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Tumor cells and the immune system play a lethal "pas de deux"
during tumor development. However, it is not clear which role the
innate immune system plays in these interactions. We studied the
interaction of normal spleen cells (NSCs) with tumor cells expressing
low levels of MHCI on the cell surface. This interaction induces
increased MHCI expression on the MHCIY tumor cells by a cell-cell
contact-dependent, IFN-y-mediated mechanism. The effector cells
responsible for the increased IFN-y production were identified as
CD4+ CD1d-independent NKT cells, NK1.1+ NK cells and CD4+
CD11c+ DCs. The possible three cell collaboration is not activated by
MHCI"" tumor cells or normal fibroblasts. Kinetic experiments
showed that the increase in IFN-y production induced by MHCI®Y
tumor cells happens in two consecutive waves, an early peak around
12 hours, followed by a second more important peak around day 2-3.
Thus, we propose that CD4+ CD1d-independent NKT cells are
activated by the MHCI'®" tumor cells, they release IFN-y stimulating
DCs to produce IL-12, which in turn activates NK cells to produce
large amounts of IFN-y. The recognition mechanism used by the
CD4+ CD1d-independent non-classical NKT cells is unknown.
Monoclonal antibody (mAb) blocking experiments using antibodies
against either activating or inhibitory receptors or co-receptors on
NKT/NK cells gave no conclusive results. Moreover, NSCs from
either normal or MHCIT'" mice augmented MHCI expression on
MHCIY tumors, excluding a significant role of CD4-MHCII
interactions in the system. Hence the initial recognition mechanism
in this system still awaits further experimentation.
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Introduction

Expression of major histocompatibility complex class I
(MHCI) molecules on the cell surface serves as an identity flag
used in cell-cell interactions and transmembrane signaling (1,
2). MHCI antigens are expressed at various levels from about
day 12 of embryonic life by all cells in the body with exceptions
such as brain, renal tubular or pancreatic acinar cells (1, 3).
Thus, MHCI expression is regulated and may change in
response to the environment. It is not known whether regulation
of MHCI expression is autonomous or induced by external
factors such as type I (o and ) or type II (y) interferons, TNF-a
or other molecules (1). IFN-y is one of the major external
regulators of MHCI expression; it is produced mainly by T, NKT
and NK cells but also, to a lesser extent, by macrophages and
dendritic cells (DCs) (4-6). IFN-y exerts its function upon
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interaction with the IFN-y receptor (IFNyR) that is ubiquitously
expressed on all cells (4).

Tumor cells are self cells with abnormalities caused by
structural changes in, or altered levels of, expression of
household proteins. These abnormalities may be due to
irreversible genomic instability in the tumor cells, or to
reversible selection exerted on regulatory elements for genes
encoding cell growth factors (7, 8). As a selective response to
immune destruction, tumor cells use several escape strategies,
many of which involve down-regulation of MHCI molecules or
other molecules of the antigen-presenting machinery (7-12).
Consequently, tumor cells do not express tumor-specific
peptides on the outer membrane and thus cannot be recognized
by cytotoxic T lymphocytes (CTLs). However cells other than
CTLs attack tumor target cells directly: natural killer (NK) cells,
polymorphonuclear (PMN) leukocytes and macrophages/DCs
do not recognize tumor cells via peptide/MHCI ligands. The
latter seem involved in the recently described natural immunity
against tumor cells (13). Another phenomenon known since
pioneering studies in Stockholm is that tumor cells cultured in
vitro may down-regulate their MHCI molecules, whereas these
cells injected in vivo regain normal levels of MHCI expression
(14). However, the effector cells responsible for this
phenomenon have not been identified. Moreover, mice deficient
in the innate immune system show a higher incidence of tumor
cell induction and out-growth compared to wild-type mice (7,
8). Thus, cells from the innate immune system may play a role in
the regulation of MHCI expression on cells with which they
interact.

Several tumor models use peptides, from proteins against
which specific T cell receptor (TCR) aff transgenic mice have
been made, as tumor antigens (9, 10, 15, 16). These model
systems have demonstrated that tumor cells may be killed
directly by specific T cells or indirectly by released IFN-y.
However, most systems showed that despite an overwhelming
excess of tumor-specific T cells in the mice, the tumor cells will
kill the hosts (9, 15). The tumor cells used in these studies
expressed rather low levels of MHCI at the cell surface. One
possibility is that the tumor-specific CTLs had difficulties in
recognizing and killing the tumor cells due to their low
expression of MHCI, i.e. the induction of higher levels of MHCI
on the tumor cells should render them sensitive to the tumor-
specific CTLs in vivo (17). In order to verify this notion and to
determine whether effector cells in normal spleen (NSCs) could
regulate MHCI expression on MHC oW tumor cells, we cultured
the tumor cells with NSCs in vitro. In such co-cultures, splenic
NK cells could eliminate the MHCI'®" expressing cells and
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The increase in MHCI expression on tumor cells is dependent on cell-cell contact between NSCs and tumor cells. (A) MC57, MCA102, B16 and TEC tumor cells
were cultured in the absence (control) or presence of IFN-y for two days. Then, mRNA was isolated, cDNA synthesized using primers specific for Db, K, tapasin (tapa)
or actin, and the PCR products were separated in agarose gels. DNA fragments were revealed by BET. MCA102 and B16 cells were MCA102gp and B16gp cells, respec-
tively. (B) Bl6gp cells (2.5 x 104) were cultured for 3 days alone or with 300 pg/ml IFN-y in 3 ml wells as negative (column 1) or positive controls (column 2). Alterna-
tively, B16gp cells were cultured with NSCs (10 x 106) in 3 ml wells (column 3), or B16gp cells were cultured in the wells and NSCs in the insert (column 4) and vice versa
(column 5). B16gp cells were also cultured in the well with a mixture of B16gp and NSCs in the insert (column 6). The data in columns 1-6 are referred to as groups 1-6
in the text. H-2D" expression of the tumor cells in the wells was measured by flow cytometry using FITC-labeled anti-D® mADb (28.14.45). (C) Bl6gp (squares),
MCA102gp (circles) and TEC-427.1 cells (triangles) were cultured alone (open symbols) or with IFN-y (100 pg/ml) (closed symbols) for 3 days. The tumor cells were
then harvested, washed and assayed for sensibility to the cytotoxic activity of alloreactive T cells (BALB/c anti-B6 T cell line) at different target:effector cell ratios. The
data are means of quadruplicates, and variations did not exceed 10% (not shown). (D) NSCs from wild-type (a) or IFN- ;/'/ " deficient mice (b) were co-cultured for 3 days
with B16gp cells at ratios of 600:1, 400:1, 200:1 or 100:1. The B16gp cells were then harvested and H-2D" expression was measured by flow cytometry. Tumor cells were
either cultured in medium alone (negative control) or stimulated with 100 pg/ml of IFN-y (positive control) (c). (E) NSCs (3 x 106/ml) were cultured in quadruplicates
with MHCI'®Y TEC-427.1 (5 x 10*/ml) tumor cells for four days. After 3, 6,9, 12, 18, 24, 36, 48, 60, 72, 84, and 96 hours 1 ml of supernatant was isolated. These superna-
tants were analyzed for IFN-y content by ELISA (open diamonds) and for their capacity to induce an increase in MHCI expression by flow cytometry on TEC-427.1 cells
with FITC anti-D® mAb (MFI on quadruplicates were less than 6%) on MHCI®Y tumor cells (filled diamonds). Standard deviations of quadruplicates of IFN-y determi-
nations did not exceed 10%. Four experiments were performed with identical results.

(i) leave the MHCIM8" cells intact, and/or (i) induce high
MHCI expression on the residual tumor cells. The present
paper represents our efforts to understand how the interaction
between the innate immune components of NSCs and
MHCI®™ tumor cells leads to the induction of high MHCI
expression and enhanced sensitivity of the tumor cells to CTLs.

Results

Normal spleen cells induce augmented MHCI expression on
MHCI'®" tumor cells

In the present study, we used three MHCI®" tumor cell lines
of different origin: B16 melanoma cells, MCA102 fibrosarcoma
cells and TEC-427.1 thymus epithelial cells. These cells are
MHCI oW que to different defects: B16 cells are deficient i in D°,

K and tapasin expression, TEC-427.1 cells are deficient D° and
Kb expression, and MCA102 cells display no defects related to
K°, D° or tapasin (Figure 1A). However, despite their different
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inherent defects, co-culture of NSCs with MHCI'®Y tumor cells
causes increased cell-surface express1on of MHCI on the tumor
cells (Figure 1B). Thus, the MHCI low phenotype on the three
tumor cell lines is reversible. However, the increased expression
of MHCI molecules was not stable over time, and clomng of the
MHCI"8" tumor cells did not yield stable MHCI high Jones (not
shown). These results indicated that the MHCI™®" membrane
expression was induced, rather than due to selectlon of
MHCI"8" variant cells after the elimination of MHCI'®" tumor
cells by NK cells in the NSC population. Co-culture of NSCs
with MHCI"®" cells like LI12R4 lymphoma or MC57
fibrosarcoma cells did not influence MHC expression on the
tumor cells (not shown). Moreover, MHCI'®" tumor cells that
had been induced to express increased MHCI surface levels and
then down-regulated their MHCI expression, were sensitive to a
new induction of increased MHCI express1on (not shown).
Thus, the data suggest that recognition of MHCI oW tymor cells
by NSCs induces the increase in MHCI expression.

In order to find out whether the increased MHCI expression
on the tumor cells was induced by cell-cell contact or by release
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of soluble factors, we performed a series of experiments such as
those depicted in Figure 1B. The negative control group is
MHCI®Y tumor cells cultured in medium (group 1) and the
positive control group 2 represents B16 cells cultured with
suboptimal concentrations of IFN-y. The results from groups 3-
6 showed that NSCs and B16gp cells have to be in contact in the
same compartment in order to induce the phenomenon
(compare the results from group 3 with those from groups 4 and
5). However, when NSCs and B16 cells were cultured together in
one of the compartments (group 6), one or more soluble factors
were released that could induce an increase in MHCI expression
in tumor cells cultured alone in the opposite compartment.
Three more experiments with variations in tumor cells, NSCs or
tumor cell-NSC mixtures in different compartments confirmed
the conclusion that the recognition of MHCI'®" tumor cells by
NSCs causes release of soluble factors that can augment MHCI
expression in tumor cells. The consequence of the increase in
MHCI expression is that the tumor cells become more sensitive
to specific cytolytic T cells (Figure 1C).

As culture of MHCI®" tumor cells in IFN-y-containing
supernatant from L12R4 lymphoma cells (18) increased the
MHCI expression (Figure 1, panels A and B), IFN-y was a
possible candidate as the soluble effector factor released by the
NSCs. We therefore compared the levels of MHCI expression on
MHCI®Y tumor cells co-cultured with spleen cells from normal
or IFN-y"" mice. As can be seen in Figure 1D, spleen cells from
IFN-y"" mice do not induce increased MHCI expression on
MHCI®" tumor cells. Thus, our data presented so far clearly
demonstrate that IFN-vy is directly involved in the described
phenomenon (see also Discussion). Moreover, kinetic
experiments showed that release of IFN-y by NSCs recognizing
MHCI®Y tumor cells happens in two waves, an early peak
around 12 hours and a second, more important peak, around
day 2-3. These peaks are completely superimposable with the
two peaks of increased MHCI expression caused by the same
supernatants (Figure 1E).

We conclude that NSCs recognize MHCI®" tumor cells and
then release IFN-y, which induces augmented MHCI expression
via the IFNYR on these cells (4).

Identification of the NSC-inducer cells responsible for increased
MHCI expression in MHCI'®Y tumor cells

One of the hypotheses behind the present experiments is that
the innate immune system participates in the regulation of
MHCI expression on tumor cells. Consequently, "NSCs" from
Rag'/ " mice that lack immune cells with rearranged receptors
(TCR or Ig) should induce augmented MHCI expression on
MHCI" tumor cells. The data in Figure 2 (a summary of three
mdependent experiments) show that MHCI expression on
MHCI"" tumor cells is increased by Rag”” NSCs, albeit less well
than NSCs from wild-type mice. Thus, something is missing in
NSCs from Rag mice. Two T cell types, NKT and y8 T cells, are
considered part of the 1nnate immune system (19, 20) and these
cells are absent in Rag NSCs. Therefore, we tried to
demonstrate whether these T cells had a function in our system.
Both NKT and NK cells from B6 mice express the NKI.1
marker. In vivo depletion of NK1.1+ cells by PK136 anti- NKI 1
mAb (21) reduced the capacity of normal, as well as Rag ,
spleen cells to induce MHCI expression in MHCI®" tumor cells
(Figure 2; P values are very significant). Purified NK cells (using
a NK cell separation kit removing CD3+ CD4+ CD8+ T cells,
CD11c+ DCs and CD19+ B cells) augment MHCI expression on
MHCI™ tumor cells, but less efficiently than Rag/ spleen cells
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(Figure 2). These data indicate that both NKT and NK cells are
important effector cells in the observed phenomenon. The
residual cells in the Rag spleen cell population, DCs,
macrophages and eosinophils have no activity by themselves.
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Innate immune cells induce an increase in MHCI expression on MHCIY

tumor cells. B16 tumor cells were cultured for three days with different amounts
of NSCs from either wild-type B6 or Rag'/’ B6 mice , or with different amounts of
purified NK cells (Miltonyi NK-cell Kit), and then harvested, washed and ana-
lyzed for H-2¢ membrane expression by flow cytometry. Normal or Rag’/' mice
were injected with normal rat Ig (RtIg) or PK136 anti-NK1.1 mAb on days -3 and
-2. P values (*) are given for some groups.

In order to investigate whether af or 5 T cells were possible
effector cells, we performed in vivo and in vitro cell fractionation
experiments. B6 mice were injected with 500 ug of anti-CD4
mAb, anti-CD8 mAb or a mixture of both mAb on days -5 and
-2 before harvest of the spleen cells. NSCs from anti-CD4 mAb
treated mice had lost the ability to induce MHCI expression on
the tumor cells, whereas NSCs from anti-CD8 mAb treated mice
had a significantly enhanced effect on MHCI expression in
MHCIY tumor cells (Figure 3A). Thus, important effector cells
in the system are CD4+ cells. CD8+ T cells may have a
regulatory activity, as removal of CD8+ cells in in vitro
fractionation experiments also causes a significant functional
increase in the residual CD4+ cell population (Figure 3B).
Removal of y3 T cells (or CD4+ CD25+ Treg cells) from the
CD4+ population had no impact (not shown). Conventional o
T cells (CD4+ CD8+ NKI1.1-) purified using the Miltenyi
Isolation Kit (removing B cells, DCs, macrophages, NK and
NKT cells) showed no MHCI enhancing effect (Figure 3B). This
experiment was repeated two more times with the same results.
These data strongly indicate that the missing effector cells in
Rag’/ " NSCs are CD4+ NKI1.1+ NKT cells. In order to
distinguish between CD1-dependent and CD1-independent
NKT cells, we investigated NSCs from CD1”" B6 mice. The data
in Figure 4A demonstrate that NSCs from wild-type, as well as
from CDI”" mice were equally efficient in augmenting MHCI
expression on MHCI'®™ tumor cells. Additional experiments
demonstrated that although spleen cells from B6 Jal8”" mice
show no response to aGal.Ser, i.e. lack of conventional CD1-
restricted NKT cells (22), they increased MHCI expression on
MHCI®" tumor cells as well as on those of control B6 mice
(Figure 4B). Va14-Ja18 negative NKT cells express a less
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NSC effector cells in the system are CD4+ CD8- non-conventional T cells. (A) B6 mice were injected on days -5 and -2 with 500 pg anti-CD4 or anti-CD8 mAb [con-

trol mice received 500 pg normal rat Ig (RtIg)]. Spleen cells were harvested on day 0 and cultured for three days with TEC or B16 cells (at two different rations, 50:1 and

200:1). Increased expression of DP was measured by flow cytometry. Variations in MFI were below 10% and are not given. P values are indicated in order to show the sig-

nificant difference in MHCI augmenting capacity between NSCs from normal and from anti-CD8 mAb treated mice: *, P < 0.001; **, P < 0.01. Results with TEC cells are
shown. (B) B6 NSCs were separated into CD4+ CD8- Ig- cells (>95% CD3+) and CD4- CD8+ Ig+ cells (approx. 10% CD8+ and >70% CD19+), or purified T cells (>97%
CD3+) using the T-cell Kit from Miltonyi (this kit remove granulocytes, macrophages, DCs, NK, NKT and B cells). They were then cultured with MCA102 cells for three
days, and increased MHCI expression on the tumor cells was analyzed using flow cytometry. Results are expressed as means of MFI measurements. Variations were <10%

and thus standard deviations are not indicated. In contrast, the indicated P values show that removal of CD8+ and Ig+ cells increases the MHCI-augmenting capacity of

the residual effector cells in the NSC population.

restricted TCRop repertoire (22). It was therefore of interest to
analyze whether the CD4+ NKT cells in our system were
dependent on MHCII expressmn for their function. B6 NSCs
and spleen cells from B6 MHCIT’" mice were cultured with B16
melanoma cells for three days. The tumor cells were then tested
for increased MHCI expresswn The data in Figure 4C show
that NSCs from MHCII”" mice do increase MHCI expression
on MHCI® tumor cells but less well than NSCs from normal
mice (n = 3). However, the difference between the effect seen
with NSCs versus that seen with MHCIT'~ knockout (KO) cells
was not significant, although always in the same direction.
These results indicate that an interaction between CD4 on NKT
cells and MHCII on DCs may play a partial role in the initial
events in our system.

Thus, all data presented show that CD1d-independent CD4+
NKT cells (23), which do not have an absolute MHCII
requirement, are important effector cells in our system.
Furthermore, preliminary experiments demonstrated that
significant numbers of DX5+ TCRB+ NKT cells, as well as DX5-
TCRB- NK cells, contained intracellular IFN-y (unpublished
data).

In vitro depletion of CD11c+ cells from NSCs, Rag spleen
cells or anti-NK1.1 mAb treated Rag spleen cells showed
decreased activity of the residual cells (not shown). Separation
of the CD4+ CD8- Ig- spleen cells into CD11c- and CD11c+
cells showed that the CDI1lc- cells had about 4-fold lower
activity than non-separated cells (Figure 5A, groups I and II).
The CDllc+ fraction exhibited a 2-fold decrease in MHCI
augmenting activity (group III). Bone marrow (BM)-derived
DCs expanded in culture with GM-CSF (with or w1thout 1L-4)
do not induce enhanced MHCI expression on MHCI oW tumor
cells alone (Figure 5A, groups IV and V). We then tried to
reconstitute the reduced response of CD11c- cells with the BM-
derived DCs (100:1 ratio with tumor cells) or with the CD11c+
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cells (50:1 ratio with tumor cells). As shown in Figure 5B, the
CDl1l1c+ cells from spleen synergize very significantly with the
splenic CD11c- cells. In contrast the BM-derived DCs do not
cooperate with the CDI11c- cells. This finding fits with the
observation that BM-derived DCs (+ IL-4) contains very few
CD4+ CD11c+ cells (<0.1%) in comparison with NSCs (approx.
2%, data not shown). Thus, CD4+ CD11c+ DCs (24, 25) play an
important role as effector cells in the described experimental
system. Their major function may be the production of IL-12
(see below).

Collectively, our experiments show that recognition of
MHCI®™ tumor cells and subsequent production of IFN-y is
performed by either CD4+ CDl1d-independent NKT cells,
NK1.1+ NK cells or CD4+ CD11c+ DCs. These three cell types
seem to work most efficiently in synergy (see further below).

Recognition of MHCI'®" tumor cells by NSCs

The data presented so far suggest that activation of NKT or NK
cells by MHCI®" tumor cells may take place via activating
receptors like NKG2D, CD27 or Ly49D/H (20, 26-28). To
elucidate how the effector cells in our system may recognize the
MHCTI®Y tumor cells, we tried to block the interaction between
NSC effectors and tumor cells using mAb. CD4+ CD8- Ig- NSCs
were used in order to avoid complications arising from the
presence of irrelevant cells in mAb inhibition experiments (i.e.
Fc receptor positive cells). The effector cells were incubated for
three hours at 4°C with the mAb to optimize their interaction,
and the mAb was not washed away. Monoclonal antibodies
against the activation receptors or co-receptors CD27, NKG2D,
and Ly49D on NKT or NK cells were analyzed for receptor-
blocking activity in our system. As can be seen in Figure 6A,
mADb against these receptors as well as against their ligands did
not influence the capacity of CD4+ NSCs to augment MHCI
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were cultured with TEC-427.1 tumor cells for 3 days. Tumor cells were then isolated and analyzed for increased H-2D° expression. Alternatively, the two different spleen
cell populations were stimulated with different concentrations of aGal.Ser for 4 days (quadruplicates), the last 24 hours in the presence of 1 uCi 3H-thymidine. Standard
deviations for MFI and *H-thymidine incorporation (cpm) were <10% and <5%, respectively, and are thus not indicated. (C) B16 cells were cultured for 3 days with
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bars, 20 x 10° cells): 1) NSCs; 2) NSCs where Ig+ and CD8+ cells were removed by incubation with anti-mouse Ig beads and with anti-CD8 mAb beads and fractionation
on magnetic columns; 3) NSCs from MHCII" /KO mice; and 4) NSCs from KO mice where Ig+ and CD8+ cells were removed. Comparisons between wild-type and
MHCIT” deficient cell populations revealed no significant differences. Only purified CD4+ cells from NSCs (at 10 x 10° cells/well) were significantly more effective com-
pared to non-fractionated cells (see also Figure 3). In three different experiments, NSCs from MHCII" /- deficient mice were always less efficient compared to NSCs from

wild-type B6 mice; however, the difference was not statistically significant.
low

on NKT or NK cells recognizing MHCI'®" tumor cells, the
activation of augmented MHCI expression, i.e. production of
IFN-y, is optimal for syngeneic H-2" homozygous effector cells.

expression on the three different MHCI™" tumor cells (only
data from B16 cell experiments are shown). Blocking of the
inhibitory receptors Ly49A, Ly49C or NKG2A/CD94 had no
effect in our system (not shown). Only mAb against the
IL12p70 molecules completely blocked the induction of

augmented MHCI expression on MHCI®Y tumor cells Discussion

(Figure 6A). Thus, DC-derived biologically active IL-12 plays
an important role in the effector cell cooperation observed.

A comparative study of NSCs and T, NKT, NK (non-Ig) cells
from B6 or (B6 x CBA) F1 mice showed that the F1 cells had 4-
fold less activity compared to B6 cells. This could be a gene dose-
effect by differential expression of activating and inhibitory
receptors on H-2" homozygous versus H-2 Xk heterozygous
effector cells (28). Thus, whatever the nature of the receptor(s)
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The present experiments were performed with three tumor
cell lines of different origin and of MHCIY phenotype due to
various reversible mechanisms (Figure 1A). Our data showed
that co-culture of MHCI'® tumor cells with NSCs induced
increased MHCI expression by a cell-cell contact-dependent,
IFN-y-mediated mechanism (Figure 1B). In addition, the
effector cells were found among the innate immune cells of the
spleen (Figure 2, Figure 3, Figure 4, Figure 5). The frequency
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CD11c magnetic bead columns (CD11c- cells, <0.1% positive cells). Eluted CD11c+ cells were purified one additional time on magnetic columns (>80% positive). (A)
The three different subsets were cultured at different ratios (50:1, 100:1, 200:1) with B16 cells for 3 days. For CD11c+ cells only 50:1 ratios are shown (100:1, MFI approx.
974 + 87; 200:1, MFI approx. 1.469 + 141). BM cells were cultured with 20 ng/ml GM-CSF + IL-4 (10 ng/ml) for 7 days (approx. 45% and 59% CD11c+ cells, respec-
tively) and cultured with B16 cells at ratio of 100:1. (B) CD11c+ cells, BM-GM and BM-GM + IL-4 cells were also cultured without (open bars) or with CD11c- cells
(black bars) in order to measure cooperative effects between these cells. Increased MHCI expression was measured by flow cytometry (MFI values are given). Standard

deviations were <10%.
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Possible mechanisms of recognition of MHCIY tumor cells by NSCs. (A) NSCs were incubated with the indicated mAb (or purified MIg from normal mice = w.o0.)
for three hours at 4°C, and then added directly to B16gp tumor cells. Control NSC-B16 cell cultures at 1:10, 1:30 and 1:100 ratios were made, whereas mAb-treated cul-
tures were analyzed at a 1:100 ratio. In vitro culture was for 3 days; tumor cells were then harvested and analyzed for H-2D" expression by flow cytometry. (B) Spleen cells
or non-Ig+ cells (approx. T cells, >90% CD3+) from B6 (closed circles) or (B6 x CBA) F1 (open circles) mice were cultured with B16gp cells for 3 days. The tumor cells
were then isolated and analyzed for expression of H-2D° by flow cytometry. The capacity to induce an increase in MHCI expression on MHCI®" tumor cells by B6 effec-
tor cells is significantly higher (P < 0.001) than by (B6 x CBA) F1 cells.
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and/or activity of the effector cells responsible for the observed
phenomenon are different in various lymphoid organs, being
highest in spleen and lymph nodes, and lowest in bone marrow,
thymus and peritoneum (not shown). IFN-y was the only direct
effector molecule detected in the supernatant from NSC-tumor
cell cultures (i) Purified IFN-y increased MHCI expression on
MHCI®Y  tumor cells (see Materials and Methods); (ii)
Depletion of IFN-y from different T or NKT/NK cell
supernatants with high concentrations of IFN-o, IFN-f,
TNF-a, IL-4, IL-13 etc. removed the capacity to augment
MHCI expression on MHCI'®" tumor cells (see Materials and
Methods); (iii) Spleen cells from IFN- 7 mice did not augment
MHCI expression on MHCI oW tumor cells (Figure 1D);
activation of NSCs from IFN-y’" mice by concanavalin A did
not produce cytokines which could augment MHCI expression
on MHCT®" tumor cells (not shown). Thus, IFN-y is the direct
effector molecule in the present system and does not act as a
"helper" molecule in the induction of other molecules with the
capacity to augment MHCI expression. We conclude that IFN-y
is the sole effector molecule responsible for the increased MHCI
expression on MHCI®Y tumor cells at both the induction and
effector level.

Cell fractionation experiments have demonstrated that the
major cell subsets involved in the described phenomenon are
CD4+ CD1d-independent ]a18 NKT cells, CD4+ CD11c+
DCs, and NK1.1+ NK cells. CD4+ or CD8+ TCRaf+ T cells,
TCRyd+ T cells, CD4+ CD25+ regulatory T cells, B cells or
macrophages are not implicated (Figure 2, Figure 3, Figure 4,
Figure 5). It seems that DCs, NKT and NK cells function most
efficiently together: (i) NSCs from Rag mice function less well
than NSCs from wild-type mice (Figure 2), (ii) purified NK cells
function less well than NSCs from normal or Rag”  mice
(Figure 2) and (iii) both CD11c+ and CD11c- sub-populations
of CD4+ CD8- Ig- cells work suboptimally, and they collaborate
when remixed before culture with tumor cells (Figure 5).
Moreover, kinetic experiments have shown that the induction of
augmented MHCI expression on MHCI oW tumor cells happens
in two waves, an early peak around day 1 and a second more
important peak around day 2-3, with decreased synthesis of
IFN-vy from day 4-5 (Figure 1E). Addltlon of mAD against IL-12
to cultures of NSCs and MHCI'" tumor cells abolishes the
MHCI-inducing capacity of the effector cells. Furthermore, the
finding that the presence of MHCII molecules 1nﬂuences only
slightly the increase of MHCI expression on MHCI oW tumor
cells indicates a possible (but not decisive) role for CD4-MHCII
interactions in the initial recognition events between CD4+
NKT cells and MHCII+ DCs. Therefore, it appears that the most
probable scenario for our collaborative system is that NKT cells
recognize the "missing self" (14, 29) on MHCI'®" tumor cells,
release stored IFN-y which induces DC to produce IL-12 that in
turn activates NK cells (20, 26-31). This phenomenon may in
turn be regulated by CD8+ T cells (Figure 3).

Thus, a key question is how the NKT cells recognize MHCI'Y
tumor cells and initiate the possible three-cell collaboration with
DCs and NK cells. NKT cells may be divided into three
categories based on their reactivity to c-galactosylceramide
(aGal.Cer), their TCRa-chain diversity and their CDId
dependency: Type I classical "invariant" NKT cells have
invariant Vo14-Jou18 TCRa chains and react to aGal.Cer in a
CD1d-dependent manner. Type II nonclassical NKT cells do not
react to aGal.Cer and have diverse TCR chains but are CD1d
dependent. Type IIT NKT cells are CD1d independent, do not
respond to aGal.Cer, and possess diverse TCR chains (22, 32).
The finding that the NKT cells involved in the present system
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were independent of CD1d ligand and of Jo.18 expressing T cell
receptors defines them as type III NKT cells and appears to
exclude the recognition of tumor cell lipids, a process performed
mostly by the invariant Val4+ CD1d-restricted iNKT (type I)
cells (33, 34). It follows that probable receptors were the
activating receptors NKG2D or Ly49D/H (KAR; killer activation
receptor), inhibitory receptors like NKG2A/CD94, Ly49A and
Ly49C (KIR; killer inhibitory receptor), or co-receptors like
CD2, CD27 or CD28 (35) on NKT or NK cells. However, none
of the anti-KAR/KIR/co-receptor mAbs influenced the capacrty
of NSC effector cells to induce MHCI expression on MHCI low
tumor cells, despite the fact that these mAbs actlvely block NKT
or NK cell cytotoxicity against YAC (MHCI lowy target cells
(Figure 6A). Therefore, we suggest that the recognition event
under study may be carried out by either (i) an unknown
receptor, (ii) ligand-receptor pairs not analyzed in our
experiments, e.g. CD48-2B4 (36, 37) or (iii) a combination of
activating and inhibitory receptors or their level of expression
(Figure 6B) (28, 37, 38). The latter possibility is supported by the
finding that B6 NSCs are far more effective compared to
(B6 x CBA) F1 NSCs (Figure 6B), probably due to differences in
expression of KAR and KIR among B6 and CBA strains (28).
The NKT cells active in the present system may resemble the
recently described IL-17 producing NKT cells, which are CD4+
and express a diverse TCR repertoire (32).

Previous experiments have demonstrated that MHCI
expression in tumor cells is influenced by many factors (7, 8, 10,
16, 17). Injection of tumor cells with down-regulated MHCI
expression into syngeneic mice causes up-regulation of MHCI
expression on MHCI®Y tumor cells (14). Thus, the in vivo
environment up-regulates MHCI expression as was observed in
the in vitro experiments presented. These in vivo data have been
repeated with the B16 cell line used in this study (unpublished
data). So, what level of MHCI expression is advantageous for
tumor cells in their interactions with the immune system? High
levels of MHCI expression may suppress CTL responses due to
the action of inhibitory receptors (38), intermediate levels of
MHCI expression would favor CTL killing, and low levels of
MHCI expression favors NK cell cytotoxicity (26, 39). At the
start of neoblastic cell development, it would be an advantage for
the tumor cells to maintain high levels of MHCI expression, as
the frequency of tumor-specific CTLs is very low and the
number of NKT and NK cells is high. Thus, MHCI low 4t imor
cells produced many fewer tumor colonies compared to
MHCI"8" tumor cells when injected into naive B6 mice (14, 40,
41). The present data indicate that innate NKT, DC and NK
effector cells are involved in this phenomenon.

It is a mystery how tumor cells can resist the presence of high
numbers of very active tumor-specific CTLs in "in vivo" tumor
models (9, 10, 15, 16). IFN-v, produced early during recognition
of MHCI®" tumor cells by the innate immune system, has (i) an
up- regulatory function on MHCI expression, rendering the
MHCT®" tumor cells vulnerable to CTLs (Figure 1C), (ii) a
tumorocidal effect on the tumor cells (10, 42) and (iii) an anti-
angiogenetic effect on the tumor stroma cells (9, 43, 44). Thus, it
is surprising that the innate and adaptive immune systems
cannot cope with the development of tumor cell out-growth in
such tumor model systems (see 9, 15, 16, 45). It is interesting to
note that if the P14 TCRaf transgenic mice are first immunized
with live lymphocytic choriomeningitis virus (LCMV), they
then become resistant to tumor growth (15, 45). This indicates
that components of the innate immune system may have to be
activated (probably via Toll-like receptors interacting with DNA
or RNA from dying tumor cells) in order to function optimally.
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This idea is supported by the observed IL-12 dependency of the
MHCI regulation (Figure 6A), and by our findings that tumor-
specific responses are more efficient in conventional mice
compared to specific-pathogen-free (SPF) mice (46). The reason
for this is an inefficiently activated innate immune system in
SPF mice. Yet another possibility is that important components
of the innate immune system do not come into contact with the
tumor cells (blocked by stromal cells), and thus cannot
optimally regulate the level of MHCI on the tumor cells (9). As
shown here, cell-cell contact is necessary for the induction of
IFN-y production and subsequent increase in MHCI expression.
Along the line of the ideas developed in this paper, yeast
vaccines encoding tumor antigens that activate dendritic cells
and elicit protective cell-mediated immunity are now being used
in clinical cancer immunotherapy (47, 48).

In conclusion, our data have shown that NKT, DC and NK
cells from the innate immune system regulate MHCI expression
on MHCI®Y tumor cells by a cell-cell contact-dependent,
IFN-y-mediated mechanism. The innate effector cells recognize
the tumor cells by an unknown mechanism, and the recognition
event does not induce memory. We propose that the innate
immune system takes part in the environmental factors that
regulate MHCI expression in normal and neoblastic cells.

Abbreviations
BM, bone marrow; MFI, mean fluorescence intensity; MHCI,
MHC class I; NSC, normal spleen cell
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Materials and methods

Mice

B6 Rag'/' and B6 MHCII”™ mice were obtained from CDTA,
Orléans, France. B6, (B6 x CBA) F1, CBA/] and BALB/c mice
were purchased from ]ANVIER (Le Genest-St-Isle, France). B6
IFN-y"" and B6 JalI8” mice were pr0v1ded by Animalerie
d'TFR30 Hopital Purpan, Toulouse. B6 CD1 d”" mice were kindly
given to us by Dr. Kamel Benlagha, Hopital St Vincent de Paul,
Paris. Cell depletion in vivo was performed by i.p. injection of
500 pg purified monoclonal antibody GK1.5 anti-CD4, 2.43
anti-CD8, PC61 anti-CD25, or PK136 anti-NK1.1 on days -3
and -2 before harvest of spleens and thymuses (see below).

Cells

The following H-2" tumor cell lines were maintained in 5-10%
FCS/RPMI 1640 (FCS/R) or DMEM medium: Fibrosarcoma
MC57, melanoma B16.F10, fibrosarcoma MCA102, and thymus
epithelial TEC-427.1 cells (49). Minigene transfected B16 or
MCA102, termed Blé6gp or MCA102pg, were described
previously (15, 45). NK cell-sensitive YAC cells were obtamed
from Dr. E. Vivier, CIML, Marseille. L12R4 cells are H- 2> T
lymphoma cells that produce IFN-y upon stimulation with
phorbol ester and ionomycin (18).

BALB/c anti-B6 CTL lines were produced by stimulation of
purified BALB/c T cells with mitomycin C-treated C57Bl/6
spleen cells (50 ug/ml), followed by stimulation every 10 days
with mitocymin C-treated B6 spleen cells and 2-10% X6310 cell
supernatant (IL-2) (18, 50).

Spleen cells were treated by a short (1 min) contact with
NH,Cl, medium was added and the cells washed twice.
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Dendritic cells (DCs) were produced by culturing bone marrow
cells in GM-CSF =+ IL-4 containing medium; they were used
after 6-8 days of culture (6). GM-CSF and IL-4 were from
supernatants of B16.GM-CSF cells (Dr. P. Ricciardi-Castagnoli,
Milan, Italy) and X631L4 cells (50), respectively.
Antibody-coated magnetic beads from Miltenyi Biotec
(Auburn, CA) were wused to separate the different
subpopulations in the spleen. The following beads were
employed: Anti-Thyl, anti-CD4, anti-CD8, anti-T cell kit, anti-
NK cell kit, anti-CD11c¢ and anti-mouse immunoglobulin (MIg)
or anti-rat Ig (RIg), using procedures described by the
manufacturer. Separation of CD25+/-, TCRB+/- or TCRyd+/-
cells was performed with purified splenic T cells incubated with
rat anti-mouse CD25, TCRP or TCRyd mAb, followed by
washing and further incubation with anti-RIg beads. The purity
of the fractionated cells was verified by flow cytometry (>90%).

Monoclonal antibodies

Most mAbs used in this study were obtained from BD-
Pharmingen or eBioscience (San Diego, USA). Large amounts of
mAbs were produced in our laboratory by culture of hybridoma
cells and passage of the supernatants through protein G-
Sepharose columns. Pure mAbs were eluted with 0.2 M citric
acid, pH2.8, in 1 M Tris, pH 8.0. Eluted antibodies were
concentrated by ammonium sulphate precipitation and dialysis,
and were adjusted to 1 mg/ml. AN18 anti-IFN-y mAb (from Dr.
Anne-Marie Schmitt-Verhulst, CIML, Marseille) was purified
and coupled covalently to protein G-Sepharose using dimethyl
pimelimidate as described (51). Control mouse Ig (MIg) (for in
vitro and in vivo antibody treatments) was produced as
described above by passing normal mouse serum through a
protein G-Sepharose column. Antibodies used in functional
blocking assays were: anti-IL12p70 (clone 9A5), anti-CD2
(clone RM2-5), anti-CD27 (clone LG.3A10), anti-CD28 (clone
37.51), anti-CD70 (clone FR70) anti-Ly49A (clone Al), anti-
Ly49D (clone 4E5), anti-I- AP (clones 25-9-3 and 25-9-17) from
BD-Pharmingen and anti-Ly49C,LEH (clone 14B11), anti-
NKG2D (clones C7 and CX5), anti-NKGAA,C,E (clone 20d5),
and anti-Rae-1 (clone CX1) from eBioscience.

Purification of IFN-y

IFN-y was purified from day 3 supernatants of (i) B16 cells co-
cultured with NSCs, (ii) NSCs stimulated with high amounts of
IL-2, (iii) NSCs stimulated with concanavalin A, (iv) BALB/c
anti-B6 T cells stimulated with B6 NSCs or (v) phorbol
12-myristate 13-acetate (PMA)/ionomycin-stimulated L12R4
cells (18) using affinity chromatography. All supernatants were
passed through anti-IFN-y (AN18)-Sepharose columns (1 ml/
min); the beads were then washed and absorbed IFN-y was
eluted with 0.2 M citric acid into tubes with 1 M Tris, pH 8.5.
IFN-y containing fractions (ELISA, see below) were pooled,
dialyzed against Dulbecco's phosphate buffered saline (DPBS)
and stored at -80°C. In most experiments, a large pool of IFN-y
(100 ng/ml) from L12R4 cells was used. It was stabilized with
0.2 mg/ml of bovine serum albumin (Fraction V, >0.5% pure,
Sigma).

All five supernatants contained IFN-a, IFN-B or TNF-o;
however, supernatants depleted of IFN-y did not augment
MHCI expression on MHCI® tumor cells (not shown).
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Flow cytometric analysis
Surface marker analysis

Cells were washed twice in 0.8% BSA/DPBS with 0.02% azide
and then incubated with 0.1 pg of mouse Fc-blocking reagent
(BD-Pharmingen) and with mAb conjugated with different
fluorochromes for 20 min at room temperature. After two
washes, the cells were analyzed in a LSRII (Becton-Dickinson)
using Diva software.

MHC expression analysis

Tumor cells were collected washed and incubated with anti-
K anti-D or anti-I-A® mAb. Cell-absorbed mAb was revealed
by FITC-labeled goat anti-mouse IgG antibody (Sigma-
Aldrich). Results are expressed as mean fluorescence intensity
(MFI). A standard curve was established in each experiment
using a L12R4 supernatant with known IFN-y content.

Experimental design and statistics

Normal spleen cells (NSCs) or fractionated NSCs were
cultured with the tumor cells (50,000 cells/well) at different
ratios in 3 ml/well (12-well plates) using FCS/R medium. After
different incubation times (most often 3 days), non-adherent
cells were removed by vigorous pipetting and the adherent
tumor cells were detached by trypsin treatment. Tumor cells and
NSCs were separated by inserts with a 0.4 um membrane using
either 12-well (3 ml) or 6-well plates (8 ml) (Greiner, Bioscience,
Germany).

In each of 67 experiments, controls included: (i) tumor cells
cultured alone (MFI = 119 + 34); (ii) tumor cells cultured with
100 pg/ml of IFN-y (purified from L12R4 supernatant; MFI =
2,187 + 263), most often the tumor cells were cultured with 30,
100, 300, and 1,000 pg/ml in order to obtain a standard curve;
(iii) tumor cells cultured with 2.5 x 10°N'SCs (1:50 ratio) (MFI =
2,742 + 487); and (iv) L12R4 cells (MFI = 1,936 + 236) as flow
cytometry control. Variations in specific MFI (MFI of IFN-y
stimulated group - MFI of control group) of each experimental
point did not exceed 10% and thus standard errors are not given
for clarity. Significance was determined by the Student's ¢-test. P
values are provided in Figures where judged necessary. The
number of experiments performed to answer a given question is
given as n; if not mentioned, # is always three or higher.

Growth inhibition (cytotoxicity) assay

The cytotoxic activity of effector cells (treated for 20 min with
20 ug mitomycin C/ml) against tumor cells was measured by a
growth inhibition assay as described (18). Tumor cells (10 )
were added to flat-bottom, 96-well microtiter plates, and
different amounts of effector cells were co-cultured for two days.
Then, 30 ul of MTT (1 mg/ml) was added for 4h at 37°C,
followed by centrifugation, treatment with 150 ul DMSO, and
measurement of OD540. The percentage cytotoxicity was
calculated as previously described (18).

Cytokine ELISA

IFN-y, IL-2, IL-4, IL-13, and TNF-a cytokine contents in
culture supernatants were determined using BD Pharmingen
capture ELISA kits (San Diego, USA) as recommended by the
manufacturer. The results are expressed in pg/ml, calculated
according to a standard curve obtained with recombinant
cytokine.
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PCR

Tumor cells were grown either in the absence or presence of
optimal concentrations of IFN-y for two days. RNA was then
extracted and cDNA was synthesized using standard conditions

(18). The forward and reverse primers used were:
5'-GCGACGCGGAGAATCCGAGAT-3' and
5'-GCTGATCTGCGCCGCCATGT-3' for Db,
5'-CGCCTACGACGGCTGCGATTA-3' and

5'-CCCAAGAGGCACCACCACAGAT-3' for Kb, and
5'-GAGCCTGTCGTCATCACCAT-3' and 5'-Cancer Immunity
(11 September 2008) Vol. 8, p-
14AGCACCTTGAGGAGTCCGAG-3' for tapasin. The PCR
products were separated in agarose gels and revealed with BET.
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