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ABSTRACT CD41 T cells can eliminate tumor cells in vivo
in the absence of CD81 T cells. We have CD41 T cells specific
for a MHC class II-restricted, tumor-specific peptide derived
from a mutant ribosomal protein expressed by the UV light-
induced tumor 6132A-PRO. By using neutralizing mAb spe-
cific for murine IFN-g and adoptive transfer of CD41 T cells
into severe combined immunodeficient mice, we show that
anti-IFN-g treatment abolishes the CD41 T cell-mediated
rejection of the tumor cells in vivo. The tumor cells were MHC
class II negative, and IFN-g did not induce MHC class II
expression in vitro. Therefore, the tumor-specific antigenic
peptide must be presented by host cells and not the tumor
cells. Tumor cells transduced to secrete IFN-g had a markedly
reduced growth rate in severe combined immunodeficient
mice, but IFN-g did not inhibit the growth of the tumor cells
in vitro. Furthermore, tumor cells stably expressing a domi-
nant-negative truncated form of the murine IFN-g receptor a
chain, and therefore insensitive to IFN-g, nevertheless were
rejected by the adoptively transferred CD41 T cells. Thus, host
cells, and not tumor cells, seem to be the target of IFN-g.
Together, these results show that CD41 T cells can eliminate
IFN-g-insensitive, MHC class II-negative cancer cells by an
indirect mechanism that depends on IFN-g.

A single malignant cell can have multiple tumor-specific
antigens (1–4); some are recognized by CD41 T cells whereas
others are recognized by CD81 T cells (for review see ref. 5).
CD41 T cells can be critical for CD81 T cells to (i) establish
long-term, radio-resistant, specific memory immunity against
tumors (6), (ii) sustain cytotoxic T cell responses during
chronic viral infection (7), and (iii) maintain proliferation and
viability of adoptively transferred CD81 T cells in patients (8).
In addition to this regulatory ‘‘helper’’ role, adoptively trans-
ferred CD41 T cells can eliminate cancer cells in vivo in the
absence of CD81 T cells (9–12).

CD41 T cells recognize a tumor-specific antigenic peptide
on MHC class II molecules either when the antigen is acquired
by a host antigen-presenting cell (APC) via the endocytic
pathway, or when the peptide is endogenously produced in a
tumor cell expressing MHC class II (11). CD41 T cells can
directly lyse such tumor cells. Because most human and animal
tumors do not express MHC class II (13), this mechanism of
direct destruction of tumor cells by CD41 T cells would not
apply generally. Interestingly, previous studies have shown that
in the absence of CD81 T cells, adoptive transfer of CD41 T
cells can lead to the elimination in vivo of tumor cells that do
not express detectable levels of MHC class II antigens (9, 11,
14). Presumably, under these conditions tumor antigens are
released from dead tumor cells and presented by ‘‘profession-
al’’ host APC, which express high levels of MHC class II (11,

15–17). Recently, several MHC class II-restricted tumor-
specific antigens have been identified as highly immunogenic
peptides derived from mutant regions of proteins altered by
tumor-specific somatic mutations (11, 18).

IFN-g released by CD41 T cells on antigenic stimulation has
been proposed to be important in vivo for the anti-tumor
effects of CD41 T cells (10). IFN-g induces the expression of
several proteins in normal and neoplastic cells and thereby can
alter the endogenous antigen processing machinery, up-
regulate expression of MHC class I and II, activate macro-
phages, and inhibit cell proliferation (for review see ref. 19). By
expressing a dominant-negative form of the IFN-g receptor a
chain in cancer cells (20), it has been shown that loss of
sensitivity of tumor cells to IFN-g can decrease immunoge-
nicity and prevent tumor cell recognition and elimination (21).
Furthermore, loss of sensitivity of the tumor cells to IFN-g also
prevented the anti-tumor effects of IL-12 (22).

Because of the frequent absence of MHC class II molecules
on tumors and the effectiveness of CD41 T cells in eliminating
MHC class II-negative tumor cells in vivo, we have used three
tools to investigate the possible involvement of IFN-g in the
CD41 T cell-mediated rejection of MHC class II-negative
tumors: (i) murine IFN-g-neutralizing mAbs (23), (ii) a dom-
inant negative form of the IFN-g receptor a chain (20), and
(iii) an efficient vector allowing stable, constitutive expression
of IFN-g in cells (24). We show here that IFN-g is essential for
the elimination of tumor cells by CD41 T cells in vivo, but that
this effect appears to be indirect because tumor cells remain
MHC class II negative after stimulation with IFN-g and still
are rejected when made insensitive to IFN-g.

MATERIALS AND METHODS

Mice and Cell Lines. Female C3HyHeN MMTV2 immu-
nocompetent, severe combined immunodeficient (SCID), and
nude mice were purchased from the National Cancer Insti-
tute’s Frederick Cancer Research Facility (Frederick, MD).
The tumor cell lines used were the UV-induced fibrosarcoma
6132A-PRO (4, 25), also referred to as PRO, and the UV-
induced fibrosarcoma 1591-PRO4L (26). The tumor cells were
cultured in DMEM with 10% FCS and tested regularly for
mycoplasma contamination by staining with Hoechst 33258
followed by fluorescence microscopy. To measure cell prolif-
eration, 20 ml of MTSyPMS solution [(3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium]y(phenazine methosulfate)] (Promega) was added
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to cells growing in 96-well plates for 3 hr and analyzed at 490
nm versus 650 nm in an ELISA reader.

Generation of Lymph Node Cells (LNC). The following two
peptides were purchased from Chiron: NH2-LRRDFNHINV-
ELSHLGKKKKRLRVD-CONH2 (mutant L9, mL9) and NH2-
LRRDFNHINVELSLLGKKKKRLRVD-CONH2 (wild-type
L9, wtL9). For immunization, 2.5 ng of either wild type or mutant
L9 peptide in DMEM was mixed with complete Freund’s adju-
vant and injected into footpads of immunocompetent C3H mice.
Popliteal LNC were restimulated in vitro with either 10 mM
peptide or 6132A-PRO cell lysate in T cell-DMEM as described
(11). LNC proliferated in response to 6132A-PRO lysate or mL9
peptide but not to lysate of 1591-PRO4L cells or wtL9 peptide.
LNC from mice immunized with 10 mM wtL9 peptide did not
proliferate in response to either tumor cell lysate (data not
shown). For measurement of IFN-g secretion, 105 CD8-depleted
LNC were incubated for 48 hr in 96-well plates coated with
antibody 2C11 (anti-CD3 mAb, kindly provided by Jeffrey A.
Bluestone, University of Chicago), and supernatants were ana-
lyzed in an ELISA as described (11).

Antibodies and Fluorometric Analyses. For depletion of
CD81 cells in vitro, 107 cellsyml were incubated in DMEM with
complement in the presence of supernatant from hybridoma
3.155 (anti-CD8) for 1 hr at 37°C. Antibody treatment in vivo
was performed by injection i.p. of 0.3–0.7 ml of ascites fluid
from nude mice bearing the hybridomas GK1.5 (anti-CD4),
YTS169.4.2 (anti-CD8), XMG1.2 (anti-IFN-g) (23), or
11B11(anti-IL-4) every 3–7 days. In vivo depletion treatments
were started 3 days before tumor inoculation and continued for
3 weeks. Depletion was confirmed by flow cytometry (FAC-
Scan, Becton Dickinson Labware) before injection into ani-
mals (depletion in vitro) or at the end of the experiment
(depletion in vivo) by using anti-CD4 or anti-CD8 antibodies
coupled to FITC or phycoerythrin (PharMingen). MHC class
I and class II expression were detected by flow cytometry using
supernatant from the hybridomas 100.30R23 (anti-I-KkyDk)
followed by goat anti-mouse antibody coupled to FITC, and
the mAb 14–4-4S (anti-I-Ek) coupled to FITC, respectively.
Magnetic-activated cells sorting (MACS) of CD41 T cells was
done according to the manufacturer’s instructions (Miltenyi
Biotec, Auburn, CA) by using positive selection columns. After
sorting, cells were incubated at 37°C overnight before being
injected into animals or analyzed by flow cytometry.

Transfections and Retroviral Infections. The plasmid en-
coding the transdominant negative IFN-g receptor a chain
(20) was transfected into 6132A-PRO cells by electroporation
(Genepulser, Bio-Rad). G418-resistant clones were selected by
fluorescence-activated cell sorting for increased IFN-g recep-
tor by using the antibody GR-20 (27). Positive clones then were
analyzed for resistance to IFN-g by examining MHC class I
up-regulation induced by recombinant IFN-g (250 unitsyml) in
vitro in a 48-hr assay. For retroviral infections, a 24-hr super-
natant of MFG-IFN-g retrovirus-producing cells (kindly pro-
vided by Glenn Dranoff, Dana–Farber Cancer Institute, Bos-
ton) was applied to 6132A-PRO cells for 4 hr in the presence
of polybrene as described (24). Clones then were analyzed for
secretion of IFN-g by ELISA and for MHC class I surface
expression by flow cytometry using the 100.30.R23 antibody.

Tumor Growth in Vivo. 6132A-PRO tumor cells (105) or
1591-PRO4L were injected s.c. into the flanks of C3H SCID
mice. LNC (3–12 3 106) were injected i.p. the same day, and
tumor growth was measured every 3–4 days by using a caliper.
Tumor volume in cm3 was calculated as (abcy2) where a, b, and
c are three orthogonal diameters, which approximates the
volume of an ellipsoid: pabcy6.

Statistical Analyses. One of the limitations of using highly
purified T cell populations for adoptive transfer experiments
in vivo is the relatively large number of cells required, resulting
in repeated experiments with small group sizes. Therefore,
Fisher’s Exact text was used to test the association in contin-

gency with small sample sizes (28, 29). Statistics were per-
formed by using Stata Statistical Software, 1999, Release 6.0
(Stata, College Station, TX) on an Apple Power Macintosh
7600y132.

RESULTS
CD81 T Cells Are Not Required for Rejection of 6132A-PRO

Tumor Cells. In previous adoptive transfer experiments, we
found that LNC induced by mL9 peptide caused rejection of
6132A-PRO tumor cells; however, mL9-specific CD41 T cell
clones inhibited the growth of tumor cells without eliminating
them completely (11). To determine whether the stronger
anti-tumor effects of LNC depended on the presence of CD81

T cells in the LNC, we depleted the LNC of CD81 T cells either
before or after adoptive transfer into SCID mice. As summa-
rized in Table 1, the nine SCID mice that were untreated all
had progressively growing tumors. Ten of 11 mice that received
either LNC depleted of CD81 T cells or treatment with
anti-CD8 antibodies in vivo after LNC transfer rejected the
6132A-PRO tumor. These results demonstrate that rejection
of 6132A-PRO in SCID mice by adoptively transferred mL9-
specific LNC does not depend on CD81 T cells. No regrowth
of tumors from the site of initial tumor challenge was seen
during a 1-yr observation period in the mice that had rejected
the tumors.

CD41 T Cells Are Required for Rejection of 6132A-PRO
Tumor Cells. In the next series of experiments, we determined
whether or not adoptive transfer of CD41 T cells present in
LNC from mL9-immunized mice was sufficient for 6132A-
PRO tumor rejection. We used MACS columns to obtain
CD41 and CD42 LNC fractions. With the exception of the first
experiment, the purity of the CD41 fraction was always above
95% as measured by flow cytometry (Fig. 1 and Table 2). In
three different experiments, five of six SCID mice receiving
CD41 LNC rejected the tumor challenge, and the sixth mouse
had a minimal tumor, the growth of which was arrested for 144
days (Table 2). In contrast, all six mice that received the CD42

fractions or no LNC had progressively growing tumors. Inter-
estingly, even in the first experiment where the CD42 fraction
still contained 45% CD41 cells, tumors grew out slowly,
indicating that even in the presence of a significant number of
CD41 cells, no other cell types present from the transferred
LNC exerted significant anti-tumor effects or assisted in CD41

T cell-mediated rejection of 6132A-PRO. Because CD41

TCR-CD32 cells comprise less than 1% of LNC from mL9-
immunized mice, these results strongly suggest that adoptive
transfer of CD41 T cells is necessary and sufficient for
6132A-PRO rejection in SCID mice.

IFN-g Increases MHC Class I Expression but Fails to
Induce MHC Class II Expression in 6132A-PRO Tumor Cells.
IFN-g is a potent up-regulator of MHC class I and II expres-

Table 1. Tumor rejection by LNC from mL9-immunized mice
does not require CD81 T cells

LNC*
Antibody

treatment†
Tumor incidence

after 28 days‡

2 — 9y9
1 — 0y2
1 Anti-CD8 1y11

*SCID mice were innoculated s.c. with 105 6132A-PRO tumor cells
and i.p. with 5-12 3 106 LNC from mL9-immunized mice as indicated.

†LNC were depleted of T cell subsets by incubation with anti-CD8
antibodies and complement in vitro before adoptive transfer or by
treatment of mice with anti-CD8 or anti-CD4 antibodies after
adoptive transfer.

‡The differences in tumor incidence between the anti-CD8 antibody-
depleted LNC-treated and untreated mice (P , 0.001) and between
the untreated and undepleted LNC-treated group (P 5 0.018) are
statistically significant by Fisher’s Exact test.
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sion, and the mL9 antigen is presented by the MHC class II
molecule I-Ek (11). Therefore, we determined expression
levels for MHC class I and II on 6132A-PRO cells in the
presence and absence of recombinant IFN-g. As shown in Fig.
2, treatment of 6132A-PRO with IFN-g (250 unitsyml) for 48
hr strongly up-regulated MHC class I expression. However,
there was no detectable expression of I-Ek even after IFN-g
treatment. As a positive control, we used 6132A-PRO cells
transfected to express I-Ek under the control of the constitutive
simian virus 40 promoter (11).

Rejection of 6132A-PRO Tumor Cells by CD41 T Cells
Requires IFN-g. Most mL9-specific CD41 T cell clones secrete
IFN-g (11), and the same is true of LNC from mice immunized
with mL9 peptide. To address the question of whether IFN-g
plays a role in the rejection of 6132A-PRO tumor cells, SCID

mice challenged with 6132A-PRO tumor cells and reconsti-
tuted with CD81 T cell-depleted LNC from mL9-immunized
mice then were treated with antibodies against IFN-g or IL-4.
As shown in Table 3, anti-IFN-g antibodies abolished the
anti-tumor effect of LNC whereas anti-IL-4 antibodies had no
effect on tumor rejection. Thus, IFN-g is required for CD41

LNC-mediated rejection of 6132A-PRO tumors in SCID mice.
6132A-PRO Tumor Cells Made Resistant to IFN-g Are Still

Rejected by CD41 T Cells. Sensitivity of tumor cells to IFN-g
can be important for tumor cell recognition and elimination
(21, 22). However, in our adoptive transfer model, it was
unclear whether IFN-g acted directly or indirectly on 6132A-
PRO tumor cells. Therefore, we generated an IFN-g-
insensitive tumor cell line, PRO-DNgR, by stably transfecting
6132A-PRO tumor cells with an expression vector for a mutant
IFN-g receptor a chain, IC-12 (20). This mutant receptor,
which acts in a transdominant negative fashion, lacks all but 4
aa of its cytosolic domain and is unable to transmit intracellular
signals on binding of IFN-g (20). Fig. 2 shows that IFN-g is
unable to up-regulate MHC class I expression on PRO-DNgR
cells, confirming their insensitivity to IFN-g. PRO-DNgR also
does not express any detectable MHC class II in the absence
or presence of IFN-g. Furthermore, there was no significant

Table 2. CD41 T cells from mL9-immunized mice mediate
rejection of 6132A-PRO tumor cells in SCID mice

Exp.†

Tumor incidence* after 28 days

No LNC
transferred

CD4-negative LNC
transferred

CD4-positive LNC‡

transferred

1 1y1 1y1 0y2
2 1y1 1y1 1§y2
3 1y1 1y1 0y2

Total 3y3 3y3 1y6¶

*Mice that showed no visible or palpable tumor at 2 months after
tumor cell inoculation were considered tumor-free. All six mice that
received no LNC or CD4-negative LNC developed progressive
tumors and had to be killed at 28 days.

†MACS-sorted LNC (3-4 3 106) from mL9-immunized mice were
adoptively transferred in SCID mice inoculated with 105 6132A-PRO
tumor cells.

‡Three independent experiments were performed, and the purity of
the respective CD41 fractions as analyzed by flow cytometry was 91%
CD41.

§One mouse had a palpable nodule less than 3 mm in diameter that
persisted for half a year and then slowly began to grow.

¶The Fisher Exact test for association of tumor incidence and type of
cells transferred is statistically significant (P value 5 0.015). Com-
pared to the control mice or the CD4-negative LNC transferred
group, both of which had to be killed at 28 days because of large tumor
burdens (for typical growth curves consult Fig. 3), there was either
complete rejection in the CD4-positive LNC receiving group (five
mice) or complete arrest of growth for half a year (one mouse). For
association of tumor rejection or arrest the P value was 0.002.

FIG. 1. Results of MACS of LNC from mL9-immunized mice.
LNC from mL9 peptide-immunized mice were restimulated in vitro
with 6132A-PRO tumor cell lysate and then incubated with microbead-
coupled anti-CD4 antibodies for separation into CD4-positive and
-negative fractions by using MACS positive selection columns. After
overnight incubation, cell aliquots were stained with anti-CD4 and
anti-CD8 antibodies and analyzed by flow cytometry. The numbers in
the quadrants indicate the percentage of total cells that the different
cell population in each quadrant comprises. Shown is the analysis of
experiment 3 shown in Table 2.

FIG. 2. 6132A-PRO tumor cells expressing a dominant negative
IFN-g receptor (PRO-DNgR) are unresponsive to IFN-g. 6132A-PRO
cells were transfected with an expression vector for the transdominant-
negative mutant IFN-gR a chain (20). PRO-DNgR, parental 6132A-
PRO cells, and 6132A-PRO cells transfected to express I-Ek (PRO-
MHC II, ref. 11) were cultured for 48 hr in the presence or absence
of IFN-g (250 unitsyml) and then analyzed for expression of MHC
class I and II by flow cytometry (open histograms). Controls (filled
histograms) were incubated with second-step anti-Ig alone (control for
MHC class I) or without antibody (control for MHC class II).

Table 3. IFN-g is required for tumor rejection by LNC from
mL9-immunized mice

Group LNC*
Antibody

treatment†
Tumor incidence

after 28 days‡

1 2 — 6y6
2 1 — 0y5
3 1 Anti-IFNg 5y6
4 1 Anti-IL-4 0y6

*SCID mice were inoculated s.c. with 6132A-PRO tumor cells and
received LNC from mL9-immunized mice.

†Some animals were treated with anti-IFN-g or anti-IL-4 antibodies as
indicated in Materials and Methods, and tumor incidence was deter-
mined after 28 days.

‡The differences in tumor incidence between groups 1 and 2 (P 5
0.002), between groups 2 and 3 (P 5 0.015), between groups 3 and
4 (P 5 0.015), and between groups 1 and 6 (P 5 0.002) were
significant by Fisher’s Exact test whereas treatment of mice that had
received LNC with the control antibody (anti-IL-4), group 4, had no
significant effect when compared with the tumor incidence in mice
that received LNC but no further treatment.

Immunology: Mumberg et al. Proc. Natl. Acad. Sci. USA 96 (1999) 8635



difference in proliferation in vitro between PRO-DNgR cells
and the parental 6132A-PRO cells (Fig. 3, Left). Finally, the
presence of various amounts of IFN-g in the medium had little
effect on the growth of the tumor cells in culture (Fig. 3,
Middle), thereby demonstrating that IFN-g did not affect the
growth of tumor cells in vitro, even when they were IFN-g
sensitive based on up-regulation of MHC class I.

We then used the PRO-DNgR cells to determine whether
direct effects of IFN-g on tumor cells were required in vivo for
CD41 T cell-mediated tumor rejection. As shown in Table 4,
the injected PRO-DNgR cells grew out as tumors in five of five
mice, whereas all mice receiving LNC from mL9-immunized
mice rejected the tumor challenge. The rejection of PRO-
DNgR cells depended on IFN-g, because anti-IFN-g antibod-
ies still abolished the anti-tumor effect of transferred LNC
(Table 4). Reisolation of these tumors showed that PRO-
DNgR cells were still insensitive to IFN-g as measured by
MHC class I up-regulation (data not shown). In summary,
IFN-g, while required for the rejection of 6132A-PRO tumors
cells by LNC from mL9-immunized mice, does not act directly
on the tumor cells.

In the Absence of CD41 T Cells, IFN-g Inhibits, but Does
Not Eliminate, the Growth of 6132A-PRO Tumor Cells in Vivo.
Finally, we investigated whether IFN-g is sufficient for the
rejection of 6132A-PRO tumor cells in mice. We therefore
infected 6132A-PRO with a retrovirus containing the cDNA
for IFN-g (24) and obtained several 6132A-PRO clones that
secreted large amounts of IFN-g as determined by an IFN-g-
specific ELISA. The virally transduced cells showed MHC
class I up-regulation by flow cytometry (data not shown).
Clone 7, which secreted the largest amount of IFN-g (PRO-
IFN-g), was chosen for further analysis. There was no signif-
icant difference in proliferation in vitro between PRO-IFN-g
cells and parental 6132A-PRO (PRO) cells (Fig. 3, Left).
However, when we injected the PRO-IFN-g cells s.c. at various
doses into SCID mice, the growth of these tumors was greatly
inhibited in vivo even in the absence of transferred LNC (Fig.
3, Right). This growth inhibition of PRO-IFN-g tumor cells in
vivo also was observed with higher tumor challenge doses and
was independent of the particular tumor cell clone; two other
PRO-IFN-g cell lines showed equivalent growth inhibition in
vivo (data not shown). Once again, growth inhibition clearly
depended on IFN-g because PRO-IFN-g tumors grew as fast
as the parental 6132A-PRO tumors in animals treated with

anti-IFN-g antibodies (Fig. 3, Right). Despite growth retarda-
tion, all SCID mice injected with PRO-IFN-g tumor cells did
develop slowly growing tumors after 3–4 weeks (Fig. 3, Right),
whereas mice injected with CD41 T cells remained tumor-free
over a yearlong observation period. Reisolation of tumor cells
from the animals confirmed that they continued to express and
secrete IFN-g (data not shown). Therefore, IFN-g is essential,
but not sufficient, for the rejection of 6132A-PRO tumor cells
in SCID mice.

DISCUSSION

This study shows that IFN-g is essential in vivo for the
elimination of MHC class II-negative tumor cells by adoptively
transferred CD41 T cells. The participation of CD81 T cells
was not necessary because transfer of positively selected CD41

T cells or CD8-depleted LNC from mL9-immunized mice still
led to tumor rejection in SCID mice. The evidence suggests
that neither the CD41 T cells nor IFN-g exerted inhibitory
effects directly on the tumor cells. Tumor cells expressing the
dominant-negative IFN-g receptor still were rejected although
such cells were unresponsive to IFN-g. If IFN-g acted directly
on 6132A-PRO tumor cells to increase their immunogenicity
or antigenicity, as proposed for the immune response to the
murine tumor MethA (21), we would not expect that local

FIG. 3. (Left) IFN-g-secreting and IFN-g-insensitive 6132A-PRO tumor cells grow at similar rates in vitro as do unmodified 6132A-PRO parental
cells. The in vitro growth of PRO-DNgR cells, PRO-IFN-g cells, and 6132A-PRO cells (PRO) was analyzed in a [(3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) assay by measuring absorbance at 490 nm minus background absorbance
at 650 nm. All experiments were done in triplicate, and SEM .0.08 are indicated. (Middle) IFN-g is neither cytotoxic nor cytostatic for 6132A-PRO
cells in vitro. The proliferation of 6132A-PRO tumor cells in vitro in the presence of varying amounts of IFN-g was measured in an MTS assay by
reading the absorbance at 490 nm minus the background absorbance at 650 nm. All experiments were performed in triplicate and SEM .0.08 are
indicated. (Right) Growth of IFN-g-secreting 6132A-PRO tumor cells in vivo. SCID mice were inoculated s.c with 105 6132A-PRO (PRO) or 3 3
105 IFN-g-secreting PRO-IFN-g, and tumor growth was measured every 3–4 days. Two of the five animals challenged with PRO-IFN-g were treated
with anti-IFN-g antibodies. The SEM were always ,0.03 and therefore are not shown. The tumor growth differs across the three groups (P value 5
0.036) by Fisher’s Exact test considering rapid growth in the three PRO-challenged mice or the two mice challenged with PRO-IFN-g cells but
treated with anti-IFN-g versus the three mice challenged with PRO-IFN-g cells.

Table 4. LNC from mL9-immunized mice reject tumor cells made
insensitive to IFN-g (PRO-DNgR), but still require IFN-g for this
effect

LNC*
Antibody

treatment†
Tumor incidence

after 28 days‡

2 — 5y5
1 — 0y5
1 Anti-IFN-g 2y12

*SCID mice were inoculated s.c. with PRO-DNgR tumor cells and
received LNC from mL9-immunized mice.

†An additional animal treated with LNC and also with anti-IL-4
antibody rejected the tumor cell challenge similar to the LNC-treated
mice treated with anti-IL-4 in Table 3.

‡The tumor incidence of PRO-DNgR for LNC-treated versus un-
treated mice was stitistically significant (P value 5 0.008) by Fisher’s
Exact test. The difference between tumor incidence for LNC-treated
and LNC-treated plus anti-IFN-g antibody is also statistically signif-
icant (P value 5 .048) by Fisher’s Exact test.
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release of IFN-g by the transduced cells would inhibit their
growth so markedly in mice lacking mature T and B cells.
Furthermore, it is unlikely that the CD41 T cells directly
recognized and lysed the tumor cells, as the latter were MHC
class II negative and resistant to lysis by the CD41 T cells even
after MHC class I expression on the tumor cells had been
up-regulated by IFN-g treatment. Even if MHC class II
molecules were expressed at levels below the detectability of
flow cytometry, these levels may not be functionally signifi-
cant: cloned, mutant peptide-specific T cells produced large
amounts of IFN-g in vitro on specific stimulation with antigen
and antigen-presenting cell, yet they lysed only those 6132A-
PRO tumor cells that had been transfected to express the
peptide-expressing I-Ek molecule (11).

Although the anti-tumor effects of CD41 T cells and IFN-g
were indirect, the effects were localized to the site of the
antigen-positive tumor cells because mL9-negative tumor cells
at a separate site in the same host grew progressively, whereas
the mL9-positive tumor cells were rejected (11). A mechanism
that explains this CD41 T cell-mediated, indirect growth
inhibition is that CD41 T cells encounter mL9 in the context
of MHC class II on host antigen-presenting cell in the local
tumor environment; this presentation results in IFN-g release
by the CD41 T cells, which in turn stimulates host cells to
eliminate the tumor. IFN-g is known to induce monocytes,
macrophages, fibroblasts, and certain tumor cells to produce
Mig and IP-10, two CXC chemokines (30, 31). Both substances
exert powerful antiangiogenic activity by damaging tumor
vasculature, resulting in growth inhibition and tumor necrosis
(32–34). Antiangiogenesis through IFN-g-induced IP-10 and
Mig is also the proposed mechanism by which IL-12 inhibits
tumor cell growth (22, 35). However, the IL-12-mediated
anti-tumor effects require tumor cells to be responsive to
IFN-g (22), whereas the CD41 T cell-mediated effects ob-
served here do not require tumor cells to be sensitive to IFN-g.
Antiangiogenic substances can arrest the growth of established
tumors (36), and stromal antiangiogenic effects of IFN-g
would be consistent with the fact that adoptive transfer of
CD41 T cells can arrest the growth of even late established
tumors (P.A.M. and H.S., unpublished data). Furthermore,
IFN-g activates macrophages to release TNF and nitric oxide
and thus become tumoricidal (36–38), and macrophages are
thought to participate in the anti-tumor activity of antigen-
specific CD41 T cells (10, 39, 40). Thus, we consider it likely
that monocytes and macrophages in the tumor stroma are the
key effector cells through which IFN-g exerts its anti-tumor
effect. Only nonspecific procedures such as treatment of mice
with silica are available to inactivate macrophages in vivo, but
such treatment does indeed reduce the tumoricial activity of
adoptively transferred T cells (D.M. and H.S., unpublished
data). Although our results suggest that IFN-g is required for
complete elimination of the tumor cells by CD41 T cells, they
also suggest that IFN-g alone may not be sufficient. Thus,
other cytokines released by antigen-stimulated CD41 T cells,
such as tumor necrosis factor a, also may participate and
synergize with IFN-g to release IP-10 and Mig andyor activate
other tumoricidal cells (41, 42).

There are four reasons for the general importance of our
findings for future treatment of human cancers. (i) The CD41

T cell-recognized antigen mL9 seems to be prototypical of
other CD41 T cell-recognized, tumor-specific antigens in
humans because other mutant proteins have been found to be
the targets for CD41 T cells in common human malignancies
(18). Such mutant proteins represent altered self-antigens that
can elicit high-affinity T cell clones because the latter have not
been deleted during development. (ii) CD41 T cell-recognized
antigens are retained with tumor progression and thus repre-
sent stable targets for therapy (6). (iii) Normal host cells, which
are genetically stable in comparison to tumor cells, process and
present the tumor-specific antigen. Thus, this presentation

pathway, which stimulates the CD41 T cell-mediated, IFN-g-
dependent, indirect tumor inhibition, is unlikely to fail or to be
subverted. (iv) Direct antigen presentation by tumor cells and
tumor cell responsiveness to IFN-g are not required for tumor
cell elimination. Thus, this mechanism of elimination could be
applicable to the majority of human malignancies that are
MHC class II negative and may be or may become resistant to
the direct effects of IFN-g.
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