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TNF-a is critical for antitumor but not antiviral
T cell immunity in mice
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TNF-o antagonists are widely used in the treatment of inflammatory and autoimmune diseases, but their use is
associated with reactivation of latent infections. This highlights the importance of TNF-o in immunity to certain
pathogens and raises concerns that critical aspects of immune function are impaired in its absence. Unfortunate-
ly, the role of TNF-o. in the regulation of T cell responses is clouded by a myriad of contradictory reports. Here,
we show a role for TNF-o. and its receptors, TNFR1 and TNFR2, specifically in antitumor immunity. TNF-o-
deficient mice exhibited normal antiviral responses associated with strong inflammation. However, TNF-o/
TNFR1-mediated signals on APCs and TNF-0/TNFR2 signals on T cells were critically required for effec-
tive priming, proliferation, and recruitment of tumor-specific T cells. Furthermore, in the absence of TNF-a
signaling, tumor immune surveillance was severely abrogated. Finally, treatment with a CD40 agonist alone or
in combination with TLR2 stimuli was able to rescue proliferation of TNF-c-deficient T cells. Therefore, TNF-c.
signaling may be required only for immune responses in conditions of limited immunostimulatory capacity,
such as tumor surveillance. Importantly, these results suggest that prolonged continuous TNF-o. blockade in

patients may have long-term complications, including potential tumor development or progression.

Introduction

TNEF-o was originally identified for its capacity to induce hem-
orrhagic necrosis of solid tumors (1). It is now recognized as a
pleiotropic cytokine that is critically required in multiple biologi-
cal processes. While TNF-a production is restricted to a relatively
small subset of cells, its 2 receptors, TNF receptor 1 (TNFR1; pS5)
and TNFR2 (p75), are almost ubiquitously expressed. These recep-
tors transduce TNF-a signals and are responsible for a broad range
of downstream effects, including apoptosis, cell activation, surviv-
al, and proliferation (2, 3).

Deregulated or excessive production of TNF-a has been impli-
cated in the pathogenesis of several debilitating inflammatory
conditions such as RA, psoriatic arthritis, and Crohn disease (4,
5). Given the potential pathological role of TNF-a, several thera-
peutic agents that target and block its activity have been developed
and are in clinical use (4, 6, 7). Despite the successful use of TNF-a.
inhibitors in the treatment of inflammatory conditions, the exact
role of TNF-a in the etiology and pathogenesis of these diseases is
still poorly understood (4, 8). Furthermore, the mechanistic role
of TNF-o in immune activation at the level of cellular interactions
has yet to be clearly defined.

There are numerous inconsistencies and contradictions between
in vitro experiments that propose potential functions of this
cytokine and in vivo studies, using TNF-a overexpression, TNF-o
blockade, or gene targeting in animals, which fail to confirm the
results. In various models, TNF-a or its receptors were reported
to affect certain phases of the immune process, including innate
immune activation or DC maturation/recruitment (9-11), T cell
priming (4, 12-16), T cell proliferation (17), T cell recruitment
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(18-20), T cell function (21-24), or pathogen clearance (25, 26).
In some studies the exact mechanism is not thoroughly defined,
but TNF-a is shown to be critically required for efficient T cell
immune responses (27-33). In contrast, in other experimental sys-
tems, either no requirement of TNF receptors was reported for the
efficient in vivo activation and primary expansion of T cells (25,
31, 34) or suppression of T cell immunity was observed, an effect
related to the timing of TNF-o administration during the immune
process (4,7, 13, 35, 36). The discrepancies and confusion are best
exemplified by the multiple in vitro studies providing evidence
that TNF-a and TNFR2 can induce and costimulate T cell activa-
tion and proliferation (37-44), but only one in vivo study supports
the physiological relevance of these in vitro observations (45).

In view of the different mouse strains, antigenic triggers, target
tissues, inflammatory conditions, and subsets of immune effec-
tors inherent in all the different experimental models, it is difficult
to reconcile the contradicting results and have a clear picture of
TNF-o’s role in T cell immunity. To explain these inconsistencies,
we hypothesized that the nature of the antigen that initiates the
immune response, and the context in which it is presented, will
have a direct role in creating a proinflammatory milieu and this
will be a critical factor that determines the relevance of TNF-a and
its receptors in the immune process. Indeed, strong inflammatory
responses are likely to be associated with the production of other
factors that may overcome the need for TNF-o. In contrast, in situ-
ations where immunostimulatory conditions are limiting, such as
during the development of spontaneous tumors, TNF-a’s activity
would become more prominent and perhaps an essential require-
ment at multiple stages of the immune process.

With the advent of TNF-o antagonist therapy in autoimmune
diseases, it has become imperative to understand the consequenc-
es of TNF-a blockade, both immediate and late, particularly for
potential disease complications that have a long latency and may
not become apparent for many years. For this reason, and given the
widespread use of these biological agents, it is vital to explore the
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The absence of TNF-a does not alter the kinetics or magnitude of LCMV-induced autoimmune diabetes in RIP-GP or P14/RIP-GP animals. (A)
RIP-GP mice were infected with LCMV Arm. Blood glucose levels were measured at multiple time points and used as an indication of islet
cell autoimmune destruction. Blood glucose levels of 1 mouse representative of at least 6 mice are shown for each genotype. (B) P14/RIP-GP
animals were infected with LCMV Arm, and blood glucose was monitored as in A. Blood glucose levels of 1 mouse representative of at least 5
mice are shown for each genotype. (C) CFSE-labeled P14 WT or TNF-o7- CD8* T cells were adoptively transferred into WT or TNF-a.7/~ mice
infected 3 days previously with LCMV Arm. The extent of T cell proliferation was assessed by CFSE dilution in spleens 3 days later (solid lines).
Histograms are gated on CFSE+*CD8+V a2+ cells and are representative of 3 independent animals per condition. Dashed lines indicate the CFSE
profile of undivided cells. (D) Expression of CD69, CD44, and CD62L on CFSE+*CD8+*Vo2+ cells from C.

role of TNF-a. in the development, progression, and immune sur-
veillance of tumors. The relevance of these issues is also highlight-
ed by a recent meta-analysis that suggests a possible link between
anti-TNF-a therapy and an increased incidence of malignancies
in RA patients (46).

In order to address these issues, we compared the in vivo con-
sequences of TNF-a deficiency on the multiple phases (priming,
T cell expansion, recruitment, and effector function) of a T cell
immune response directed against the same antigen in 2 contexts:
(a) as aviral protein coupled with strong inflammation that results
in pathological autoimmunity; or (b) as a tumor-associated anti-
gen. The lymphocytic choriomeningitis virus (LCMV) glycopro-
tein (GP) provided an ideal model for this purpose. LCMV infec-
tion has been extensively used to study immunological responses
in multiple animal models. In addition, the previously described
RIP-GP transgenic mice (47), in which the rat insulin promoter
(RIP) drives the expression of LCMV GP in pancreatic islet  cells,
provided a tool to assess the efficiency of a virally induced immune
response. Constitutive LCMV GP expression in the pancreas of
RIP-GP mice is not associated with significant central or periph-
eral deletion of GP-reactive CD8* T cells, nor does it result in
spontaneous GP-specific T cell immunity (47). However, following
LCMYV infection, there is an expansion of GP-specific CD8" T cells,
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resulting in autoimmune destruction of § cells and the develop-
ment of diabetes (47). Thus, LCMV infection can provide a strong
inflammatory stimulus to initiate GP-specific T cell responses to
amodel self antigen.

In order to study whether TNF-a is critical for spontaneous
antitumor responses, we intercrossed RIP-GP mice with RIP-Tag2
transgenic mice. In RIP-Tag2 mice, the RIP promoter regulates
SV40 large T antigen (Tag) expression, resulting in progressive
hyperproliferation and transformation of § cells (48). We previ-
ously reported that tumor progression in RIP(GP x Tag2) does not
result in the deletion or inactivation of GP-specific CD8* T cells
(49, 50). However, the growth of GP-expressing tumors provides
sufficient antigen to promote the activation, proliferation, and
recruitment of adoptively transferred naive P14 GP-specific CD8*
T cells to the tumor site (50).

By crossing RIP-GP, RIP-Tag2, and P14 TCR transgenic mice
on TNF-a-, TNFR1-, and TNFR2-deficient (-/-) backgrounds,
we could address the relevance of TNF-a. and its receptors on the
multiple phases of GP-specific CD8" T cell responses initiated by
a pathogen or tumor growth. We provide evidence that TNF-a
and its receptors critically affect multiple events in an immune
response initiated by a tumor antigen, while TNF-a becomes
dispensable when T cells are activated in the context of a strong
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Intrinsic and extrinsic defects impair T cell proliferation in response to spontaneous malignancies in TNF-o7- mice. CFSE-labeled naive P14
WT or P14/TNF-a~- CD8* T cells were adoptively transferred into the indicated RIP(GP x Tag2) hosts. Proliferation of CFSE-labeled cells was
assessed 3 days later in PDLN. Histograms are gated on CFSE+*CD8+Va2+* cells. The percentage in each histogram indicates the proportion
of dividing cells among the CFSE-labeled population. A summary and mean of the proportion of proliferating cells observed in individual ani-
mals is presented. Error bars indicate SEM The indicated differences are statistically significant. Number of mice analyzed: WT—WT: n = 6;
WT—TNF-o-: n = 3; WT—=TNF-07= n = 6; TNF-a/~—=WT: n = 4; TNF-a7-—TNF-0*~: n = 3; and TNF-0."~—TNF-a7:n =5.

inflammatory response. Therefore, the inflammatory milieu in
which an antigen is presented is a critical factor determining the
relevance of TNF-a in the T cell immunity.

Results

The absence of TNF-o. does not impair virally induced immune responses
and pathology. To examine whether TNF-o. plays an important role
in virus-induced proinflammatory responses in vivo and their
pathological consequences, we used the RIP-GP model. In RIP-GP
and P14/RIP-GP mice, LCMV infection activates GP-specific CD8*
T cells that subsequently mediate the autoimmune destruction of
GP-expressing islet {3 cells, leading to the induction of hyperglyce-
mia and diabetes (47). To evaluate the participation of endogenous
TNF-o in postpriming events after LCMYV infection, we monitored
the kinetics of virally induced diabetes in these transgenic models.
No major difference in the kinetics of hyperglycemia development
was observed between single-transgenic RIP-GP or double-trans-
genic P14/RIP-GP mice on a TNF-a WT, heterozygous (+/-), or null
(-/-) background (Figure 1, A and B). This suggests that TNF-o’s
functions are dispensable for the events leading to the CD8*
T cell-mediated autoimmune destruction of GP-expressing islet
B cells following LCMV infection.

In order to further examine the role of TNF-o.in T cell responses
to viral infection, CSFE-labeled naive P14 WT or TNF-a/- CD8* T
cells were adoptively transferred into WT or TNF-0./- LCMV-infect-
ed recipients. After 3 days TNF-a./-and WT T cells proliferated to a
similar degree (Figure 1C) and showed the same expression pattern
of activation markers (Figure 1D). We then quantified the num-
ber of T cells specific for the H-2DP-restricted GP33, GP276, and
NP396 LCMV epitopes in the spleen of WT and TNF-a/- mice fol-
lowing LCMYV infection. At day 8 there was a significant increase in
NP396- but not GP33- and GP276-specific CD8" T cells in TNF-o/-
animals. However, at day 15 all populations were modestly but
significantly higher in TNF-a/- than in control mice (Supple-
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mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI32567DS1). The significance of this change
remains unclear. Collectively, these data indicate that TNF-o. is not
critical for the primary LCMV immune response.

TNF-a. is critical for immune responses to tumor-associated antigens
and is required on both T cell and non-T cell populations. We previously
reported that naive P14 CD8" T cells adoptively transferred into
tumor-bearing RIP(GP x Tag2) mice rapidly proliferate in response
to cross-presented LCMV GP antigens in the pancreatic draining
LN (PDLN) draining the pancreas and subsequently infiltrate the
tumor (50). In order to assess whether TNF-o. was required for the
activation and proliferation of P14 CD8* T cells to tumor anti-
gens in vivo, we adoptively transferred CFSE-labeled naive P14 WT
CD8" T cells into WT, TNF-0."/-, or TNF-o/- RIP(GP x Tag2) trans-
genic mice and analyzed the extent of T cell proliferation in PDLN
3 days following adoptive transfer by examining the dilution of
CFSE dye. While P14 WT CD8" T cells proliferated extensively in
PDLN of WT and TNF-a*/- RIP(GP x Tag2) hosts, T cell prolif-
eration was significantly reduced in PDLN of RIP(GP x Tag2)/
TNF-0/- mice (Figure 2). These data suggest that TNF-o produc-
tion by host cells enhances the efficiency and ability of cross-pre-
senting APCs within PDLN to stimulate GP-specific CD8* T cells.

The major sources of TNF-o.in vivo are APCs such as macrophages
and DCs. However, T cell-derived TNF-o may also influence T cell
proliferation in vivo (45). In order to assess the relative contribution
of TNF-a production by T lymphocytes and its impact on T cell
activation, we adoptively transferred CFSE-labeled P14/TNF-o/-
CD8* T cells into WT, TNF-a.*/-, or TNF-a./- tumor-bearing RIP(GP
x Tag2) mice. After 3 days the proliferation of adoptively transferred
P14/TNF-a/- CD8" T cells was significantly reduced compared
with that of P14 WT CD8" T cells in WT and TNF-a*/- RIP(GP x
Tag2) hosts (Figure 2). Importantly, we observed a profound reduc-
tion in proliferation when P14/TNF-a/- CD8" T cells were trans-
ferred into RIP(GP x Tag2)/TNF-a/- hosts. This demonstrates a
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Figure 3

TNFR2 but not TNFR1 expression on T cells integrates TNF-a—dependent costimulatory signals. (A) TNFR1 and TNFR2 expression on naive
P14 T cells was assessed by gating on CD8*Va2+ cells in inguinal LN (iLN) of P14/RIP(GP x Tag2) animals. (B) Proliferating P14 cells display
high levels of TNFR2 expression. CFSE-labeled naive P14 WT CD8+* T cells were adoptively transferred into WT RIP(GP x Tag2) hosts. TNFR1
and TNFR2 modulation during proliferation was assessed 3 days later in PDLN. Dot plots are gated on CFSE+*CD8+Vo2+ cells. The data shown
are representative of 3 independent experiments. (C) CFSE-labeled naive P14 WT, P14/TNFR1--, or P14/TNFR2-- CD8* T cells were adop-
tively transferred into WT RIP(GP x Tag2) hosts. Proliferation of CFSE-labeled cells was assessed 3 days later in PDLN. Histograms are gated
on CFSE+*CD8+Va2+ cells. The percentage in each histogram indicates the proportion of dividing cells among the CFSE-labeled population. A
summary and mean of the proportion of proliferating cells observed in individual animals is presented. Error bars indicate SEM. Number of mice
analyzed: P14 WT: n =7; P14/TNFR1--: n = 6; P14/TNFR2: n = 7. (D) CFSE-labeled naive P14 WT CD8* T cells were adoptively transferred
into WT, TNFR1--, or TNFR2-- RIP(GP x Tag2) recipients of the indicated genotype. Proliferation of CFSE-labeled cells was assessed 3 days
later in PDLN. Histograms were gated on CFSE*CD8*Va2+ cells. A summary and mean of the proportion of proliferating cells observed in indi-
vidual animals is presented. Error bars indicate SEM. A significant reduction in proliferation was observed in TNFR1-~ RIP(GP x Tag2) mice
(P = 0.037). Number of mice analyzed: WT RIP(GP x Tag2): n = 5; RIP(GP x Tag2)/TNFR1--: n = 8; RIP(GP x Tag2)/TNFR27: n = 3.

clear synergistic effect between host and T cell-derived TNF-ar and

highly expressed on P14 cells proliferating in the PDLN of adop-
its impact on the respective cell populations (Figure 2). Therefore,

tively transferred RIP(GP x Tag2) hosts (Figure 3B). In contrast, no

in contrast to its limited role in in vivo proliferative responses to
viral antigens, TNF-a. s critical in promoting T cell proliferation to
cross-presented tumor antigens.

TNFR2 but not TNFRI on P14 T cells acts to costimulate T cells and
enhance proliferation. Two distinct receptors, TNFR1 and TNFR2,
mediate the multiple effects of TNF-a. (3). We could detect expres-
sion of both receptors on naive P14 cells, but TNFR2 was expressed
at higher levels than TNFR1 (Figure 3A). Importantly, TNFR2 was
3836
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clear modulation of TNFR1 expression was detected on the same
cells. To determine whether the lack of TNFR1 or TNFR2 on P14
cells affected their proliferation in vivo in response to tumor anti-
gens, CFSE-labeled P14 WT, P14/TNFR17/-, or P14/TNFR2/- CD8*
T cells were adoptively transferred into WT RIP(GP x Tag2) tumor-
bearing hosts, and the extent of T cell proliferation in PDLN was
assessed 3 days later (Figure 3C). While P14/TNFR1-/- and P14
WT T cells proliferated to a similar extent, there was a significant
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TNF-o/TNFR2-related T cell-intrinsic defects result in defective cytokine production. (A) P14 WT, P14/TNFR1--, P14/TNFR2--, or P14/TNF-o~-
CD8+ T cells were cocultured with GP33-pulsed thioglycollate-induced macrophages for 4 hours in the presence of an inhibitor of intracellular
protein transport. Following incubation, P14 cells were harvested, and the levels of intracellular TNF-a, IL-2, and IFN-y were evaluated by
intracellular flow cytometry. Representative contour plots for IL-2 and TNF-a are shown. The proportion of cells in each quadrant is also indi-
cated. (B) Kinetics of TNF-q, IL-2, and IFN-y production by P14 WT, P14/TNFR1--, P14/TNFR2--, or P14/TNF-a- CD8* T cells stimulated as
described in A. Mean values + SEM from 4 independent experiments are shown. Statistically significant differences at 4 hours are indicated. For
TNF-a, *P = 0.0249, **P = 0.0001. For IL-2, *P = 0.0048, **P = 0.0273. For IFN-y, *P = 0.0122, **P < 0.0001, ***P = 0.0003.

reduction in the proportion of proliferating P14/TNFR27/- CD8*
T cells. Collectively, these data indicate that activation of TNFR2
on CD8" T cells sustains the early proliferative phase of GP-spe-
cific P14 CD8" T cells in the tumor-draining LN.

TNFRI expression on host cells is required for efficient priming of P14
cells in the tumor-draining LN. The reduced efficiency of T cell priming
observed in RIP(GP x Tag2)/TNF-o/- hosts (Figure 2) suggests that
in addition to the cell-autonomous defect observed in TNF-a/~
T cells, TNF-a synthesis by cross-presenting APCs in PDLN may
be required for the optimal stimulation of P14 CD8" T cells. Alter-
natively, as TNF-a can induce DC maturation and migration (10,
11, 51-55), it is possible that undefined host cells produce TNF-a
in response to tumor growth and promote maturation and/or
accumulation of cross-presenting APCs in the tumor-draining LN,
thus favoring the priming of GP-specific CD8* T cells. To address
this latter possibility and to define the relative importance of
TNFR1 and TNFR2 in host cells, we adoptively transferred CFSE-
labeled P14 WT CD8* T cells into tumor-bearing TNFR1-/- or
TNFR27/- RIP(GP x Tag2) animals. Interestingly, the absence of
TNFR1, but not TNFR2, in tumor-bearing hosts resulted in a
significant reduction in the proportion of proliferating P14 cells
in PDLN (Figure 3D). These data suggest that TNFR1-mediated
effects on host cells favor the generation of efficient cross-present-
ing APCs in response to tumor growth.

Autocrine TNF-0/TNFR2 interaction on T cells promotes optimal cyto-
kine production. Next, we assessed the consequences of impaired
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TNF-a signaling during the early phase of T cell activation. P14
CD8" T cells isolated from WT, TNF-a/-, TNFR1-/~, or TNFR27/~
mice were cocultured in the presence of GP33-pulsed, thiogly-
collate-induced WT macrophages together with an inhibitor
of intracellular protein transport. The kinetics of intracellular
cytokine production (i.e. TNF-a., IL-2, and IFN-y) by P14 cells was
then analyzed by flow cytometry. As shown in Figure 4, TNF-a-/
T cells displayed severely impaired IL-2 and IFN-y production.
Consistent with our in vivo data, IL-2 and IFN-y levels were also
reduced in P14/TNFR2/- cells, while P14/TNFR17/- and P14 WT
cells produced similar amounts of cytokine. No defects in TNF-a.
synthesis were observed in TNFR1-/ cells, while a limited but sig-
nificant decrease was detected in TNFR27/- P14 cells. Interestingly,
TNF-o was the first cytokine produced by T cells, and it was detect-
ed as early as 1 hour after activation. Similar data were obtained
when TNF-o/- thioglycollate-induced macrophages were used to
stimulate P14 CD8" T cells (data not shown). These data suggest
that TNF-a production by T cells and the subsequent autocrine/
paracrine triggering of TNFR2 are necessary for the optimal pro-
duction of IL-2 and IFN-y.

TNF-0,/TNFR1 interactions improve APC maturation. To evaluate
the role of TNF-a. and its receptors on APC maturation, bone mar-
row-derived macrophages of the indicated genotypes were treated
with IFN-y, TNF-a,, or LPS for 20 hours, and the upregulation of
CD40 and CD86 costimulatory molecules was assessed by flow
cytometry. As shown in Figure S, TNF-0./- and TNFR1-/-, but not
Volume 117 3837
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TNFR27/-, macrophages displayed a defective upregulation of
markers in response to IFN-y but not LPS. When combined with
IFN-y, TNF-a synergistically upregulated CD40 and CD86 in WT
macrophages. Exogenous TNF-o. rescued the defect in TNF-a/-
but not in TNFR1-/- APCs. A similar TNF-0/TNFR1-dependent
upregulation of CD40 in response to IFN-y and TNF-a was also
observed on bone marrow-derived DCs (data not shown).

Overall, these data show that TNF-o- and TNFR1-mediated sig-
nals are required for the optimal maturation of APCs in response
to inflammatory cytokines. This suggests that the reduced P14 T
cell priming observed in vivo in RIP(GP x Tag2)/TNFR1-/- mice
(Figure 3D) could be the result of defective APC maturation.

Impaired tumor immune surveillance in the absence of TNF-a.. Our
data suggest that TNF-a is a critical molecule that promotes
tumor immune surveillance in vivo. To further examine the role
of TNF-a, tumor progression was monitored in WT and TNF-o/~
animals. We previously reported that GP-specific P14 CD8* T cells
are spontaneously activated as a result of increased cross-presenta-
tion of tumor-derived GP antigen in PDLN in P14/RIP(GP x Tag2)
animals. CD8" T cells subsequently infiltrate and attack pancre-
atic tumors, causing a delay in tumor progression (50). f Islet cell
tumors secrete insulin, and as the tumor mass increases, mice
become progressively hypoglycemic; therefore, the effectiveness
of the antitumor response can be followed by monitoring blood
glucose levels. We assessed the age at onset of hypoglycemia as a
marker of tumor development, progression, and immune surveil-
lance in P14/RIP(GP x Tag2)/TNF-a/- mice and control animals.
As expected, P14/RIP(GP x Tag2)/TNF-o/- mice showed a signifi-
cant reduction in the age at onset of hypoglycemia when compared
with P14 WT/RIP(GP x Tag2) mice (Figure 6A). This supports the
idea that TNF-a plays a critical role in promoting an immune
response to self/tumor-associated antigens.

Consistent with our findings that TNF-a critically regulates the
expansion of GP-specific CD8* T cells in tumor-draining LN (Fig-
ures 2 and 3), the expression of activation markers on GP-specific
CD8* T cells and the expansion of these cells were significantly
reduced in PDLN from P14/RIP(GP x Tag2)/TNF-a/- mice (Fig-
ure 6, B-D). Interestingly, the upregulation of CD69 expression in
the TNF-a/~ hosts suggests that the GP-specific T cells are able
to detect antigen but are unable to become effectively activated
and as a consequence do not upregulate CD44. In agreement with
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the defective expansion of GP-specific CD8" T cells, the number
of CD8" T cells infiltrating the pancreas of P14/RIP(GP x Tag2)/
TNF-0/- tumor-bearing mice was significantly reduced (Figure
6E). In contrast, pancreatic CD4" and B220" cell numbers were
marginally reduced in TNF-a -/~ animals, but the differences were
not statistically significant.

TNF-a has been shown under different conditions to either
positively or negatively affect the progression of certain tumors
(56-58). In order to assess whether the lack of endogenous TNF-a
resulted in a faster or slower development of insulinomas, we
recorded the age at which RIP-Tag2 WT, RIP-Tag2/TNF-a*/-, and
RIP-Tag2/TNF-0/- mice became hypoglycemic. No differences
were observed between the different experimental groups (Fig-
ure 6A). Since RIP-Tag2 mice do not mount a major antitumor
response and because the age at onset of hypoglycemia directly
correlates with the extent of tumor growth, these data suggest
that endogenous TNF-o. does not play any major role in the pro-
gression of Tag-induced insulinomas. Moreover, no differences in
tumor size or distribution were observed between WT or TNF-a/-
tumor-bearing mice (Supplemental Figure 2). Thus, the early onset
of hypoglycemia in the P14/RIP(GP x Tag2)/TNF-a/- mice is most
likely due to impaired immune surveillance rather than a direct
effect of TNF-o on tumor growth.

Collectively, these data indicate that in the absence of TNF-q,
T cell priming and expansion in the tumor-draining LN are
impaired, resulting in abrogated antitumor immunity. However,
defective recruitment to the tumor site may also play a role.

Recruitment of GP-specific CD8" T cells to the tumor site is TNFRI depen-
dent. A critical step in the recruitment of activated lymphocytes to
the tumor site is the extravasation from the bloodstream to the
target tissue. Under inflammatory conditions the upregulation of
adhesion molecules such as VCAM-1 on the local vasculature is
known to facilitate this process (59). Previous studies reported a
predominant role of TNFR1 in the upregulation of multiple adhe-
sion molecules on human endothelial cells or on the vasculature of
several murine tissues (60-62). We assessed whether the same was
valid for the pancreatic endothelial cells. As shown in Figure 7A,
VCAM-1 upregulation in response to recombinant TNF-a injec-
tion was rapidly observed on pancreatic vessels from WT, TNF-o,
and TNFR27/- animals. In contrast, no upregulation occurred
on vessels of TNFR17- mice. In light of this observation, we next
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Figure 6
Reduced T cell expansion and tumor infiltration in P14/RIP(GP x Tag2)/TNF-o~ animals. (A) Impaired
immune surveillance in TNF-o~7- P14/RIP(GP x Tag2) animals. The age at onset of hypoglycemia
was determined by weekly measurement of blood glucose levels in mice of the indicated genotype.
This was used as a surrogate marker of tumor development and immune surveillance, since it is
a direct measure of f islet cell mass. Results obtained for individual mice are shown. Differences
between WT and TNF-o7- P14/RIP(GP x Tag2) animals were statistically significant (P < 0.0001).
(B) The number of CD8*Va2* P14 cells in PDLN of P14/RIP(GP x Tag2) animals of the indicated
genotypes was calculated after flow cytometry analysis of PDLN. Averages and data obtained from
individual mice are shown. Differences between WT and TNF-o~ animals were statistically significant
(P =0.0002). (C and D) The proportion of GP-specific P14 CD8* T cells expressing high levels of the
activation markers CD69 (C) and CD44 (D) was assessed in PDLN after gating on CD8+Va2+ cells.
Averages and data obtained from individual mice are shown. iLN data are also shown as a control.
Differences between WT and TNF-a~- animals were statistically significant for CD44 (P < 0.0001).
(E) Pancreas-infiltrating leukocytes (PIL) were isolated from P14/RIP(GP x Tag2) WT, TNF-a*-, or
TNF-a~- pancreas, and the number of infiltrating CD8*, CD4+, and B220+* cells was determined by
flow cytometry and analysis of the leukocytic infiltrates. Error bars indicate SEM. The number of CD8*
cells in PILs from P14/RIP(GP x Tag2)/TNF-o~~ mice was significantly lower than in those from P14
WT/RIP(GP x Tag2) animals (P < 0.0001) (WT mice: n = 5; TNF-a.7~ mice: n = 10).
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assessed whether recruitment of GP-
specific P14 CD8" T cells to the tumor
site was impaired in P14/RIP(GP x
Tag2)/TNFR1-/-animals. In spite of an
obvious expansion and activation of
GP-specific P14 CD8* T cells in PDLN
(Figure 7B), no CD8* T cell infiltra-
tion was observed in the pancreas of
the same mice (Figure 7C). Overall,
these data strongly suggest that the
TNFR1-dependent upregulation of
adhesion molecules on pancreatic ves-
sels in responses to tumor outgrowth
is required for the efficient recruit-
ment of tumor-specific CD8" T cells
to the tumor site.

In vivo CD40 and TLR triggering rescues
defective proliferation of P14/TNF-o./~ T
cells in PDLN of RIP(GP x Tag2)/TNF”/~
mice. Based on the data presented
above, we hypothesized that mul-
tiple immunostimulatory parameters
provided during LCMV infection
(systemic and extensive antigen pre-
sentation, TLR triggering, CD4 help,
costimulation, and systemic cytokine
secretion) may be insufficient or lack-
ing in tumor-bearing animals. These
factors likely cooperate and optimally
activate T cells, thus rendering TNF-
a dispensable. Therefore, we assessed
whether exogenous provision of such
factors would be able to rescue the
defective proliferation of P14/TNF-a-/-
T cells in RIP(GP x Tag2)/TNF-a/-
tumor-bearing mice. We adoptively
transferred CFSE-labeled P14 WT
or TNF-a/- into WT or TNF-a7/-
RIP(GP x Tag2) mice and simultane-
ously administered i.v. agonistic CD40
Ab with or without the TLR2 ligand
Pam3Cys-SKKKK (Pam3). As shown
in Figure 8, while CD40 triggering only
marginally improved the proliferation
of P14 WT CD8* T cells in WT RIP(GP
x Tag2) mice, it clearly enhanced the
proliferation of P14/TNF-a7/- T cells
in PDLN of RIP(GP x Tag2)/TNFo/-
mice. Moreover, the combination of a
CD40 agonist with the triggering of
TLR2 by Pam3 further increased the
proportion of dividing cells and the
extent to which they proliferated.

These data indicate that CD40, TLR
triggering, and/or other similar factors
are limiting in our tumor model, mak-
ing TNF-a indispensable and critical
for the activation of tumor-reactive
T cells. Moreover, these data suggest
that during a strong viral infection,
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Figure 7
TNFR1 signaling modulates the expression of adhesion molecules on

pancreatic vessels and favors recruitment of GP-specific CD8+ T cells to

the tumor site. (A) Histological sections of pancreas from mice of the indicated genotypes were stained for VCAM-1 7 hours following i.p. injection
of recombinant mouse TNF-a. (B) T cell activation in PDLN of P14/RIP(GP x Tag2)/TNFR1-- animals. Comparison of the expression of CD69
and CD44 on CD8*V a2+ cells from PDLN or iLN of WT, TNF-a.7-, or TNFR1-- P14/RIP(GP x Tag2) animals. Representative results from at least
4 independent experiments on different mice are shown. (C) Impaired CD8* T cell recruitment to pancreas of P14/RIP(GP x Tag2)/TNFR1-- ani-
mals. Proportion of CD8+ T cells in PILs from WT or TNFR1-~ animals. A representative result from at least 4 independent mice is shown.

the generation of TLR ligands and other multiple immunostimu-
latory factors renders the costimulatory functions of TNF-a dis-
pensable during the priming phase of the immune response.

Discussion

The expression of TNF receptors, the wide range of effects trig-
gered by TNF-a, and the diversity and complexity of the experi-
mental systems and disease models have complicated the appre-
ciation of the multiple roles that this cytokine plays in immune
processes in vivo. In a progressive disease that involves multiple
cellular elements, including DCs, T cells, and vasculature, analysis
at a single time point or assessment of a single cellular element
does not comprehensively integrate the possible functions of an
important cytokine. Furthermore, because of the heterogeneity
of immune responses, depending on the inciting antigens and
inflammatory reactions, the role of a particular cytokine may be
redundant in certain circumstances yet critical in others.

We investigated whether the involvement and relevance of TNF-a.
in immunity is associated with the immunostimulatory properties
of the antigen. This would have major implications for TNF-o’s
role in tumor immune surveillance. We used LCMV GP as a model
antigen in the context of virus inducing a strong inflammatory
response (i.e., LCMV) or a GP-expressing spontaneous tumor as
a stimulus associated with limited immunostimulatory capac-
ity (i.e. RIP[GP x Tag2| mice). Using these models, we were able
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to show that TNF-a and its receptors are dispensable when an
optimal immune response is induced, but they critically regulate
multiple aspects of the immune response when the antigen is asso-
ciated with tumors. An adoptive transfer strategy allowed us to
elucidate the operating mechanisms, revealing the complexity by
which TNF-o and its receptors regulate different cellular subsets
and stages of the immune responses. In particular, we found that
under suboptimal immunostimulatory conditions, TNF-o/- ani-
mals display multiple T cell-intrinsic and T cell-extrinsic defects,
which differentially rely on TNFR1- and TNFR2-mediated signals.
These additive and synergistic defects ultimately result in impaired
antitumor immunity due to defective activation, proliferation, and
recruitment of tumor-specific CD8" T cells.

We were able to dissect the T cell-intrinsic defect, and we showed
that the autocrine/paracrine production of TNF-a by tumor-spe-
cific CD8" T cells in vivo is important in sustaining T cell expan-
sion. Our data support a more critical role for TNFR2 as the major
transducer of such costimulatory signals. In agreement with a
previous report (63), we found that TNF-o. production occurred
as early as 1 hour following T cell activation and preceded IL-2
and IFN-y release. Importantly, TNF-a release and activation of
TNFR2 affected the efficiency of T cell cytokine production and
proliferation. The critical role of TNF-a and TNFR2 in inducing
and potentiating early T cell activation is consistent with previous
in vitro (37-44) and in vivo studies (45). TNFR2 has been reported
Volume 117
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The exogenous administration of immunostimulatory factors rescues
the proliferation of P14/TNF-o7- T cells in PDLN of RIP(GP x Tag2)/
TNF-07- mice. CFSE-labeled naive P14 WT or P14/TNF-a~- CD8* T
cells were adoptively transferred into the indicated RIP(GP x Tag2)
hosts in combination with CD40 agonistic Ab or CD40 Ab and the
TLR2 ligand Pama3. Proliferation of CFSE-labeled cells was assessed
3 days later in PDLN. Zebra plots were gated on CFSE+*CD8*Va2+
cells. The percentage in each plot indicates the proportion of divid-
ing cells among the CFSE-labeled population. The data presented are
representative of 3 independent experiments.

to lower the threshold of T cell activation in vitro by providing
synergistic signals, along with CD28 costimulation, that result in
the optimal upregulation of CD25, IL-2, IFN-y, and TNF-a. pro-
duction (39, 40). Consequently, T cell proliferation and survival
are greatly enhanced (39, 40). The pivotal role of TNFR2 is further
substantiated by the fact that this is the principal TNF receptor
expressed on the surface of naive P14 T cells and T cells in the early
phase of activation. Although TNFR1 was reported to facilitate
T cell proliferation in allogeneic models (64, 65), its deficiency in
T cells did not substantially affect CD8* T cell activation in our mod-
els. Therefore, the disruption of TNF-0/TNFR2-mediated signals
likely explains the T cell-intrinsic defect observed in our system.
While TNF-a and TNFR2 deficiency in P14 T cells only partially
affected T cell proliferation in vivo, priming and expansion of P14
T cells were almost completely abolished when non-T cell popula-
tions were also unable to produce TNF-a. Optimal T cell activa-
tion requires the upregulation of costimulatory molecules (e.g.,
CD40 and CD86) on professional APCs. This maturation process
is triggered by exogenous or endogenous danger signals produced
in response to certain threats (66, 67). Interestingly, in view of its
capacity to modulate DC maturation and migration (10, 11, 51-55),
TNF-o represents a candidate endogenous danger factor that may
be released in responses to tumor growth and that may potentially
promote this critical maturation process. Previous studies have
shown that the LCMV GP tissue-specific antigen is cross-presented
on bone marrow-derived APCs (50). Our adoptive transfer experi-
ments in TNF-o/- tumor-bearing mice suggested that endogenous
TNF-a directly or indirectly affected the capacity of cross-presenting
APCs to efficiently prime and stimulate GP-specific CD8" T cells.
Our in vitro experiments using bone marrow-derived macrophages
or DCs allowed us to establish that an autocrine/paracrine TNF-o/
TNFR1 loop was also critical for the optimal upregulation of not
only CD40 but also CD86 costimulatory molecules in response to
inflammatory cytokines such as IFN-y. These findings extend previ-
ous studies (68, 69) and suggest that TNF-a./- and TNFR1-/- APCs
have an impairment in the ability to mature in response to limited
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or suboptimal inflammatory conditions such as those encountered
in the context of spontaneously growing malignancies. However,
we cannot rule out the possibility that TNF-o/TNFR1 interactions
might also be required for the migration/recruitment of APCs from
the tumor site to the draining LN.

Our results also suggest that, besides affecting APC maturation,
TNF-o.and TNFR1 are also critically required for the upregulation
of adhesion molecules such as VCAM-1 on pancreatic vessels. As
a consequence, in the absence of TNFR1, GP-specific CD8* T cells
primed in the PDLN could not properly home to the tumor. In
view of the severely impaired tumor infiltration in TNF-a /- or
TNFR17/- P14/RIP(GP x Tag2) mice, we were unable to assess
whether TNF-a also plays a role at the effector stage of the anti-
tumor response. As TNF-a and IFN-y have been suggested to be
involved in the destruction of f} cells in autoimmune diabetes (70),
it will be interesting to assess whether the same is valid in the case
of B islet cell cumors.

We also investigated the role of endogenous TNF-o on tumor
progression. Endogenous TNF-a has been implicated in tumor
development following the application of cancer-promoting
agents to the skin (56, 57). This potential pro-oncogenic activity
has been attributed to multiple downstream inflammatory prod-
ucts generated in response to TNF-a that may directly or indirectly
promote cellular transformation and tumor growth and spread
(71-75). Recent studies provide some experimental evidence link-
ing inflammation and cancer. TNF-q, its cognate receptors, and
the downstream NF-kB signaling pathway may play a role in this
process (76-79). Our results indicate that endogenous TNF-a does
not have any direct effect on Tag-induced f cell cumor develop-
ment or progression in this model. The nature of the oncogenic
transformation, the degree and chronicity of inflammation, and
perhaps organ specificity and sensitivity may all modulate the
potential importance of inflammation on tumor development
and progression, as may the oncogenic potential of the infec-
tious agents that initiate the inflammatory response. Contrary to
reports in the literature implicating TNF-a in tumor progression
in mouse models, the use of TNF-a antagonists in patients with
inflammatory arthritis has been associated with an increased risk
of malignancy (46). Our data provide a plausible explanation for
this apparent association.

Spontaneous
tumor
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Tissue destruction
Danger signals
Co-stimulation
Cytokines

APC activati
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Figure 9

Model depicting the inverse association between immunostimulatory
strength and inflammation and the requirement for TNF-a in T cell
immune responses. In conditions when T cells are activated in the
presence of optimal stimulation (optimal APC maturation by danger
signals, costimulation, cytokines, etc.), TNF-a is totally or partially
dispensable for T cell activation (e.g., systemic viral infection), while
when such factors become limiting (e.g., spontaneous tumor growth),
TNF-a’s roles become relevant and critical at multiple levels of the
T cell immune response.
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Our in vivo model provides clear evidence for a pivotal role of
endogenous TNF-a, TNFR1, and TNFR2 in the priming and subse-
quent phases of an effective primary CD8* T cell immune response
against poorly immunogenic tumors. We identified TNFR2 as a
pivotal molecule required for optimal T cell activation and TNFR1
as a critical element mediating the phenotypic and functional
maturation of APCs in response to inflammatory cytokines. We
provide evidence that TNFR1 triggering on the tumor vasculature
is critical for the upregulation of adhesion molecules required
for the recruitment of tumor-specific CD8* T cells to the tumor
site. In contrast, these factors appear to be dispensable during a
strong viral response. Indeed, the kinetics of autoimmune diabetes
development following LCMV infection were identical in TNF-o/
RIP-GP and P14/RIP-GP mice. This observation clearly indicates
that GP-specific CD8" T cell responses initiated by different trig-
gering events may rely on different sets of factors.

The lack of endogenous TNF-a did not prevent the efficient
expansion of LCMV GP- or nucleoprotein-specific (NP-specific)
CD8* T cells in response to LCMV (Supplemental Figure 1). Rath-
er, we observed increased numbers of GP33-, GP276-, and NP396-
specific T cells in the spleen of TNF-o./- mice at day 15 after LCMV
infection. The increased number of LCMV-specific CD8* T cells in
TNF-a7/- infected mice that we observed was only modest com-
pared with those reported in LCMV-infected TNFR1/TNFR2
double-deficient mice (34). Perhaps this discrepancy is due to the
additional defect in lymphotoxin a signaling in TNFR1/TNFR2-
deficient animals. Alternatively, the lower dose of LCMV used to
infect animals in our study may contribute to the differences. The
exact reasons for and relevance of the increased number of LCMV-
specific CD8"* T cells in mice characterized by the constitutive lack
of TNF-a or TNF receptor signaling are unclear. We are currently
investigating several possibilities in order to clarify this issue.

Regardless of whether T cell expansion following infection of
TNF-0- and TNFR-deficient mice is equivalent or marginally
enhanced compared with WT mice, it is clear that the innate
response following LCMV infection certainly provides a more
robust inflammatory milieu than that generated by the outgrowth
of spontaneous pancreatic tumors. Virus-associated systemic
danger and inflammatory signals likely promote DC maturation
events that allow normal T cell expansion even in the absence of
TNF-o. Our data are consistent with observations that TNFR17/- or
TNFR27/- animals show no or only minor defects following LCMV
infection (25, 31, 34). Of note, the requirement for CD28 costimu-
lation is not absolute either, as efficient T cell immune responses
against LCMV can be induced in CD28/- animals (80). This sug-
gests that prolonged TCR triggering or virus-related signals and
inflammation can overcome the need for early costimulatory mol-
ecules such as CD28 and TNF-a. Costimulation by other mem-
bers of the CD28 or TNF receptor superfamilies (e.g., ICOS, CD40,
0X40, and 4-1BB) and their cognate ligands might be involved. In
addition, other inflammatory factors endowed with TNF-a-like
properties, for example IL-1 and IL-6, may induce OX40 expres-
sion on T cells and promote T cell survival in the absence of CD28
(81, 82). In support of our hypothesis that alternative and mul-
tiple immunostimulatory factors may render TNF-a dispensable
for T cell activation, we found that the exogenous application of
a CD40 agonistic Ab and the TLR2 ligand Pam3 was sufficient to
rescue the defective priming and proliferation of P14/TNF-o7/- in
response to tumor-derived antigens in RIP(GP x Tag2)/TNF-o/
mice. This suggests that the defective activation of GP-specific P14
3842
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T cells in tumor-bearing mice is due to the lack multiple signals
that enhance APC maturation and T cell activation. Under such
suboptimal stimulatory conditions, TNF-a. production by multi-
ple cell types becomes critical in the T cell priming process. There-
fore, it is likely that CD40 triggering (provided by either CD4*
T cells or NK cells), TLR triggering, and potentially other signaling
events are major limiting factors in our tumor model that render
TNF-o critical for the activation of tumor-reactive T cells. While
reduced antigen presentation might still be a critical element to
consider, these results demonstrate that if APCs and T cells are
optimally activated by multiple costimulatory factors and danger
signals (a condition amply satisfied by LCMV infection), extensive
proliferation of T cells can still occur in the presence of reduced
amounts of antigen and in the absence of TNF-o..

In view of these findings, we propose that TNF-o. and its recep-
tors are involved in the modulation of multiple phases of a T cell
immune response. However, in conditions of a strong inciting
stimulus, these roles can be eclipsed by other redundant factors
endowed with similar functions (Figure 9). On the other hand, in
physiological and pathological cases of suboptimal stimuli, trig-
gering, and inflammation — for example, tumor growth — TNF-a
is a critical in the immune response. Based on these data, it is pos-
sible to reconcile the discrepancies in the literature regarding the
role of TNF-ain T cell immunity depending on the experimental
system and the nature and strength of the stimulus triggering the
immune response.

In conclusion, we demonstrated that in conditions of limited
immunostimulatory capacity such as during the development
of spontaneous malignancies, the disruption of TNF-o/TNFR2
feedback on T cells and TNF-0/TNFR1 feedback on accessory cells
substantially impairs tumor immune surveillance. Our results may
have important implications for the use of TNF-o antagonists in
autoimmune or cancer patients and their potential sequelae at the
level of tumor development or progression.

Methods
Mice and tumor monitoring. C57BL/6 WT mice and gene targeted TNF-0.—
deficient (TNF-a/-), TNFR1-deficient (TNFR17/-), and TNFR2-deficient
(TNFR2-) animals were purchased from The Jackson Laboratory (Tnft15*,
Tnfrsfla™Mak and Tnfrsf1b1Mem | respectively). These mice were interbred
with P14 (83), RIP-GP (47), and RIP-Tag2 mice (48). The majority of CD8*
T cells in P14 TCR transgenic mice express a Vo2Vf38.1 TCR specific for the
H-2Db-restricted GP33 epitope of LCMV GP (83). Blood glucose levels of
mice bearing the RIP-Tag2 transgene were measured weekly, starting from
6 weeks of age, and all the experiments were performed on mice with 2 con-
secutive hypoglycemic readings (i.e., blood glucose levels below S mM). An
i.v. dose of 3,000 PFU LCMV Arm was used to infect RIP-GP and C57BL/6
mice. A dose of 5 x 10° PFU LCMV Arm was used to infect P14/RIP-GP
mice. All animal experiments were approved by the animal ethics commit-
tee, University Health Network, Toronto, Ontario, Canada.

Adoptive transfers, CFSE labeling. For the adoptive transfer of naive P14
CD8* T cells, CD8" T cells were purified by magnetic separation using the
CD8* T cell isolation kit (negative selection; Miltenyi Biotec). CD8* T cells
were labeled with CFSE as previously described (50) using S uM CFSE
(Molecular Probes; Invitrogen). LCMV-infected animals or tumor-bearing
hosts were injected i.v. in the tail vein with 4 x 106 cells, and the extent of T
cell proliferation in the LN was assessed 3 days later.

Where indicated, 200 ug of agonistic anti-CD40 Ab (FGK45; purified
rat anti-mouse) and 100 ug Pam3 (EMC Microcollections GmbH) were
coinjected i.v. with CFSE-labeled P14 cells.
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Isolation of pancreas-infiltrating lymphocytes. Freshly harvested pancreas was
rapidly minced in small pieces and subsequently incubated for 30 minutes
in HBSS/EDTA (1.3 mM) at 37°C with occasional agitation. Following cen-
trifugation, the pieces were resuspended in FCS-free RPMI supplemented
with 0.7 mg/ml Collagenase D (Roche) and 10 U/ml DNase I (Roche) and
further incubated for 1 hour at 37°C with frequent agitation. Following col-
lagenase/DNase digestion, the remaining tissue debris was passed through
a 70-um cell strainer and centrifuged. The pellet was then resuspended in
5 ml 44% Percoll and underlaid with 5 ml 67.5% Percoll and subsequently
spun for 20 minutes at 550 g. Following centrifugation, the enriched leuko-
cyte fraction was collected from the 44%-67.5% Percoll interphase (Pharma-
cia), washed in HBSS supplemented with 5% FCS, resuspended in medium,
and analyzed by flow cytometry as described below.

VCAM-1 induction and immunobistochemistry. Histological analyses
and the evaluation of tumor size on histological sections were per-
formed as previously described (50). Activation of endothelial cells and
upregulation of VCAM-1 were assessed on pancreatic sections isolated
from mice of the indicated genotypes 7 hours after i.p. injection of 5 ug
recombinant mouse TNF-a. (PeproTech) as described previously (62). The
CD106 Ab from BD Biosciences was used for staining according to the
manufacturer’s protocol.

T cell stimulation and flow cytometry analysis. Thioglycollate-induced mac-
rophages were harvested from the peritoneum of C57BL/6 mice 6 days fol-
lowing i.p. injection of 2 ml thioglycollate. Macrophages were subsequently
plated at a concentration of 2 x 10° cells/well in a 96-well plate and pulsed
for 2 hours at 37°C with 10~ M peptide (KAVYNFATM; New England
Peptide). After 3 washes to remove excess peptide, 10° purified P14 CD8*
T cells of the indicated genotypes were added to each well in the presence of
the intracellular protein transport inhibitor monensin (BD Biosciences —
Pharmingen). Cells were harvested 1, 2, 4, and 18 hours later, labeled with
a CD8* mAb, and subsequently fixed with a 2% paraformaldehyde solution.
Following fixation, cells were permeabilized using the Perm/Wash solu-
tion (BD Biosciences — Pharmingen) and subsequently incubated for 30
minutes with mAbs specific for TNF-a, I[FN-y, and IL-2.

The mAbs specific for the following markers were purchased from eBio-
science or BD Biosciences — Pharmingen: CD8, CD4, CD40, CD11b, CD86,
B220, Va2, CD69, CD44, IFN-y, TNF-a, and IL-2. TNFR1- and TNFR2-
specific mAbs were obtained from Biolegend. All flow cytometry data were
acquired on a FACSCalibur (BD) and analyzed using FlowJo (Tree Star) or
WinMDI (htep://facs.scripps.edu/software.html).

Tetramers were produced by conjugating monomers, H-2D?/GP33
(KAVYNFATM), H-2D%/GP276 (SGVENPGGYCL), and H-2Db/NP396
(FQPQNGQFI), with Extravidin-PE (Sigma-Aldrich). Monomers were
obtained from the Canadian Network for Vaccines and Immunotherapeu-
tics. Cells were stained with tetramers for 1 hour at 4°C.

Bone marrow—derived macrophages and DC cultures. Bone marrow was
harvested from the femur and tibia of mice. For DC cultures, 2 x 10° red
cell-depleted bone marrow cells were plated in Petri dishes in 10 ml com-
plete medium (RPMI, 10% FCS, glutamine, penicillin/streptomycin, and
f-mercaptoethanol) supplemented with 40 ng/ml GM-CSF (PeproTech).
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After 3 days, 10 ml fresh medium supplemented with GM-CSF was added.
At 6 days, half of the culture medium was spun and cells replated in the
original dish with 10 ml fresh medium and GM-CSF. On day 7, nonadher-
ent DCs were harvested and 5 x 10° cells/ml replated in the presence of LPS
(10 ng/ml), recombinant mouse TNF-a (10 ng/ml), or IFN-y (20 ng/ml).
After 20 hours, cells were harvested, and CD40 and CD86 expression was
analyzed by flow cytometry.

To generate macrophages, single-cell suspensions from red cell-depleted
bone marrow were cultured in tissue culture-treated plates for 24 hours
in the presence of medium containing 10% LPS-free FCS and 50 ng/ml
M-CSF (PeproTech) to remove contaminating fibroblast-like stromal cells.
Poorly adherent and nonadherent cells were collected and replated on tis-
sue culture-treated plates in the presence of M-CSF and cultured for 3
days to differentiate and expand the macrophage population. After 3 days
in culture, nonadherent cells were discarded, and cell dissociation buffer
(Gibco; Invitrogen) was used to harvest the adherent macrophage popula-
tion. Isolated macrophages were cultured at a density of 10 cells/ml in
medium containing M-CSF and the appropriate stimuli described above.
Macrophage maturation markers were analyzed by flow cytometry 20
hours later. Both macrophage and DC cultures were more than 95% pure
based on CD11b and CD11c staining, respectively.

Statistics. The significance of observed differences between indicated
groups was assessed by an unpaired Student’s ¢ test. Tests were 2-tailed,
with a confidence interval of 95%. P values < 0.05 were considered signifi-

cant. Statistical analyses were performed using Prism software.
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