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DX5% NKG2D* NK cells were present in the spleens of
CB6F, mice even before FV infection, consistent with the high
baseline NK activities detectable in CBOF,; mice (Fig. 1A). The
proportion of NKG2D™ cells among CD8" T cells remained
low until PID 8, but the absolute numbers of NKG2D* CD8*
cells abruptly increased by PID 12.

As to the expression of NKG2D ligands on FV-infected cells
in vivo, flow cytometric analyses revealed increased expression
of RAE-1 and MULT1, but not H60, on the surfaces of gp70™
and TER-119" erythroid progenitor cells in the spleens of
FV-infected CB6F, mice (Fig. 3A). As shown in Fig. 3A,
gp70" cells were only slightly increased in the spleen until PID
8. Nevertheless, >1/5 of the gp70™ cells expressed RAE-1
above the level of the demarcation line, while a large majority
of gp70~ cells were also negative for RAE-1. By PID 12, gp70*
populations increased drastically, and a significant proportion
of them expressed RAE-1 above the level of the demarcation
line. At the same time point, three distinctive populations of
gp70* cells with undetectable levels of TER-119 expression
(TER-1197 gp70™ cells), low levels of TER-119 and high gp70
expression (TER-119° gp70™ cells, purple dots, Fig. 3A), and
TER-119™ gp70™ erythroblasts (red dots, Fig. 3A) appeared
in the spleen. Based on a previous report (50), these three
populations of gp70™* cells most likely represent distinctive
stages of erythroid cell differentiation from FV-infected pro-
genitor cells, including primitive erythroid progenitor cells and
proerythroblasts (TER-1197), proerythroblasts and early ba-
sophilic erythroblasts (TER-119"°), and maturing benzidine-
positive erythroblasts (TER-119™). Importantly, the TER-
119" population that showed higher levels of gp70
expression than the two other populations also showed
higher levels of RAE-1 and MULT1 expression on their
surfaces, but their levels of H60 expression were below the
detection limit (Fig. 3A).

When mean fluorescence intensities were compared be-
tween different populations of spleen cells, the average levels
of RAE-1 expression on the surfaces of gp70™ cells were sig-
nificantly higher than those on gp70™ cells in CB6F, mice at all
time points tested (Fig. 4). Further, TER-119™ proerythro-
blasts and early basophilic erythroblasts expressed significantly
higher levels of RAE-1 on their surfaces than TER-119" cells
at PID 12, indicating that FV-infected erythroid cells can be-
come susceptible to NK killing due to RAE-1 upregulation.

Decreased MHC class I and class Ib antigen expression on
terminally differentiating erythroid cells. The target-killing ac-
tivities of NK cells are regulated not only by the above positive
signals but also by negative signals generated by receptors
binding to MHC molecules, and the MHC class Ib Qa-1°
molecule is a strong inhibitor of NK activities in mice (49).
Thus, FV-infected erythroid cells might also become suscepti-
ble to NK killing due to their possibly reduced expression of
class I and/or class Ib molecules. As shown in Fig. 3B, the
TER-119" population of spleen cells retained high levels of
MHC class I K® and lower levels of D molecules, as well as
class Ib Qa-1°, on their surfaces until PID 12; however, de-
creased expression of Qa-1°, as well as K® and D®, was dis-
cernible in a small population of TER-119" erythroid cells at
PID 4 and 8 (data not shown). At PID 12, TER-119" termi-
nally differentiating erythroid cells (Fig. 3B, pink dots) showed
markedly diminished expression of the class I molecules, and
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Qa-1° expression on the majority of TER-119" cells became
barely detectable. It is notable, however, that the TER-119™°
cells that showed increased expression of RAE-1 (Fig. 3A)
retained unchanged levels of class I and Qa-1" expression, and
the lack of Qa-1° expression was observed only with the TER-
119" population. As levels of RAE-1 and MULT1 expression,
as well as those of viral gp70, on the surfaces of TER-119™
cells were also reduced in comparison with those on TER-
119™° cells at PID 12 (Fig. 3A), these observations may reflect
the global downregulation of gene expression in terminally
differentiating erythroid cells (33, 40). Thus, gp70™ TER-
119"° erythroblasts that are massively increased in the spleen
by PID 12 express higher levels of RAE-1 and MULTI1 but
retain the expression of Qa-1".

In vivo role of NKG2D-RAE-1 interactions in controlling
early expansion of FV-infected cells and the development of
viras-induced pathologies. Although the above experiments
have shown significant expansion of NKG2D™" NK cells and
increased expression of RAE-1 proteins on infected erythroid
cells upon FV inoculation, the sufficiency of the levels of
RAE-1 expression induced in TER-119™° erythroid cells to
evoke NK-mediated killing in the presence of Qa-1° can be
questioned. In this regard, the Ab-mediated depletion of NK
cells from mice immunized with a single-epitope peptide vac-
cine totally abrogated the protective efficacy of Th cell priming,
and NK-depleted mice died as rapidly as unimmunized control
mice alter FV infection in the previous experiments (16). How-
ever, the possible physiological role of NK cells in regulating
the early proliferation of FV-infected erythroid cells in unim-
munized mice of a susceptible strain has not been analyzed. To
address this, we administered anti-asialoGM1 Ab to unimmu-
nized CB6F, mice and reduced the percentages of DX5™ NK-
1.17% NK cells in the spleen to <1.2 through PID 4 to 12. In the
above NK-depleted mice, the number of FV infectious centers
in the spleen drastically increased at as carly as PID 6 (Fig.
5A), indicating that NK cells are actually restricting early ex-
pansion of FV-infected cells in the spleen. The percentages of
gp70" cells in the spleen at 6 days after FV inlection also
increased significantly in the NK-depleted mice and became 3
times higher than those in the control mice infected without
NK depletion (Fig. 5B). As CB6F, mice are highly susceptible
to FV-induced disease development, the percentages of gp70™
cells in the spleen increased toward PID 12 in both groups;
however, the proportions of gp70™ cells further increased in
the absence of asialoGM1™ cells in comparison with those in
the control animals given unimmunized sera. Importantly, NK
cell depletion also affected the survival of FV-infected mice:
when inoculated with a slightly reduced dose of 50 SFFU,
highly susceptible CB6F, mice still developed the fatal disease
and most died by 60 days after FV infection, while NK-depleted
CB6F, mice died significantly more rapidly, with an average sur-
vival period that was 9 days shorter than that of the control mice
(Fig. 5C). These results indicate that NK cells are not only in-
volved in confining the early expansion of FV-infected erythroid
cells, but are contributing to natural resistance to FV-induced
disease development in unimmunized animals.

Although the administration of anti-asialoGM1 Ab did not
affect CD4" and CD8" T-cell numbers and their functional-
ities in the previous experiments (16), it is possible that FV-
reactive T cells, along with NX cells, might have been affected
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FIG. 3. Representative dot plots showing the expression of NK receptor ligand proteins (A) and MHC class I and class Ib molecules (B) on
the surfaces of spleen cells in FV-infected CB6F, mice. CB6F,; mice were inoculated with 150 SFFU FV, and at least 4 mice were killed at PID
4, 8, and 12 to remove the spleen. Multicolor flow cytometric analyses were performed with ecach indicated Ab. Uninfected mice were similarly
analyzed as controls. Mature erythrocytes and dead cells were excluded by setting a polygonal gate in the dot plots showing intensities of forward
scatter and the fluorescence for 7-aminoactinomycin D. Demarcation lines were set based on the fluorescence levels observed by incubating the
cells with isotype control Ab. Data on PID 4 are omitted from this figure, as they are essentially similar to those on PID 8. except that gp70™
populations are much smaller. In the middle and right panels of the second row of dot plots in pancl A, the number in each quadrant represents
the percentage of cells that expressed the indicated markers above or below the level of the corresponding demarcation line. Patterns observed
with all 4 mice at each time point were consistent with those shown here. In panel A, purple dots, TER-119" gp70*" cells; red dots, TER-119'"
gp70” erythroblasts. In panel B. red dots, TER-119"° gp70™ cells; pink dots, TER-119"" pp70* erythroblasts.
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FIG. 4. Different levels of RAE-1 expression between viral gp70-positive and -negative spleen cells in mice infected with FV. CB6F, mice were
inoculated with 150 SFFU of LDV-free FV, and multicolor flow cytomeitric analyses were performed on nucleated cells as described for Fig. 3.
Representative dot plots and histograms on the left show different levels of RAE-1 expression on pairs of gp70™ and gp70™ or TER-1197 and
TER-119" populations at PID 12. TER-119" and TER-119"° populations are those shown with black and purple dots, respectively, in Fig. 3A.
Changes in averages of geometric mean fluorescence intensity (GMFI) for RAE-1 among gp70™~ and gp70™ cells after FV infection are shown in
the middle panel. GMFI were calculated by using the region statistics function of the CellQuest software. Each datum shown here is the mean *
SEM. calculated with GMFI data obtained from 4 mice. Differences between gp70™ and gp70™ populations were examined by two-way ANOVA
with Bonferroni post hoc tests: =, P < 0.05; 7, P < 0.01; #=, P < 0.001. The right pancl shows averages of GMF] for RAE-1 compared between
the TER-1197 and TER-119"° populations at PID 12. Each bar shows mean = SEM calculated with GMFI data obtained from 4 or 5 mice. *,

P < 0.02, by paired ¢ test.

by the Ab injections in the above depletion experiments, as
activated T cells are known to express asialoGM1 in some viral
infections (41). To further demonstrate the direct involvement
of the RAE-1 ligand and NKG2D receptor in confining the
early expansion of FV-infected cells, blocking Abs were ad-
ministered to infected CB6F; mice. The numbers of FV-pro-
ducing cells in the spleen significantly increased in the animals
that were given either NKG2D- or RAE-1-blocking Ab in
comparison with those in the control mice (Fig. 5A and D).
Further, in the presence of the RAE-1-blocking Ab, FV-in-
fected CB6F, mice showed significantly larger spleen sizes
than control mice (Fig. 5E), confirming that FV-infected ery-
throid progenitor cells are recognized and their expansion is
regulated through NKG2D-RAE-1 interactions in vivo. As the
effects of the NKG2D or RAE-1 blockade were observed at as
early as PID 6, prior to the expansion of NKG2D* CD8" T
cells (Fig. 1B), it is most likely that mainly NKG2D™ NK cells
were responsible for the above early confinement of FV-in-
duced erythroid cell proliferation.

Increased expression of RAE-1 depends on retroviral repli-
cation rather than on erythroid cell proliferation. As the FV
complex induces massive proliferation and terminal differen-
tiation of erythroid progenitor cells in mice possessing the Fv2°
allele, the above-described increase in RAE-1 expression on
TER-119"° cells may depend on the specific differentiation
stage (proerythroblasts and early basophilic erythroblasts) or
activated status of red cell precursors, rather than on FV in-
fection. To examine this, we first induced an increased eryth-
ropoiesis by administering phenylhydrazine (PHZ) instead of
FV infection. After administration of PHZ, both the TER-
119%° and TER-119* populations became discernible in the
spleens of CB6F, mice; however, neither population in PHZ-
treated mice showed increased expression of RAE-1, unlike
the gp70* TER-119"° population in FV-infected mice (Fig.
6A). Similar results were also obtained for MULT1. Thus, the

>

increase in RAE-1 and MULTI expression on the TER-119™
population was likely caused by FV infection, not by induced
erythropoiesis.

To further elucidate putative relationships between FV rep-
lication and RAE-1 expression on target cells of FV infection,
mice deficient of either of the FV resistance factors APOBEC3
and BAFF-R, which show markedly enhanced FV replication
and exaggerated pathology (46, 47), were examined. Mice of
the Fv2" background were utilized so that the effects of FV
replication on RAE-1 expression could be further separated
from those of SFFV-induced erythroid cell proliferation. Both
APOBEC3- and BAFF-R-deficient mice showed markedly in-
creased numbers of gp70-expressing cells in the spleen in com-
parison with those in the wild-type (WT) animals (Fig. 6B).
Importantly, RAE-1-positive cells increased in association with
the increased numbers of gp70* cells in APOBEC3- and
BAFF-R-deficient animals. In APOBEC3-deficient mice, most
of the gp70™ cells were TER-1197 and B2207, and these cells
showed increased expression of RAE-1 proteins on their sur-
faces (Fig. 6B, arrows). In mice deficient of BAFF-R, even
larger numbers of both TER-119" (Fig. 6B, orange dots) and
TER-1197 cells (Fig. 6B, red dots) were infected with FV, and
these gp70™ cells expressed higher levels of RAE-1 than gp70~
cells. Interestingly, in FV-infected BAFF-R™/" mice a signifi-
cant proportion of B220" B lymphocytes were also infected
with FV, and they expressed higher levels of RAE-1 than
uninfected B cells (Fig. 6B, blue dots).

As SFFV-induced growth potentiation of erythroid cells is
limited in the above-described Fy2" B6-background mice and
as gp70™ B cells, as well as erythroid cells, expressed higher
levels of RAE-1 proteins than gp70~ cells, the above results
suggested that the replication of F-MuLV alone in the absence
of SFFV might induce increased RAE-1 expression on target
cells. Thus, we next infected the same gene-targeted animals
with an infectious molecular clone of F-MuLV. In APOBEC3-
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FIG. 5. Effects of the administration of anti-asialoGM]1, anti-NKG2D, or anti-RAE-1 Ab on the expansion of virus-producing cells in the spleen
and the development of FV-induced pathologies. (A) CB6F, mice were injected with either the anti-asialoGM1 or the blocking anti-NKG2D Ab
and inoculated with 150 SFFU of FV. Control mice were injected with a mixture of normal rabbit and normal rat sera (control sera), and similarly
infected. F-MuLV infectious centers in the spleen were enumerated by fluorescent focus assays as described previously (19, 44-47). Each symbol
represents a datum from an individual mouse. As the anti-asialoGMI and anti-NKG2D Ab-injected groups were compared with the common
control group given the mixture of unimmunized sera, Bonferroni’s correction was performed for multiple comparisons: =, P = (.0028 << «(0.05) =
0.0253; 1, P < 0.0005 < «(0.05) = 0.0253 by Welch's f test. (B) CBOF, mice were injected with the anti-asialoGM1 Ab as described previously (16}
and inoculated with 150 SFFU of FV. Percentages of NK cells expressing both IDX5 and NK-1.1 markers among spleen cells were monitored by
multicolor flow cytometry as shown in Fig. 1, inset, and percentages of gp70™ cells were determined by the specific binding of Ab 720 at the
indicated time points. Data shown here are mean *= SEM calculated with values obtained from 5 to 12 animals per group at cach time point.
Comparisons were made between the anti-asialoGMI-treated and control groups: . P << (0.03; ¥, P << 0.005 by Welch’s ¢ test. (C) Survival of
anti-asialoGM1-treated animals (n = 6) after FV infection compared with that of control mice given normal rabbit serum (n = 6). As CB6F | mice
are highly susceptible to FV and most died within 60 days after inoculation with as low as 15 SFFU in a previous experiment (16). a slightly lower
dose of 50 SFFU was selected here in an attempt to detect the possibly increased susceptibility in NK-depleted mice. Two survival curves were
compared by Mantel-Cox log-rank test: *, P = (0.026. (D and E) Groups of CB6F, mice were injected with either the RAE-I-bloking Ab (49) or
control rat IgG and inoculated with 150 (D) or 50 SFFU (E) of FV. Spleen infectious centers were enumerated at PID 6 as described previously
(19, 44-47), separate groups were killed at PID 13. and their spleen weights measured. The slightly reduced dose was utilized for the experiment
shown in panel E, for the sake of consistency with the survival experiment described in the legend to panel C. Each symbol represents a datum
from an individual mouse. T, P < 0.0005 by Welcli’s 7 test; ++, P = 0.0028 by Student’s # test.

deficient mice, a large proportion of TER-119" cells were RAE-1 expression on gp70™ cells were 2.69 = 0.12 and 3.28 =
infected and expressed gp70; however, unlike the TER-119* 0.26 times higher than those on gp70 cells among TER-119"
gp70™ cells in the same gene-targeted mice infected with FV and B220" cell populations, respectively, in FV-infected
complex, these cells showed only a slight increase in RAE-1 BAFF-R-deficient mice. On the other hand, although levels of
expression (Fig. 7A, arrows). Similar effects of the absence of RAE-1 expression between gp70™ and gp70™ populations
the SFFV component on the expression of RAE-1 in erythroid were significantly different, gp70™ cells among TER-1197 ery-
cells were more evidently observed with BAFF-R-deficient throid cells in F-MuLV-infected BAFF-R-deficient mice ex-

mice: TER-119" cells were infected with F-MuLV and ex- pressed on their surfaces a level of RAE-1 proteins only 1.47 =
pressed gp70, but unlike the same population of erythroid cells 0.06 times higher than that of gp70~ cells, while RAE-1 ex-
in FV-infected mice, these cells did not show a marked in- pression in the gp70™ population of B220™ B lymphocytes

crease in the expression of RAE-1 proteins on their surfaces became even higher than that observed with FV-infected mice.
(Fig. 7A, orange dots). On the other hand, B220" B cells In fact, the average level of RAE-1 expression on gp70™ cells
in F-MuLV-infected BAFF-R™'~ mice (Fig. 7A, blue dots) among B220™ cells was 4.54 = 0.13 times higher than that on
showed increased expression of RAE-1 as observed upon FV  gp70™ cells. Thus, these results indicate that SFFV is required
infection. for highly increased expression of RAE-1 on TER-119" ery-
To further confirm the above differences in RAE-1 expres- throid cells, while replication of F-MuLV alone induces in-
sion levels between erythroid cells and B lymphocytes upon FV creased RAE-1 expression in B220™ B cells.
and F-MuLV infections, TER-119" and B220" cells were
gated and their expression levels of RAE-1 proteins were com-
pared between gp70™ and gp70~ populations. When infected
with the FV complex, the gp70" populations of both TER- As we have shown here, NKG2D* NK cells expanded in the
1197 and B220" cells expressed significantly higher levels of spleen and the levels of RAE-1 expression became preferen-
RAE-1 than the corresponding gp70 ™~ cells in both APOBEC3- tially higher on the surfaces of viral gp70-expressing cells in
and BAFF-R-deficient animals (Fig. 7B). The average levels of FV-infected mice. Although we have not tested all known

DISCUSSION
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FIG. 6. RAE-1 expression on erythroid progenitor cells is induced
by FV infection, not by erythropoiesis. (A) Representative dot plots
showing the expression of NK receptor ligand proteins on the surfaces
of nucleated spleen cells in phenylhydrazine-treated CB6F; mice.
CB6F, mice were cither injected with 1.2 mg/mouse PHZ on days 0
and 1 or inoculated with 150 SFFU FV on day 0, and at least 4 mice
were killed on day 5 or day 12, respectively, to remove the spleen.
Multicolor flow cytometric analyses were performed on nucleated cells
with each indicated Ab. Demarcation lines were set based on the
fluorescence levels observed by incubating the cells with isotype con-
trol Ab. Patterns observed with all 4 mice for each experimental group
were consistent with those shown here. (B) Representative dot plots
showing the expression of viral gp70. RAE-1, erythroid marker TER-
119. and B-cell marker B220 on the surfaces of nucleated spleen cells
in FV-infected B6 mice lacking an FV-resistance factor. As Fv2"" mice
were utilized, they were infected with 5 X 10* SFFU of FV complex,
and 4 to 5 mice for cach group were killed to remove the spleen. Flow
cytometric analyses were performed as described in the legend to Fig.
3. Representative data obtained at PID 10 are shown here. In panel A,
red dots, TER-119' gp70™ cells. In panel B, red dots, TER-119"
gp70™ cells; orange dots, TER-119% gp70” cells; purple dots, B220™
gp70™ cells; blue dots, B220* gp70™ cells in FV-infected BAFF-R™~
mice.
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ligands for NK cell receptors, the nearly complete abrogation
of the killing activities against F-MuLV-induced FBL-3 target
cells exerted by DX5™ cells purified from FV-infected CB6F,
mice in vifro and the significant increase in the number of FV
infectious centers in vivo in the presence of the NKG2D-block-
ing Ab clearly indicate that the NKG2D receptor is involved
primarily in the recognition and elimination of infected ery-
throid cells in FV-inoculated animals. Further, although the
levels of induction of RAE-1 proteins on the surfaces of gp70™
erythroid cells were relatively low, as detectable by flow cytom-
etry with the currently utilized Ab, and the same gp70~ TER-
119%° cells retained Qa-1" molecules on their surfaces, the
induced RAE-1 proteins are apparently sufficient to induce the
climination of FV-infected erythroid cells in vivo, as the ad-
ministration of the RAE-1-blocking Ab resulted in significantly
increased numbers of infectious centers and more pronounced
splenomegaly after FV inoculation. In this regard, FBL-3 cells
were killed efficiently by purified NK cells despite their expres-
sion of Qa-1° on the surfaces. Thus, NKG2D-RAE-1 interac-
tions are involved in the elimination of virus-infected cells in
the early stages of FV infection in vivo. These results are
consistent with the previous finding that overexpression of
VEGF-A paradoxically resulted in delayed development of
FV-induced leukemia, probably due partly to enhanced NK
cell activities in the transgenic mice (4).

The mechanisms by which FV infection upregulates the ex-
pression of RAE-1 molecules in erythroid progenitor cells and
B lymphocytes are currently unknown. Several cytokines, in-
cluding IFN-y, have been shown to upregulate the expression
of these retinoid-inducible genes (8, 49), and we have demon-
strated in the present study that IFN-y augments the expres-
sion of Raet! genes in F-Mul.V-induced leukemia cells. As the
production of IFN-y in the spleens of FV-infected mice has
been detected at as early as 5 days after virus inoculation (31),
the induction of Raerl gene expression in FV-infected cells
might be mediated by IFN-y. However, as higher levels of
RAE-1 proteins were expressed preferentially on gp70™ cells,
it is unlikely that cytokine-mediated induction, which should
work on both FV-infected and uninfected cells in the spleen, is
responsible mainly for the increased levels of RAE-1 protein
expression on FV-infected cells. The lack of increased RAE-1
expression on TER-119" cells in PHZ-injected mice also in-
dicates the presence of a virus-specific, rather than a differen-
tiation- or growth-associated, mechanism of RAE-1 induction,
In this regard, infection of mouse primary B lymphocytes with
highly leukemogenic Abelson MuL.V induces the expression of
activation-induced cytidine deaminase (AID), and the geno-
toxic action of AID leads to upregulation of NKG2D ligands
on infected cell surfaces (11). HIV-1 Vpr is also known to
upregulate the expression of NKG2D ligands on cell surfaces
(35), and the above Vpr-induced upregulation of NKG2D li-
gand expression has been shown to be mediated through the
DNA damage response (48). Thus, it is tempting to speculate
that repeated proviral integrations into the erythroid progen-
itor cells that are facilitated in the presence of SFFV-induced
growth potentiation may cause DNA damage and the resultant
upregulation of RAE-1 expression in FV-infected erythroid
cells.

Taking advantage of known FV-resistant host factors (5, 12,
25, 27, 46, 47), we successfully dissected here the effect of

—518-

Ausianiun oprexjoH Ag £10¢ ‘e Aenuep uo /Bio wse Al diy woly pspeojumo(



VoL. 83, 2011

FIG. 7. RAE-1 expression on spleen cells upon infection with F-MuLV alone. (A) Representative dot plots showing the expression of viral
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¢p70, RAE-1 proteins, TER-119, and B220 on the surfaces of nucleated spleen cells in F-MuL V-infected B6 mice lacking an FV resistance factor.
Mice were infected with 5 X 10* fluorescent focus units of F-MuL'V (FB-29), and 4 or 5 mice for each group were killed to remove the spleen.

Flow cytometric analyses were performed as described for Fig. 3. Representative data obtained at PID 10 are shown here. Arrows, slight increase
in RAE-1 expression on the surfaces of TER-119" gp70™ cells in F-MuLV-infected APOBEC3 ™/~ mice. Red dots, TER-1197 gp70™ cells; orange
dots, TER-119" gp70™ cells; purple dots, B220~ gp70* cells; blue dots, B220™ gp70™ cells in F-MuLV-infected BAFF-R™/~ mice. (B) Repre-

sentative histograms on the left show different levels of RAE-1 expression on gp70~ and gp70* populations of TER-1197 erythroid and B220*

B cells. Averages of GMFI for RAE-1 compared between the gp70™~ and gp70™ populations of TER-119" erythroid cells and B220" B lymphocytes
are shown on the right. Each bar shows mean = SEM calculated with GMFI data obtained from 4 or 5 mice. *, P < 0.02; #+, P < (.004 by paired

t test.

SFFV-induced erythroid cell growth potentiation from that of
FV replication on RAE-1 induction in target cells. In fact, FV
infection in the absence of massive erythroid cell proliferation
still resulted in highly increased RAE-1 expression on TER-
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119" erythroid cells in Fv2" B6 mice lacking either APOBEC3
or BAFF-R. Highly increased expression of RAE-1 on infected
erythroid as well as B cells in the gene-targeted B6 mice indi-
cates a close correlation between high levels of retroviral rep-
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lication and induction of RAE-1 expression on target cells. It
should be noted, however, that although B cells expressed
similarly increased levels of RAE-1 proteins upon infection
with FV complex or with F-MuLV alone, levels of RAE-1
induction on erythroid cells became much higher in the pres-
ence of the SFFV component. Thus, in the above conditions of
nonrestricted retroviral replication, F-Mul.V alone can induce
RAE-1 expression in B cells, while SFFV is also required for
the induction of high levels of RAE-1 in erythroid cells. In fact,
SFFV-induced growth potentiation of infected erythroid cells
in the Fv2°-possessing CBOF; mice further enhanced RAE-1
expression on gp70™ erythroblasts, as RAE-1 levels on gp70™
cells in CB6F, mice were apparently higher than those in the
gene-targeted B6 mice (compare fluorescence intensities be-
tween Fig. 4 and 7). Nevertheless, the above cell type-associ-
ated differences in RAE-1 expression in F-Mul V-infected B6
mice may facilitate further dissection of viral and cellular fac-
tors that are involved in retrovirus-induced RAE-1 upregula-
tion.

In the present study, we observed a lag in the increase of
TER-119" erythroblasts until PID 8, followed by an abrupt
and massive increase of gp70* cells in the spleen by PID 12.
An abrupt increase in the number of TER-119" cells in the
spleen starting around PID 8 has repeatedly been observed
with Fv2*-possessing mice (16, 19, 26}, which is consistent with
a recent finding of two distinctive populations of target cells for
FV infection (43). Thus, one population expresses the short-
form STK and generates erythropoietin-independent erythroid
burst-forming units (BFU-E) in the bone marrow soon after
FV infection, while cells of the other population migrate into
the spleen as infectious centers, interact with the stromal cells
to express bone morphogenic protein 4, and cause the expan-
sion of stress BFU-E. 1t is tempting to speculate that the cells
expressing increased levels of RAE-1 and MULT1 are FV-
infected stress BFU-E and that they are susceptible to NK
killing. As the depletion of NK cells or the blockade of either
NKG2D or RAE-1 resulted in significantly increased FV in-
fectious centers in the spleen at as early as PID 6, followed by
significantly more pronounced splenomegaly and earlier death,
it is also possible that NK cells are restricting the migration of
CD317 Kit™ CD41" Scal™ Lin~ infectious center cells into
the spleen. In fact, immunization of mice with the gp70-derived
Th-~cell epitope suppressed the above abrupt expansion of
TER-1197 cells in the spleen that otherwise started from PID
8 (16, 19, and 26), and this vaccine effect was abrogated by
depletion of NK cells (16), indicating that Th cell-mediated
activation of NK cells may have suppressed the migration of
FV infectious centers from bone marrow. Thus, this model
may also shed light on basic mechanisms through which the
migration of committed erythroid progenitor cells from bone
marrow to the spleen might be regulated by NK cell functions.
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induced IL-10 in a TLR2-dependent manner. The Pam2 lipopeptides increased the. frequencies of Foxp3*CD4+ regulatory T
(T reg) cells in a TLR2- and IL-10- dependent manner. The T reg cells from Pam2-lipopeptide injected mice maintained
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. immunity in vivo, It is necessary to develop an ad;uvant that does not promote !L—lo and Treg functlon invivo for the future :
establishment of an anti-cancer vaccine.

Citation: Yamazaki S, Okada K, Maruyama A, Matsumoto M, Yagita H, et al. (2011) TLR2-Dependent induction of IL-10 and Foxp3*CD25"CD4" Regulatory T Cells
Prevents Effective Anti-Tumor Immunity Induced by Pam2 Lipopeptides /n Vivo. PLoS ONE 6(4): €18833. doi:10.1371/journal.pone.0018833

Editor: Jacques Zimmer, Centre de Recherche Public de la Santé {CRP-Santé), Luxembourg
Received January 28, 2011; Accepted March 10, 2011; Published April 20, 2011

Copyright: © 2011 Yamazaki et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was funded by Grant for challenging exploratory research, Japan Society for The Promotion of Science Challenging Grand (SY), Grants-in-Aid
from the Ministry of Education, Science, and Culture (Specified Project for Advanced Research) and the Ministry of Health, Labor, and Welfare of Japan, the
Mochida Memorial Foundation for Medical and Pharmaceutical Research (SY), the Yakult Foundation, and the Waxman Foundation. The funders had no role in

* E-mail: seya-tu@pop.med.hokudai.acjp (TS); yamazas@med.hokudai.acjp (SY)

9 These authors contributed equally to this work.

study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Foxp3"CD25"CD4 regulatory T (T reg) cells constitute about
5-10% of peripheral CD4"T cells and control immunological self-
tolerance and tumor immunity [1,2]. T reg cells directly infiltrate
the tumor and suppress effector cells [3-5]. T reg cells are also
induced from non-T reg cells in the draining lymph nodes of
tumor-bearing mice by transforming growth factor (TGF)-B
producing dendritic cells (DCs) [6]. Effective anti-tumor immunity
is induced by depletion of T reg cells with anti-CD25 monoclonal
antibody (mAb) [7-9], or blockade of T reg function with anti-
CTLA-4 mAb [10-12] or anti-GITR mAb [3]. Specific depletion
of T reg cells using mice that express diphtheria toxin receptor
under the control of the Foxp3 locus induced tumor regression
[4,13]. Therefore, strategies are required to abolish the T reg-
induced tolerance that suppresses tumor immunity, thercby
establishing an effective anti-tumor immune response.

To overcome the immune suppression mediated by T reg cells
in cancer, activation of DCs with adjuvants is required [14,15].
Adjuvants are mainly targeted to pattern recognition receptors,

@ PLoS ONE | www.plosone.org

such as Toll like receptor (I'LR) ligands on DCs. To date, cancer
vaccine adjuvants have included various TLR agonists such as
TLR3, TLR4, TLR5, TLR7 and TLRY [16,17]. DCs stimulated
by lipopolysaccharide (LPS), a TLR4 agonist, were found to
expand functional T reg cells [18,19]. Hence, it is critical to
identify the optimal adjuvants that mature DCs but have less
potential to expand T reg cells. However, it is unclear how
adjuvants differently affect T reg cell survival and function.

The Bacillus Calmette-Guerin-cell wall skeleton (BCG-CWS) is
a TLR2 agonist [20] and has been used as an effective adjuvant
for cancer for almost 40 years [16,21]. However, its clinical usage
is limited since BCG-CWS is a large molecular complex unable
to be chemically synthesized with full activity. The anti-cancer
activity of BCG-CWS operates partly through TLR2 signal (22~
24], hence, we investigated the adjuvant activity of synthetic
TLR2/TLR6 ligands derived. from Siaphylococcus aureus, 16 S-[2,3-
bis(palmitoyl)propyl]cysteine (Pam2) lipopeptides. We have pre-
viously reported that Pam?2 lipopeptides activate DCs and natural
killer (NK) cells to produce interferon (IFN)- v and killer activity
wm vitro [25] and that local injection of Pam?2 lipopetides with
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RGDS peptides, plus tumor extract, could inhibit tumor growth
[26].

Here, we tested if systemic injection of Pam2 lipopeptides in
mice could induce an effective anti-tumor immune response. The
Pam? lipopeptides have two palmitoyl-bases attached to different
peptide sequences (Fig. 1A) and the peptide portion determines
the activity of the TLR2 agonist [25]. We sclected the most
effective TLR2 activators among the 20 Pam?2 lipopeptides [25]
and investigated the corresponding anti-tumor response in vivo.
In contrast with the i vitro results, systemic injection of Pam?2
lipopeptides did not induce regression of NK-sensitive melano-
mas. Pam?2 lipopeptides induced IL-10 and the expansion of T
reg cells i viwo in a TLR2-dependent manner. We also found
that the depletion of T reg cells by treatment with an anti-CD25
mAb before Pam2 lipopeptide injection, suppressed the tumor
growth compared with Pam2-lipopeptide injection alone. These
data suggested that systemic injection of Pam?2 lipopeptides
induced IL-10 and T reg cells, preventing effective tumor
immunity z viwo. Our findings demonstrate the importance of
studying the effects on T reg cells in vivo prior to the development
of adjuvants.

Results

Systemic injection of Pam2 lipopeptides did not induce
tumor growth retardation

To examine the anti-tumor effect of the Pam2 lipopeptides i
vive, mice were injected subcutaneously (s.c.) with NK-sensitive
B16D8 melanomas into their back [22] and were treated with
Pam? lipopeptides twice a week (Fig. 1B). We selected four kinds
of Pam? lipopeptides, as shown in Fig. 1A, because they strongly
activated NK cells through DCs and induced cytotoxic activity i
vitro [25]. To our surprise, although the Pam2 lipopeptides
activated NK cells i vitro [25], we did not observe effective anti-
tumor response i vivo (Fig. 1B). To exclude the possibility that
Pam? lipopeptides were not distributed systemically, we investi-
gated the activation of spleen DCs and NK cells by flow
cytometry. The injection of Pam2 lipopeptides up-regulated
CD86 and CD40 on splenic DCs (Fig. 1C). Similarly, CD69
was up-regulated in splenic NK cells (Supplemental Fig. S1). Thus,
systemic injection of Pam?2 lipopeptides was able to activate DCs
and NK cells in the spleen, but did not induce effective anti-tumor
responses i vio.

Pam2 lipopeptides induce IL-10 in vitro and in vivo in a
TLR2-dependent manner

To investigate why Pam? lipopeptides could not induce effective
anti-tumor responses against NK-sensitive tumors in wivo, we
investigated whether Pam?2 lipopeptides could activate suppressive
factors, such as IL-10 and T reg -related molecules. For this
experiment, we mainly used a representative Pam2 lipopeptide,
Pam2CSK4, since Pam2CSK4 could activate DCs as well as other
tested Pam? lipopeptides in vitro [25].

When the mRNA levels from DGCs stimulated with or without
Pam? lipopeptides were analyzed, Pam2 lipopeptides up-regulated
retinal dehydrogenase 2 (RALDHZ2) and IL-10. RALDH2 in DCs
activates retinoic acid, which is an important cofactor for TGF-f1
to induce Foxp3 [27,28]. However, Pam?2 lipopeptides did not up-
" regulate the mRNA of TGF-B1 (Fig. 2A).

To confirm whether IL-10 protein is produced from DCs, we
stimulated DCs with Pam?2 lipopeptides i vitro for 24 hours and
the concentration of IL-10 in the supernatants was measured
by the ELISA. Bone-marrow derived DCs (BM-DCs) stimulated
by Pam?2 lipopeptides produced IL-10 (Fig. 2B). IL-10 was
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Pam2 Lipopeptides Induce IL-10 and T Reg In Vivo

also produced by Pam?2 lipopeptide-stimulated DCs (rom the
spleen (data not shown). When DCs from TLR2- knockout
(TLR2KO) mice were cultured with Pam2 lipopeptides, the
production of 1L-10 was not detected (Fig. 2B). Hence, 1L-10
production was TLR2 dependent. Interestingly, we also found
that Pam?2 lipopeptides induced 1L-10 production from NK cells
(Fig. 2C).

To determine whether CD4™ T cells produced 1L-10 in the
presence of Pam2 lipopeptides, OT II ovalbumin (OVA)
transgenic CD4" T cells were cultured with DCs along with
various doses of OVA peptide, with or without Pam?2 lipopeptides
(Fig. 2D). In the presence of Pam?2 lipopeptides, more IL-10 was
produced in the culture supernatants when O II CD4" T cclls
were cultured with DCs and antigen (Fig. 2D). Importantly, IL-10
production was increased in an antigen-dose dependent manner
(Fig. 2D).

Next, we analyzed the concentration of IL-10 in the serum of
Pam?2 lipopeptide-treated mice (Fig. 2E). When scrum was taken

- at one day after Pam2CSK4 injection, significant amounts of IL-

10 were detected (Fig. 2K), however, Thl, Th2 and Thl7
cytokines were not detected (Fig. 2E). IL-10 production in scrum
was confirmed to be TLR2 dependent because we could not detect
IL-10 in Pam2CSK4-treated TLR2KO mice (Fig. 2E). Taken
together, these results indicated that Pam2 lipopeptides induce IL-
10 both i witro and in wivo in a TLR2-dependent manner, which
might play a role in suppressing tumor immunity induced by
Pam? lipopeptides.

Systemic injection of Pam2 lipopeptides expands T reg
cells through the TLR2 dependent production of L-10

Since Pam?2 lipopeptides induce IL-10, we investigatéd whether
systemic injection of Pam2 lipopeptides could affect T reg cell
frequencies. IL-10 produced by zymosan plays a role in inducing
T reg cells [29]. We found that the frequency of Foxp3™ I reg was
increased in the spleen and lymph nodes at day 3 after systemic
injection of Pam2CSK4 (Fig. 3A). The frequency of T reg cells
had returned to normal by day 7 after Pam2CSK4 injection
(Supplemental Fig. S2). The increase of T reg cells was dependent
on TLR2 because T reg cells were not increased in TLR2KO
mice injected with Pam2CSK4 (Fig. 3B).

To investigate whether the incrcasc of Foxp3™ T reg is
dependent on the IL-10 produced by Pam2CSK4, mice were
injected with ncutralizing anti-IL-10 mAb (JES5-2A3) and
Pam?2CSK4 (Fig. 3C). Control mice injected with ant-IL-10
mAb alone or untreated mice were not included in this
experiment, however, the frequency of Foxp3™ T reg cells in the
mice injected with anti-IL-10 Ab alone would be expected be
similar to that of naive mice since it is reported that the frequency
of Foxp3™ T reg cells is not affected in the splecn of IL-10 [30] or
IL-10 receptor B knockout mice [31]. After three days, co-
administration of anti-IL-10 mAb blocked the increase of T reg
cells afier Pam2CSK4 injection (Fig. 3C).

Therefore, Pam2 lipopeptides cxpand Foxp3™ T reg cells at day
3 after systemic injection in a TLR2- and IL-10 dependent
manner.

T reg cells from Pam2 lipopeptide-treated mice have
suppressive activity

Next, we investigated the suppressive function of T' reg cells in
Pam? lipopeptide-treated mice. We purified CD25*CD4" T cells
from naive mice or Pam?2 lipopeptide-treated mice by flow
cytometry (Fig. 4A). The frequency of Foxp3*CD4™ I cells in the
purified CD25*CD4" T cells from naive mice or Pam?
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doi:10.1371/journal.pone.0018833.g001

lipopeptide-injected mice was always >95%, as shown in Fig. 4A.
The purified CD25"CD4* T cells were used for the classical in
vitro suppression assay [32]. We found that the CD25" T reg cells
from Pam2CSK4-treated mice suppressed the proliferation of
CD25 CD4" T cells from naive mice to a similar degree
compared with the CD25" T reg from naive mice (Fig. 4B, C).
This indicated that Pam2 lipopeptides maintain T reg cell
function i vio.

Depletion of T reg cells improves the anti-tumor

response by systemic injection of Pam2 lipopeptides
To determine whether systemic injection of Pam? lipopeptides

activates the function of T reg cells and suppresses anti-tumor

@ PLOS ONE | www.plosone.org

responses against NK-sensitive tumors @ zioo, we used an anti-
CD25mAb (PC61) to deplete T reg cells in vivo before challenge
with Pam?2 lipopeptide and tumor cells [7-9]. Mice were injected
with anti-CD25 mAb on day —3 and challenged with B16D8
melanoma cells on day 0, with or without Pam2CSK4 (Fig. 5A).
As previously reported, depletion of 1" reg cells alone induced
growth retardation of tumors [7-9]. Tumor growth was slightly
promoted by Pam2CSK4 injection alone (Fig. 5A). However, the
tumor growth in mice treated with anti-CD25 mAb plus
Pam2CSK4 was slower than in mice treated with Pam2CSK4
alone (Fig. 5A, B). These results suggested that the presence of I
reg cells suppressed effective anti-tumor responses afier systemic
injection of Pam2 lipopeptides.
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Figure 3. Systemic injection of Pam2CSK4 expands Foxp3™ T reg cells in a TLR2- and IL-10-dependent manner. (A) WT mice were i.p.
injected with Pam2CSK4 (10 nmol). After three days, spleen (Sp) and lymph node (LN) cells were analyzed for the expression of Foxp3. The plots were
gated on CD4" T cells. One of four experiments is shown for the FACS plots. The image summarizes the results of four separate experiments. P value
is derived from the student’s-t test. (B) As in (A), but TLR2KO mice were injected with Pam2CSK4. One of two experiments is shown for the FACS plots.
The image summarizes the results from two separate experiments. N.s. stands for not significant according to the student’s-t test. (C) As in (A}, but
mice were i.p. injected with Pam2CSK4 with or without 200 pg of anti-IL-10 mAb. One of two experiments is shown.

doi:10.1371/journal.pone.0018833.g003

Discussion

Here, we showed that systemic injection of Pam?2 lipopeptides
did not induce effective tumor immunity presumably because of
the induction of IL-10 and T reg cells. To treat cancer, it is
necessary to develop new adjuvants to activatc immunity in
immune-suppressed patients. Adjuvant activity is generally
screened by analyzing its effect on effector cells such as NK cells
and CD8™ cytotocxic T cells. However, our results indicated that it
is also important to investigate the activity of adjuvants on
suppressive factors, such as IL-10 and T reg cells, particularly i
vivo.

IL-10 is a key cytokine for IL-10 producing Trl regulatory T
cells [33], and has also been shown to be an important cytokine for
Foxp3™ T reg cells. IL-10 production by Foxp3" T reg cells is
required for the prevention of colitis [34,35]. The specific deletion
of IL-10 in Foxp3™ T reg cells in mice induces inflammation
especially in the intestine, indicating that IL-10 derived from T reg
cells plays a critical role in controlling colitis [35]. Furthermore,
M. Kronenberg and his colleagues recently found that IL-10
secreted by other cells is needed for T reg cells to sustain
expression of Foxp3 and prevent colitis {31]. This indicated that
IL-10-enriched environments are preferable for Foxp3™ T reg cells
to exert their suppressive function i vwo. Here we have shown that
systemic injection of Pam2 lipopeptides induces IL-10-rich
environments i zivo, which could play a role in promoting T reg
cell function.

Our results showed that TLR2-dependent production of 1L-10
plays a role in expanding T reg cells & wvivo (Fig. 3). This is
consistent with a recent report by B. Pulendran and his colleagues
who showed that TLR2 signaling by zymosan induces IL-10 and
retinal dehydrogenase in DCs, which are critical for inducing T
reg cells [29]. Zymosan binds to TLR2 and dectin-1 [29]. Our
data showed that the TLR2 signal induced by Pam?2 lipopeptides
has a similar effect to the signal induced by zymosan. The TLR2
signal induced by zymosan results in the active suppression of
experimental autoimmune encephalomyelitis (EAE) [29]. Further-
more, various TLR signals prevent the development of autoim-
mune type 1 diabetes in non-obese diabetic mice [36]. Our results
showed that systemic injection of Pam2 lipopeptides was
ineffective at inducing tumor immunity. However, it is possible
that the Pam? lipopeptides might be useful to inducing tolerance
in the case of autoimmunity, allergy or transplant rejection.

In addition to the evidence that IL-10 produced in response to
the TLR2 signal affects Foxp3™ T reg cell function, the TLR2
signal can also directly act on T reg cells and promotes their
survival [37]. Taken all together, although TLR2 activation by
Pam? lipopeptides is able to induce inflammatory cytokines and
activate NK cells in vitro [25], the systemic injection of Pam2
lipopeptides as cancer adjuvants is ineffective at abolishing
immune suppression. Whereas, the effective cancer adjuvant,
BCG-CWS, activates not only TLR2, but also TLR4 and NOD2
receptors [23,38]. TLR2 activation by Pam2 lipopeptides could
activate T reg cells i vivo and the T reg cells could suppress NK
function and activation [39-41]. Our preliminary experiments
showed that T reg cells actually suppress IFN-y production from
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NK cells stimulated with DCs plus Pam2CSK4 (S.Y., K.O., T'S,,
unpublished data). Here we showed that depletion of T reg cells
with adjuvant might be one potential strategy to cancel the effect
of activating suppressive factors by Pam?2 lipopeptides.

We also found that Pam?2 lipopeptides induce IL-10 production
from NK cells i witro (Fig. 2C). It has been known for over a
decade that NK cells produce IL-10 [42-44]. Recent reports
showed that IL-10 produced by NK cells play an important role in
controlling T cell responses [45,46] and anti-inflammatory
responses [47]. Morcover, 1L-10 enhances the killing by NK cells
of autologous antigen presenting cells [48,49]. These reports
suggested that 1L-10-stimulated NK cells could kill autologous
macrophages and DCs, which may result in suppressing effective
anti-tumor immunity. Therefore, it is possible that systemic
injection of Pam2 lipopeptides in our system may induce 1L-10
from NK cells and suppress anti-tumor response i 2izo.

In contrast to the systemic injection of Pam2 lipopeptides, local
injection of Pam?2 lipopeptides was cffective at suppressing tumor
growth when the Pam? lipopeptide was fused to RGDS-integrin
peptides and injected around the tumor with tumor extracts {26].
This was probably effective for a few reasons:1) the peptide part of
the Pam? lipopeptide was fused with RGDS, which could promote
the binding of Pam?2 lipopeptides to DCs; 2) local injection of
Pam?2 lipopeptides around the tumor may be different from
systemic injection of Pam?2 lipopeptides in terms of inducing 1L-10
and T reg cells. Other literature has also indicated that local
administration of Pam2 lipopeptides could be effective for cancer
[50,51]. The differential effect on inducing IL-10 and T reg cells
between local administration and systemic injection of adjuvants
should be investigated further in {uture studies.

The literature on TLR2 signaling and I' reg cells is
controversial. Some groups reported that T reg cells temporally
lost their suppressive capacity in the presence of the TLR2/TLR1
ligand Pam3CSK4, which contains 3-palmitoyl bases [52,53].
However, a recent report from E. Shevach and his colleagucs
showed that the presence of Pam3CSK4 in the culture actually
maintained the suppressive function of T  reg cells and promoted
their survival [37]. This discrepancy might be caused by the use of
CD25" CD4™ T cells contaminated with Foxp3'CD25°CD4" T
cells, and Foxp3-GFP reporter mice [37]. Contamination of
Foxp3 CD25°CD4™ T cells could affect the results, especially
when TLR?2 ligands were continuously present in the culture, since
TLR2 is also expressed on activated effcctor T cells. In this report,
we stimulated T reg cells with Pam2 lipopeptides i vivo and
purified T reg cells as CD25™ CD4" T cells because Foxp3-GFP
reporter mice were not available. However, CD25% CD4" T reg
cells purified from Pam2CSK4 treated mice were as suppressive as
T reg cells from naive mice (Fig. 4B). This indicated that T' reg
cells stimulated by TLR2 did not reverse the suppressive function
in vivo.

To fight to cancer, it is very important to develop an adjuvant to
activate immunity. However, it is also crucial to consider the effect
of adjuvants on suppressive factors such as IL-10 and T reg cells.
The combination of adjuvant and blockade of IL-10 or T reg cell
function might prove a successful strategy for improving cancer
vaccines.
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Figure 4. T reg cells from Pam2CSK4-treated mice maintain suppressive activity. (A)CD25"CD4" T cells purified by flow cytometry were
further fixed and stained with Foxp3. FACS plots were gated on CD4" T cells. One of three similar experiments is shown.(B) B6 mice were i.p. injected
with Pam2CSK4 (10 nmol) on days 0, 3 and 7. On day 14, CD25*CD4™ T cells purified as in (A) were used for the suppression assay. CFSE-labeled CD25°
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doi:10.1371/journal.pone.0018833.g004

Materials and Methods

Dr. Shizuo Akira (Osaka University, Osaka, Japan). OT II OVA

CD4 transgenic mice were kindly provided from Dr. Kazuya

Mice Iwabuchi (Kitasato University, Kanagawa, Japan). The mice
C57BLE]J (B6) mice and CB17SCID mice were obtained from were maintained in the Hokkaido University Animal Facility
Japan Clea (Tokyo, Japan). TLR2KO mice were provided by (Sapporo, Japan) in specific pathogen free condition. All
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Figure 5. NK-sensitive tumors grow slowly when Pam2CSK4 is
injected into T reg-depleted mice. (A) B6 mice were i.p. injected
with 500 pg of anti-CD25mAb (PC61) on day -3. The mice were
injected with B16D8 melanoma cells (2 x10°) into their back on day 0.
Pam2CSK4 (10 nmol) or PBS was injected twice a week from day 0 to
day 14. Tumor growth was monitored twice a week. n=3 for each
group. A cross indicates the death of one mouse. One representative
experiments from two similar experiments is shown. (B) As in (A), but
the survival curve summarized from two separate experiments is
shown.

doi:10.1371/journal.pone.0018833.g005

experiments used mice that were between 6-12 weeks-of-age at
the time of first procedure. All mice were used according to the
guidelines of the institutional animal care and use commitice of
the Hokkaido University, who approved this study as ID
number: 08-0243, “ Analysis of immune modulation by toll-
like receptors”.
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Antibodies and reagents

PE-conjugated CD25 (PC61), Alexa-488 conjugated anti-CD25
(7D4), FITC or APC conjugated CD4 (RM4-5), CD1l1¢, NK1.1,
purified anti-CD16/CD32 (2.4G2), purified anti-CD3 (2C11), and
isotype antibodies were obtained from Biolegend (San Diego, CA,
USA). Anti-CDl1lc, anti-NK and streptavidin microbeads were
purchased from Miltenyi Biotec (Gladbach, Germany). Carboxy-
fluorescein diacetate succinimidyl ester (CFSE) and TOPRO-3
were from Molecular Probes (Eugene, OR, USA). The anti-mousc
Foxp3 (IJK-16s) staining kit was from cBioscience (San Dicgo, .
CA, USA). Purified anti-CD25 (PC61) mAb was a gifi from Dr.
Ralph Steinman (The Rockefeller University, NY, USA) and anti-
CD25 hybridoma cells were from Dr. Jun Shimizu (Kyoto
University, Kyoto, Japan). Some of the anti-CD25 (PC61) mAb
was produced in CB17SCID mice in our animal [acility and
purified by ammonium sulfate precipitation. Purified anti-IL-10
mAb (JES5-2A5) was prepared as described previously [54].
Pam2CSK4, Pam2CSK?2 and MALP2 short lipopeptides were
synthesized by Biologica Co. Ltd (Nagoya, Japan). Pam2-#6 and
Pam2-#12 were from Dr. Yukari Fujimoto and Dr. Koichi Fukase
(Osaka University, Osaka, Japan).

Cell isolations

CD4" I cells were first negatively separated by MACS beads
from lymph nodes and spleen cell suspensions (>90%) (Miltenyi
Biotech) and T reg cells were further purified by a FACS Aria 1I
(BD Bioscience, Franklin Lakes, NJ, USA). Spleen CD11c¢™ DCs
were sclected with anti-CD1lc beads (Miltenyl Biotech). Bone
marrow DCs (BM-DCs) were cultured with GM-CSF  as
previously described [22]. NK cells were purified from spleen by
anti-NK beads (Miltenyi Biotech). To analyze the activation of
DCs and NK cells i vivo by Pam?2 lipopeptides, 10 nmol of Pam?2
lipopeptides was subcutancously (s.c.) or intraperitoncally (i.p.) and
12-16 hours later, the spleen was analyzed by flow cytometry.
Both routes of injection gave similar results.

Measuring cytokine production

DCs or NK cells were stimulated with 100 nM of Pam?2
lipopeptides for 24 hours and the supernatants were measured for
IL-10 by ELISA (cBiosciences). CD4" T cells from OT 1I
transgenic mice were cultured with spleen DCs with or without
100 nM of Pam lipopeptides at the various doses of OVA peptide
for five days. The supernatants were measured for IL-10 by
ELISA. Serum from Pam?2 lipopeptides treated mice or control
mice were taken one day afier i.p. injection and were measured for
IL-10, INF-y, IL-4 and IL-17 by Cytomectric Bead Array (BD
Bioscience). Analysis with the Cytometric Bead Array was
performed according to the manufacturer’s instructions.

Quantitative PCR

Total RNA was isolated with TRIzol (Invitrogen by life
technologics, Carlsbad, CA, USA), and reversed transcribed by
High Capacity cDNA Transcription Kit (ABI by life technologics,
Carlsbad, CA, USA) according to manufacturcr instructions. The
qPCR was performed with the Step One Real-Time PCR system
(ABI). The primers used for real-time PCR have been reported
previously [29].

In vivo tumor challenge

Mice were s.c. injected with 2—3x10° B16D8 cells into the
back. B16D8 melanoma is a NK-sensitive B16 mclanoma cell line,
which we have previously established [22]. The tumor growth was
monitored twice a week. Sometimes mice were pre-treated with
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500 pg of anti-CD25 mAb three days before tumor challenge.
Then, 10 nmol of Pam?2 lipopeptides or control saline was s.c
injected into footpad or Lp. injected twice a week. The both routes
of injection gave similar results.

In vitro suppression assay using T reg cells

The classical # wvitro suppression assay was performed as
previously described [32,55]. Briefly, CD25"CD4" T cells were
purified by flow cytometry and used as suppressor cells. CFSE-
labeled CD25 CD4" T cells or CD4™ T cells were stimulated with
or without anti-CD3 mAb (2C11) and 15-20 Gy irradiated splecn
cells. Various numbers of suppressor cells were added to the
culture. After three day culture, cells were stained with CD4 ~PE
and dead cells were gated out with TOPRO-3 (Molecular Probes).
All cells in each culture were acquired using the FACS calibur (BD
Bioscience) to have the cell yield and number of live CFSE™ cells/
culture was calculated. Analysis was performed with Flowjo
software (TreeStar, USA).

Supporting Information

Figure S§1 NK cells up-regulates CD69 after systemic
injection of Pam?2 lipopeptides. Mice were subcutancously
injected with the indicated Pam2 lipopeptides (10 nmol) or saline.

References

1. Nishikawa H, Sakaguchi $ (2010) Regulatory T cells in tumor immunity.
Int J Cancer 127: 759-767.

2. Curiel TJ (2008) Regulatory T cells and treatment of cancer. Curr Opin
Immunol 20: 241-246.

3. Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, et al. (2005) Treatment
of advanced tumors with agonistic anti-GITR mAb and its effects on tumor-
infiltrating Foxp3+CD25+CD4+ regulatory T cells. J Exp Med 202: 885-891.

4. Li X, Kostareli E, Suffner J, Garbi N, Hammerling GJ (2010) Efficient Treg
depletion induces T-cell infiltration and rejection of large tumors. Eur J Immunol
40: 3325-3335.

5. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, et al. (2004) Specific
recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nat Med 10: 942-949.

6. Ghiringhelli F, Puig PE, Roux S, Parcellier A, Schmitt E, et al. (2005) Tumor
cells convert immature myeloid dendritic cells into TGF-beta-secreting cells
inducing CD4+CD25+ regulatory T cell proliferation. J Exp Med 202: 919-929.

7. Shimizu J, Yamazaki S, Sakaguchi $ (1999) Induction of tumor immunity by
removing CD25+CD4+ T cells: a common basis between tumor immunity and
autoimmunity. J Immunol 163: 5211-5218.

8. Onizuka S, Tawara I, Shimizu J, Sakaguchi S, Fujita T, et al. (1999) Tumor
rejection by in vivo administration of anti-CD25 (interleukin-2 receptor alpha)
monoclonal antibody. Cancer Res 59: 3128-3133.

9. Teng MW, Swann JB, von Scheidt B, Sharkey J, Zerafa N, et al. (2010) Multiple
antitumor mechanisms downstream of prophylactic regulatory T-cell depletion.
Cancer Res 70: 2665-2674.

10. Sutmuller RP, van Duivenvoorde LM, van Elsas A, Schumacher TN,
Wildenberg ME, et al. (2001) Synergism of cytotoxic T lymphocyte-associated
antigen 4 blockade and depletion of CD25+ regulatory T cells in antitumor
therapy reveals alternative pathways for suppression of autoreactive cytotoxic T
lymphocyte responses. J Exp Med 194: 823-832.

11. Quezada SA, Peggs KS, Curran MA, Allison JP (2006) CTLA4 blockade and
GM-CSF combination immunotherapy alters the intratumor balance of effector
and regulatory T cells. J Clin Invest 116: 1935-1945.

12. Peggs KS, Quezada SA, Chambers CA, Korman A, Allison JP (2009) Blockade
of CTLA-4 on both effector and regulatory T cell compartments contributes
to the antitumor activity of ant-CTLA-4 antibodies. J Exp Med 206:
1717-1725.

13. Klages K, Mayer CT, Lahl K, Loddenkemper C, Teng MW, et al. (2010)
Selective depletion of Foxp3+ regulatory T cells improves effective therapeutic
vaccination against established melanoma. Cancer Res 70: 7788--7799.

14. Steinman RM, Banchereau J (2007) Taking dendritic cells into medicine. Nature
449: 419-426.

15. Steinman RM, Nussenzweig MC (2002) Avoiding horror autotoxicus: the
importance of dendritic cells in peripheral T cell tolerance. Proc Natl Acad
Sci U S A 99: 351-358.

16. Dubensky TW, Jr., Reed SG (2010) Adjuvants for cancer vaccines. Semin
Immunol 22: 155-161.

17. Seya T, Matsurnoto M (2009) The extrinsic RNA-sensing pathway for adjuvant
immunotherapy of cancer. Cancer Immunol Immunother 58: 1175-1184.

@ PLoS ONE | www.plosone.org

Pam2 Lipopeptides induce 1L-10 and T Reg In Vivo

Alter 16 hours, splenic NK cells were analyzed by flow cytometry.
Plots were gated on NKI1.17 cells.

(118)

Figure S2 The frequency of T reg cells returns to
normal at day 7 after systemic injection of Pam2
lipopeptides. W1 mice were ip. injected with Pam2CSK4
(10 nmol). After seven days, spleen (Sp) and lymph node (LN) cells
were analyzed for the expression of Foxp3. The plots were gated
on CD4" T cells. One of two cxperiments is shown for the FACS
plots. :

(T1E)
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Abstract

Recent progress in understanding the outcomes of pattern-
recognition by myeloid dendritic cells (mDC) allows us to de-
lineate the pathways driving natural killer (NK) cell activa-
tion. Mouse mDC mature in response to microbial patterns
and are converted to an NK cell-activating phenotype. The
MyD88 pathway, the Toll/IL-1 receptor homology domain-
containing adaptor molecule (TICAM)-1 (TRIF) pathway, and
the interferon (IFN)-B promoter stimulator 1 (IPS-1) pathway
in mDC participate in driving NK activation, as shown by
analyses in knockout mice. Studies using synthetic com-
pounds for Toll-like receptors/RIG-I-like receptors have dem-
onstrated that mDC-NK cell contact induces NK cell activa-
tion without the participation of cytokines in mice. In vivo
bone marrow transplantation analysis revealed that the IPS-
1 pathway in nonmyeloid cells and the TICAM-1 pathway in
mDC are crucial for dsRNA-mediated in vivo NK activation.
These results infer the presence of cytokine-dependent and
cytokine-independent modes of NK activation in conjunc-
tion with innate immune activation. Here, we focus on the
IFN-inducing pathways and mDC-NK contact-induced NK
activation and discuss the reported various NK activation
modes. Copyright © 2011 S. Karger AG, Basel

Introduction

Natural killer (NK) cells have the ability to kill certain
tumor cells and infected cells [1]. A number of activating
and inhibitory receptors have been implicated in NK cell
recognition and elimination of target cells [2]. In addi-
tion, NK cell effector functions are induced or potenti-
ated through recognition of microbial products by innate
pattern recognition receptors (PRRs) that are expressed
in various cell types, including myeloid cells and NK
cells. In this way, dendritic cells may induce cytokines,
such as interferon (IFN)-v, and potentiate cytotoxicity
by NK cells [3]. In mice, myeloid cells stimulate NK cells
through cell-cell contact and with soluble mediators [4,
5]. Many factors including cytokines and molecules sup-
porting direct contact by immune-related cells are re-
ported to participate in NK activation [2-5]. Myeloid
dendritic cells (mDC) and macrophages (Mf) often serve
as a source of such activating factors as IL-12p70, IL-18,
11.-15, and type I TFN.

It is well known that type I IFN activates NK cells.
However, immature mDC only subfunctionally produce
type IIFN and, consequently, IFN-dependent NK activa-
tion factors are maintained at basal levels through the
IFN-« receptor (IFNAR) pathway in mice [6]. Infection
or inflammation stimulates additional factors that render
NK activation by mDC feasible [4, 5]. Such factors that
induce mDC maturation largely belong to a class of ex-
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ogenous or endogenous pattern molecules designated
pathogen-associated molecular patterns (PAMP)/dam-
age-associated molecular patterns (DAMP) [7, 8]. Re-
search into signaling pathways in the innate immune
system has indicated that PAMP and DAMP act on PRRs
in mDC/MTf and drive NK activation [4, 5, 7, 8]. In addi-
tion, membrane molecules upregulated on the surface of
mDC participate in NK activation in a process known as
mDC-NK contact-mediated NK activation [4, 5]. In this
case, mature mDC and NK cells must be recruited to lo-
cal lymph nodes, and their interactions lead to the emer-
gence of effector NK cells in the periphery. However, it is
unknown whether activation of NK cells is totally depen-
dent on IFN or just shares the PRR pathways with IFN
induction to upregulate other NK-activating molecules.
Furthermore, it remains undetermined what microenvi-
ronment mDC require for maturation along with NK ac-
tivation and what effectors mDC stimulate via the PRR
pathways to participate in enhancing NK activity.
Recent progress in the innate pattern-sensing system
suggests that mDC pattern recognition is a major event in
driving mDC to an NK-activating phenotype [9-11].
These results add new insight into the currently accepted
theory that the balance between a number of activating
receptors and inhibitory receptors and their activation
states are critical for NK activation [2, 3, 12, 13]. Insight
into the mechanism behind NK cell activation may be
gained via analysis of the molecular mechanisms by which
PAMP/DAMP activate the immune system and, in par-
ticular, mDC. NK cells have the capacity to induce mem-
ory-like responses in a way comparable to T lymphocytes
[14], and some subsets are specialized to produce the Th17
cytokine IL-22 [15] although their features are not always
comparable to NK cells. These unique features of NK cells
may be associated with mDC factors that drive NK activa-
tion, including the combination of stimuli required for
PRR and the cytokines that act in conjunction with in-
hibitory/activating ligands on NK receptors [16]. This re-
view collates recent advances in the innate molecules and
pathways related to mDC-mediated NK activation.

Direct or Secondary Activation of NK Cells by
Microbial Patterns

DC/Mfaswellasstromal cells express a variety of PRRs.
In infection, these non-NK cell-derived mediators play a
role in NX cell responses to pathogens [17]. Activation of
these cells in response to PAMP can also lead to indirect
NK activation which is mediated by affected accessory

DC-Mediated NK Activation

cells with altered membrane-associated molecules [16, 17].
Both soluble factors and membrane molecules join NK cell
activation. Several reviews mention the mode of directand
accessory cell-derived (secondary) NK activation [2, 8, 16].
We just summarized this issue to facilitate the introduc-
tion of mDC/Mf-mediated NK cell activation.

Pathogen molecules often interact with NK receptors.
Examples of direct pathogen interaction with NK cells
have been demonstrated in mouse cytomegalovirus,
whose m157 molecule interacts with Ly49H, an NK cell-
activating/inhibitory receptor [18]. Influenza virus hem-
aglutinins bind the NKp46 of human NK cells [19]. Be-
sides these NK receptor-interacting molecules, several
kinds of bacteria/viruses are known to directly activate
NK cells by PRR stimulation. Examples of microbial li-
gands for Toll-like receptors (TLRs) present in the NK
cell membrane are as follows. Measles virus H protein
interacts with TLR2 [20]. Mycobacteria muramyl dipep-
tides activate TLR2 residing on the NK cell membrane
[21]. Plasmodium falciparum has an unidentified factor
that interacts with TLR2/4 [22]. Some leishmania species
have a lipophosphoglycan to bind to TLR2 [23]. Pam2 li-
popeptides of a variety of bacteria serve as TLR2 ligands
[24]. These factors also interact with mDC/Mf TLRs.
Which TLRs in NK cells or accessory cells are more im-
portant for triggering NK cell activation in vivo should
be an issue to be clarified.

Overview of the mDC Pattern Sensing System

mDC, which comprise many subsets [including bone
marrow-derived DC (BMDC) and CD8a+ DC], possess
subset-specific pattern-recognition systems. TLR, NOD-
like receptors, and RIG-I-like receptors (RLR) are repre-
sentative PRRs. The PRR repertoire in mDC has been
described previously [17]. Two adaptors, i.e. MyD88 and
TICAM-1 (TRIF), critically determine the signal path-
ways for TLRs, whereas interferon-3 promoter stimula-
tor 1 (IPS-1) (Cardif, MAVS, VISA) is the only adaptor
that governs MDAS/RIG-I signaling (fig. 1). These adap-
tors are engaged in type I IFN induction and NK activa-
tion via partly overlapped but distinct pathways in a cell
type-specific manner. Here, we summarize the signal
pathways for TLR and RLR relevant to NK activation.

Signaling Pathways That Operate through the MyD88

Adaptor

MyD88 is the most common adaptor in the TLR and
interleukin (IL)-1R signaling pathways [25, 26]. With the
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