controlled than B16-5 cells in vivo when inoculated
subcutaneously, although both were efficiently controlled from
forming lung tumor foci (Fig. 4A, D). When used for vaccina-
tion, B16-5 cells were again more efficient in preventing both
subcutaneous tumor growth and lung tumor foci formation fol-
lowing challenge with B16-Wt cells (Fig. 6D, F). These observa-
tions raise the possibility that CD80 expressed on B16 cells may
actually contribute to tumor growth rather than enhancing the
anti-immune response. For instance, although CD80 may ini-
tially promote T cell activation, it could engage CTLA-4 on
activated T cells and attenuate their ability to control tumor
growth. It has been recently shown that IFNg promotes PD-L1
expression in tumor cells and that can limit the efficacy of
immunotherapy-induced antitumor CTLs, which has been
referred to as “adaptive immunosuppression”.45 This raises the
possibility that activated T cells producing IFNg might induce

Figure 5. Rapid growth of NLRC5-expressing B16 cells in mice depleted of CD8C T cells. (A) C57BL/6 mice were administered via intraperitoneal route anti-CD8C or iso-
type control monoclonal antibody. Twenty-four hours later, depletion of CD8C T cells was evaluated by flow cytometry. Representative data from five mice per group are
shown. (B–D) CD8C-depleted mice were injected 24 h later with B16-5 cells via subcutaneous or intravenous route and tumor growth was monitored. Anti-CD8C or con-
trol Ab was administered twice weekly throughout the evaluation period. (B) Subcutaneous tumor growth from two experiments is shown. Student’s t test: �p < 0.05.
(C) Representative images of subcutaneous tumors and lung tissues collected 20 d after challenge are shown in C. (D) Mass of s.c. tumors and lung tissues obtained from
the challenged mice. Mann–Whittney test: �p < 0.05.
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PD-L1 that would engage PD-1 on activated T cells, delivering
a negative signal. Clearly, further studies are needed to under-
stand the complexity of immunoregulatory circuits elicited by
B16-5 and B16-5/80 cells growing as tumors in different ana-
tomical locations namely, subcutaneous versus the lung tissue.

Even though immune checkpoint inhibitors have limited
success in improving overall survival in treating cancer patients

(a few months), their impressive ability to restore antitumor
immune response (22% complete response, 50% objective
response) have raised hopes to achieve further improvements
through combinatorial approaches.40 We propose that NLRC5
can be exploited for this purpose, particularly in eliciting a pro-
ductive immune response toward diverse tumor antigens. The
success of immune checkpoint blockade inhibitors lies partly in

Figure 6. NLRC5 expression in B16 cells enables cross-presentation of endogenous mgp100 and elicits protective antitumor immunity. (A) Experimental plan for evaluat-
ing antigen cross-presentation in vivo. B16-v, B16-5 and B16-5/80 cells were irradiated and 2 £ 105 cells were injected into the footpad of C57BL/6 mice. One day later,
CFSE-labeled naive or cytokine-primed Pmel-1 cells were injected intravenously (1 £ 106 cells/mouse). Four days later, lymph nodes (LN) draining the footpad (popliteal),
non-draining (contralateral popliteal) LN and spleen were harvested to evaluate CFSE fluorescence on CD8CVb13C gated of Pmel-1 cells. (B) Proliferation of Pmel-1 cells
elicited by cross presentation of endogenous mgp100 by B16-derived cells. Representative data from three–four mice per group from two experiments are shown. (C)
Protocol for evaluating the ability of B16-derived cells to elicit protective antitumor immunity. (D, E) Eight week-old C57BL/6 mice were immunized with irradiated B16-
derived cell lines (� PBS; � B16-Wt; ^ B16-5, & B16-80; ~ B16-5/80) by intradermal route (2 £ 105 cells/mouse). Four weeks later, the immunized mice were chal-
lenged with parental B16-F10 (B16-Wt) cells injected subcutaneously (1 £ 105 cells/mouse), and tumor growth was monitored. (D) Tumor growth kinetics from two
experiments (nD4–6 mice per group). Error bars D SE. Statistical comparisons were performed using two-way ANOVA with Tukey’s multiple comparisons. ��p < 0.01,
����p < 0.001. (E) Pooled end-point data of palpable tumor growth 21 d after challenge from the indicated number of mice from more than three experiments. (F)
C57BL/6 mice immunized with irradiated B16-derived cell lines were challenged with parental B16-Wt cells via intravenous route. Twenty days later, the recipient mice
were sacrificed and the lung tumor foci were evaluated. Representative images of the lungs (left) and number of lung tumor foci (right) are shown. Kruskal–Wallis test
adjusted for Dunn’s multiple comparisons: �p < 0.05.
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restoring polyclonal antitumor immune response. Similarly,
expansion of tumor-infiltrating lymphocytes for adoptive cell
therapy outside the immunosuppressive tumor microenviron-
ment would permit expansion of CTLs toward diverse tumor
antigens.46 Dendritic cells (DCs) pulsed with tumor cell lysates
may also elicit polyclonal antitumor immune response,
although this process would be inefficient because only 0.1% of
endogenous peptides would survive intracellular antigen proc-
essing.3 However, DCs can directly present MHC-I:peptide
complexes acquired via a process called trogocytosis.47 We pro-
pose that the ability of NLRC5 to improve tumor cell immuno-
genicity could be exploited, for example, (i) to generate tumor
cell lysates with improved antigenic potential for DC-based
vaccines, (ii) to expand tumor-reactive CTLs for adoptive cell
therapy, and (iii) to identify and characterize protective CTL
epitopes. These approaches, when combined with checkpoint
inhibitors and with strategies to enhance the self-renewal
potential of tumor-reactive CTLs,48 could help to improve dis-
ease-free survival in cancer patients.

Materials and methods

Cells and animals

B16 cells were obtained from ATCC and were tested for their
ability to form lung tumor foci upon intravenous injection into
C57BL/6 mice. C57BL/6, Rag1¡/¡ and Pmel-1 TCR transgenic
mice34 were purchased from the Jackson Laboratory (Bar Har-
bor, ME, USA). For all experiments 6- to 8-week-old mice were
used. Animal experiments were carried out with approval of
the Universit�e de Sherbrooke Ethics Committee for Animal
Care and Use.

Reagents

The Pmel-1 melanoma antigen-derived peptide mgp10025-33
(EGSRNQDWL)34 was custom synthesized by GenScript
(Scotch Plains, NJ). RPMI-1640 cell culture medium and fetal
bovine serum were from Sigma-Aldrich (Oakville, Canada).
Recombinant mouse IL-2, human IL-15 and mouse IL-21 were
from R&D Systems (Minneapolis, MN). Five-(6)carboxyfluor-
esceindiacetatesuccinimidyl ester (CFSE) was purchased from
Molecular Probes, Life Technologies Inc. (Burlington, Canada).

Plasmids, transfection and stable cell lines

Plasmid encoding EGFP-tagged human NLRC5 in EBSB-PL
vector has been previously described.31 Mouse CD80 (NCBI
NM_009855.2) cDNA was amplified from murine dendritic
cells (Forward: CCCAAGCTTGGG-ATGGCTTGCAATTGT-
CAG; Reverse: CCGCTCGAGCGG-CTAAAGGAAGACG
GTCTG) and cloned into pcDNA3.0 vector (Invitrogen) at
HindIII and XhoI sites. B16-F10 cells were transfected with
NLRC5, CD80 or both expression vectors using polyethyleni-
mine-Max reagent (Polysciences Inc., PA). Stable B16-F10 cell
populations expressing NLRC5 (B16-5) were selected using
blasticidin (8 mg/mL) whereas CD80 expressing cells (B16-80)
were selected using G418 (3 mg/mL). Both antibiotics were

used to select B16-F10 cells expressing NLRC5 and CD80
(B16-5/80) or the control vectors (B16-v).

Lymphocyte proliferation assays

To assess the ability of B16 cells to present exogenous or endog-
enous gp100 tumor antigenic peptide, cells were irradiated (100
Gy) and 2.5£ 104 cells were plated in 96-well plates in presence
or absence of the indicated concentrations of the gp100 peptide.
After overnight incubation, cells were washed and freshly iso-
lated CD8C T cells from Pmel-1 TCR transgenic mice, enriched
by negative selection using magnetic beads (Dynal, Invitrogen),
were added (5 £ 104 cells/well). In some experiments, Pmel-1
cells were pre-stimulated with cytokines hIL-15 and mIL-21
(10ng/mL) for 48–72 h (cytokine priming).38 Irradiated
C57BL/6 splenocytes (1 £ 106 cells/mL) served as control anti-
gen-presenting cells. One mCi of methyl-[3H]-thymidine (NEN
Life Sciences, Boston, MA) was added during the last 8 h of cul-
ture period and the incorporated radioactivity measured.38 For
CFSE proliferation assay, Pmel-1 cells were labeled with CFSE
before adding to irradiated B16 cells and CFSE fluorescence
was evaluated on gated CD8C T cells at different time points.49

Tumor growth, CD8C T cell depletion, immunization and
injections

All B16-derived cell lines were washed twice in PBS, filtered
using a 70 mM nylon filter to remove cell aggregates. To evalu-
ate subcutaneous tumor growth, 1 £ 105 cells were inoculated
subcutaneously in the flank. Tumor growth was monitored
every 2–3 d until the maximal diameter of 2 cm. Tumor
volume was calculated using the modified ellipsoidal formula:
1=2(length £ width2). To evaluate tumor formation in the lung,
each mouse received 2 £ 105 cells in 100 mL PBS via the tail
vein. All injected mice were euthanized 17–20 d later. Lung tis-
sues were excised, photographed and the tumor nodules
counted. To deplete CD8C T cells, anti-CD8C (clone 53-6.72)
or isotype control (Rat IgG2a, clone 2A3) monoclonal antibod-
ies purchased from BioXCell (West Lebanon, NH, USA) was
administered via intra-peritoneal route (25 mg/mouse). Deple-
tion of CD8C T cells was confirmed 24 h later by flow cytome-
try. Antibody-treated mice were inoculated with B16-5 cells
subcutaneously or intravenously. For immunization, B16 cells
were irradiated, washed, suspended in PBS and 2 £ 105 cells in
40 mL volume were injected via intradermal route on the left
flank of anesthetized, 6–8-weeks-old C57BL/6 mice. Immu-
nized mice were challenged 4–5 weeks later with 1£ 105 paren-
tal B16 cells, inoculated subcutaneously on the right flank or
2 £ 105 cells intravenously. Tumor growth was monitored as
described above.

In vivo antigen cross-presentation assay

Irradiated B16 cells (2 £ 105 cells in 40 mL PBS) were inocu-
lated into the footpad of C57BL/6 mice. After 18 h, CFSE-
labeled Pmel-1 cells were injected intravenously. Four days
later, proliferation of Pmel-1 cells was assessed in the draining
(popliteal) and non-draining (popliteal from the non-
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inoculated limb) lymph nodes and spleen by CFSE dilution on
gated CD8CTCRVb13C cells.

Statistical analyses

The Prism software (GraphPad, La Jolla, CA, USA) was used to
plot graphs and to calculate statistical significance.

Supplementary methods

Gene expression analysis, MTT assay and Flow cytometry are
detailed in Supplementary Methods.
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