
Direct activation of antigen-presenting cells is required
for CD8+ T-cell priming and tumor vaccination
Wolfgang Kratkya, Caetano Reis e Sousab, Annette Oxeniusa, and Roman Spörria,1

aInstitute for Microbiology, Eidgenössische Technische Hochschule Zürich, 8093 Zürich, Switzerland; and bImmunobiology Laboratory, Cancer Research UK,
London Research Institute, London WC2A 3LY, United Kingdom

Edited by Bruce Beutler, The Scripps Research Institute, La Jolla, CA, and approved September 15, 2011 (received for review June 2, 2011)

Successful priming of adaptive immune responses is crucially de-
pendent on innate activation signals that convert resting antigen-
presenting cells (APCs) into immunogenic ones. APCs expressing
the relevant innate pattern recognition receptors can be directly
activated by pathogen-associated molecular patterns (PAMPs) to
become competent to prime T-cell responses. Alternatively, it has
been suggested that APCs could be activated indirectly by proin-
flammatory mediators synthesized by PAMP-exposed cells. How-
ever, data obtained with CD4+ T cells suggest that inflammatory
signals often cannot substitute for direct pattern recognition in
APC activation for the priming of T helper responses. To test
whether the same is true for CD8+ T cells, we studied cytotoxic T
lymphocyte development in vitro and in mixed chimeric mice in
which coexisting APCs can either present a preprocessed model
antigen or directly recognize a given PAMP, but not both. We
show that indirectly activated APCs promote antigen-specific pro-
liferation of naïve CD8+ T cells but fail to support their survival and
cytotoxic T lymphocyte differentiation. Furthermore, CD8+ T cells
primed by indirectly activated APCs are unable to reject tumors.
Thus, inflammation cannot substitute for direct recognition of sin-
gle PAMPs in CD8+ T-cell priming. These findings have important
practical implications for vaccine design, indicating that adjuvants
must be judiciously chosen to trigger the relevant pattern recog-
nition receptors in APCs.
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The induction of adaptive immune responses is controlled by
innate pattern recognition receptors (PRRs) sensing patho-

gen-associated molecular patterns (PAMPs) (1). Antigen-pre-
senting cells (APCs) couple innate recognition to adaptive
immunity (2). The effectiveness of vaccines therefore relies on
the generation of adequate innate signals to activate APCs. In
the case of non-live vaccines, adjuvants containing PAMPs or
synthetic analogs provide the innate impetus for APC activation.
APCs expressing the relevant PRRs can be directly activated by
PAMPs, or instead, indirectly by proinflammatory factors pro-
duced by a range of hematopoietic and non-hematopoietic cells
upon exposure to the same PAMPs. This observation has led to
the notion that inflammation can substitute for direct microbial
recognition by the priming APC for the induction of adaptive
immunity (3–5). In this vein, little attention is being paid to the
mode of APC activation when adjuvants for vaccines and mat-
uration stimuli for dendritic cells (DCs) immunotherapy are
chosen. However, there is increasing evidence that indirectly
activated APCs differ qualitatively from directly activated ones
(6–8). Most strikingly, indirectly activated DCs fail to produce
“signal 3” molecules needed by naïve T cells along with cognate
peptide/MHC and costimulation for their effector differentiation
(9). Priming of naïve CD4+ T cells by indirectly activated APCs
results in the clonal expansion of T-cell populations lacking
helper function (6, 8), despite the availability of signal 3 from
non-presenting DCs in the vicinity. However, it is not clear
whether indirectly activated DCs also lack the ability to induce
cytotoxic T lymphocyte (CTL) responses, because the priming
requirements for the differentiation of effector T cells from
naïve CD4+ vs. CD8+ T cells are known to differ substantially
(10). Here, we explored the ability of indirectly activated APCs

to assist the expansion and differentiation of CD8+ T-cell pop-
ulations with effector functions in vitro and in vivo. We found
that indirectly activated APCs have the capacity to promote the
proliferation of naïve CD8+ T cells but that this does not lead to
sustained clonal expansion and does not suffice to generate ef-
fector T cells endowed with CTL properties. These findings have
major implications for vaccine design and reinforce the notion
that inflammation can amplify but not substitute for PRR sig-
naling in coupling innate to adaptive immunity.

Results
Indirectly Activated APCs Fail to Promote CTL Differentiation and
Survival in Vitro. To assess the capacity of indirectly activated
APCs to prime effector CD8+ T-cell responses, we started with an
in vitro model. Highly purified naïve OT-I CD8+ T cells [bearing
a T-cell receptor specific for ovalbumin residues 257–264 (pOVA)
presented by H-2Kb] were carboxyfluorescein diacetate succini-
midyl ester (CFSE)-labeled and cocultured with spleen APCs
from tlr9+/+ H2Kb−/− + tlr9−/− H2Kb+/+ (test cultures) or tlr9+/+

H2Kb−/− + tlr9+/+ H2Kb+/+ mice (control cultures). Upon ad-
dition of a TLR9 agonist (CpG-containing DNA oligonucleo-
tide), DCs in analogous cultures undergo all typical signs of
maturation, including up-regulating MHC class II molecules,
CD40, CD80, and CD86, but do not produce cytokines such as
IL-6, IL-12/23p40, and IFN-I (6). Therefore, when pOVA is
provided, the test cultures act as a model in which one can study
the priming of naïve CD8+ T cells by APCs that are activated
exclusively in an indirect fashion (i.e., by inflammatory mediators
produced by nonpresenting cells stimulated through TLR9).
A congenic marker (CD45.1) allowed for specific gating of

OT-I cells for analysis of CFSE dilution profiles at day 3 of
culture and revealed that CpG substantially enhanced pro-
liferation. This was true even when the presenting APCs were
unable to directly sense the TLR9 ligand, because the OT-I cells
underwent a comparable number of divisions in control and test
cultures (Fig. 1A). A similar pattern was observed after 6 d of cul-
ture, when OT-I cells in CpG-supplemented control or test cul-
tures had continued to proliferate strongly, whereas they divided
only poorly in the absence of CpG. Thus, direct APC activation is
dispensable to promote the proliferation of naïve CD8+ T cells,
at least in a system in which antigen processing is bypassed by
provision of preprocessed peptide.
Despite similar proliferation in both control and test cultures,

differences were observed when numbers of viable OT-I cells
were determined. At day 3, the total number of OT-I cells in
pOVA/CpG-treated control and test cultures did not differ sig-
nificantly (Fig. 1B), despite a five- to sevenfold increased yield
compared with cultures without CpG. However, by day 6, the
number of OT-I cells in pOVA/CpG-stimulated control cultures
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had increased in control but not in test cultures. Likewise, gen-
erational analysis of dividing T cells revealed decreased fre-
quencies of highly divided cells in test cultures (Fig. S1). Given
that this difference could not be attributed solely to differences
in cell division (Fig. 1A), we hypothesized that the T cells in test
cultures undergo apoptosis more readily, especially at later cul-
ture times. Consistent with this notion, nearly two-thirds of the
OT-I cells in test cultures containing pOVA/CpG were apoptotic
by day 6 and virtually indistinguishable from cells stimulated with
pOVA only (Fig. 1C). In contrast, OT-I cells primed in control
cultures maintained high viability. Together, these results suggest
that direct APC activation is required to rescue newly primed
CD8+ T cells from activation-induced cell death even if it is
largely dispensable for the induction of T-cell proliferation.
Next, we sought to investigate the functionality of the ex-

panded CD8+ T cells. Cultures without CpG failed to generate
OT-I cells capable of producing either IFN-γ or TNF-α (Fig.
1D). As expected, the addition of CpG to control cultures pro-
vided the necessary signals to allow OT-I differentiation into
cells producing IFN-γ and TNF-α. In contrast, a markedly re-
duced fraction of OT-I cells in pOVA/CpG-stimulated test cul-
tures produced the two effector cytokines. A similar pattern
emerged with respect to the lytic machinery: OT-I cells re-
covered from test cultures contained significantly less granzyme
B and considerably fewer cells degranulated upon encounter
with target cells (Fig. S2). This is reminiscent of the phenotype of
CD8+ T cells given antigen and costimulation in vitro but no
“signal 3” cytokines (11). Analogous test cultures in which only
non-presenting cells were able to respond to TLR7 agonists
yielded comparable results: naïve OT-I cells failed to differen-

tiate and expanded poorly, whereas the respective control cul-
tures yielded large numbers of effector cells (Fig. S3). In
conclusion, these experiments reveal a need for direct pattern
recognition by the presenting cell for both the survival and ef-
fector differentiation of newly activated CD8+ T cells in vitro.

Impaired Expansion and Effector Differentiation of CD8+ T Cells
Primed by Indirectly Activated APCs in Vivo. To validate these
findings in vivo, we developed a mixed bone marrow chimeric
mouse model in which half the APCs cannot directly recognize
CpG but can present pOVA to OT-I cells, whereas the other half
of APCs can respond to CpG directly but cannot present pOVA.
In these chimeric mice (tlr9+/+ H2Kb−/− + tlr9−/− H2Kb+/+ →
wt-B6; hereafter “test chimeras”), pOVA/Kb-specific T cells
are primed exclusively by indirectly activated APCs (tlr9−/−
H2Kb+/+) but are nevertheless exposed to the inflammatory
environment created by non-presenting cells that sense CpG
directly (tlr9+/+ H2Kb−/−). Mixed chimeras in which all cells can
respond to CpG were used as controls (tlr9+/+ H2Kb−/− + tlr9+/+

H2Kb+/+ → wt-B6; henceforth “control chimeras”). Chimeras
were infused with a low number of naïve OT-I cells and sub-
sequently immunized with pOVA/CpG in the footpads. In un-
immunized mice, the number OT-I cells in the draining lymph
node was generally below the detection limit. Three days after
immunization, the numbers and frequencies of OT-I cells were
similar in both groups but were reduced by more than one order
of magnitude in test chimeras at the peak of the response (day 7)
and day 14 (Fig. 2 A and B). The defective expansion of OT-I
cells could signify that CpG had no adjuvant effect in test chi-
meras. However, this was not the case because the number of
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Fig. 1. Indirectly activated APCs promote proliferation but not survival or effector differentiation of CD8+ T cells in vitro. (A) Proliferative index (average
number of division per divided cell) of OT-I cells primed in vitro under control or test conditions at the indicated time points. (B) Quantification of the total
number of viable OT-I cells recovered from control and test cultures. (C) Percentage of OT-I cells staining positive for active caspase 3. (D) Assessment of
antigen-induced effector cytokine production at day 6 of culture. The percentage of IFN-γ+ (Left) or TNF-α+ (Right) OT-I cells from control or test cultures is
shown. Error bars indicate the SD within technical triplicates. N.s., not significant. Data are representative of three independent experiments (A–D).
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OT-I cells in test chimeras immunized with pOVA/CpG was
significantly increased at day 7 compared with mice that received
pOVA only (Fig. S4). Similarly, our earlier study demonstrated
that indirectly activated DCs are superior to non-activated DCs
at stimulating CD4+ T-cell expansion in vivo (6). We conclude
that, in vivo as in vitro, indirectly activated APCs cannot sustain
CD8+ T-cell expansion.
The functionality of theOT-IT cellswas determinednext. Seven

days after immunization, two-thirds of OT-I cells in test chimeras
produced IFN-γ upon restimulation, and approximately half as
many stained positive for TNF-α (Fig. 2C). In contrast, the fre-
quency of cytokine-positiveOT-I cells in test chimeraswas strongly
reduced. To gauge the lytic ability on a per-cell basis, wemeasured
the capacity of OT-I cells to degranulate in response to target cell
encounter. The majority of OT-I cells primed in control chimeras
degranulated upon recognition of target cells, but only half as
many did so in test chimeras (Fig. 2C). Similarly, OT-I granzyme B
levels in test chimeras were significantly reduced compared with
controls and were close to the level found in naïve CD8+ T cells
(Fig. S5A). This decrease in degranulation and granzyme B con-
tent was reflected in a markedly reduced CTL activity (Fig. S5B).
The functional defect of OT-I cells in test chimeras was not due to
slower kinetics in the acquisition of effector function, given that we
observed a virtually identical phenotype regarding IFN-γ, TNF-α,
and degranulation on day 14 after immunization (Fig. 2D).

The ability to perform single effector functions is a relatively
poor indicator of the functionality of T cells (12). We therefore
examined whether priming in control or test chimeras endowed
OT-I cells with one or more effector functions, namely the ability
to make IFN-γ and TNF-α and to degranulate. At day 7 after
immunization, the frequency of bifunctional OT-I cells in test
chimeras was less than half that of controls and diminished
further at day 14 (Fig. 2 E and F). The discrepancy was even
more pronounced with respect to cells expressing all three ef-
fector functions. Only a remnant population was found in test
animals at day 7 and had vanished completely by day 14, whereas
a quarter was persistently trifunctional in controls.
Taken together, these data demonstrate that inflammation can

assist the proliferative response of CD8+ T cells recognizing
antigen on indirectly activated APCs, but this does not lead to
sustained clonal expansion or generate CTL effectors. Thus, at
least with respect to the PAMPs studied here, inflammation
cannot substitute for direct pattern recognition in the priming of
functional CD8+ T-cell responses.

CD8+ T Cells Primed by Indirectly Activated APCs Do Not Protect from
Tumors. The most stringent measure of the quality of a T-cell
response is its protective capacity. Therefore, immunized test
and control chimeras were challenged by i.v. injection of B16
melanoma cells expressing ovalbumin (B16-OVA) and analyzed
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18 d later. The total number of lung pseudometastases and tu-
mor cells in PBS- or pOVA-immunized animals was comparable
in both groups (Fig. 3 A–C). Inclusion of CpG into the pOVA
inoculum dramatically changed the outcome. Control chimeras
immunized with pOVA/CpG were virtually free of pseudome-
tastases and tumor cells (Fig. 3 A–C). In sharp contrast, test
chimeras vaccinated with pOVA/CpG were unable to control the
outgrowth of B16-OVA tumor cells in the lungs and in fact had
the highest tumor burden of all experimental groups.
The clonal expansion of OT-I cells in test chimeras was reduced

by at least one order of magnitude compared with controls at the
day of tumor challenge (Fig. 2 A and B). This raises the question
whether the failure of test chimeras to limit tumor growth is due to
insufficient antigen-specific CD8+ T cells or due to their reduced
functionality on aper-cell basis.Arguing for the latter, the absolute
number of OT-I cells in the lungs of pOVA/CpG-primed control
and test chimeras was comparable 18 d after tumor challenge (Fig.
3D). Nevertheless, we formally tested the functionality on a per-
cell basis by transferring equal numbers of OT-I cells that were
primed in control or test cultures into wild-type mice that received
B16-OVA cells shortly before. OT-I cells primed in control con-
ditions were fully competent in rejecting tumors in the adoptive
hosts (Fig. 4A–C). In contrast, T cells primedunder test conditions
were unable to efficiently clear the tumors, indicating a functional
defect on a per-cell basis (Fig. 4 A–C). Taken together, these data
demonstrate that APCs activated exclusively by the PAMP-in-
duced inflammatory milieu are unable to mount protective anti-
tumor CD8+ T-cell responses.

Discussion
The data presented here indicate that APCs activated in trans by
inflammatory mediators alone can present preprocessed antigens
and promote proliferation of responding naïve CD8+T cells. Such
APCs show all of the typical signs of “maturation,” including high
costimulatory potential. However, they cannot rescue CD8+ T
cells from activation-induced cell death or instruct differentiation
into CTL. These results have several implications for our un-
derstanding of immunobiology. First, they do not fit typical “two
signal” models of T-cell activation and therefore reinforce the
notion that T-cell priming by APCs requires an additional “signal
3” that is the key determinant of immunogenicity (9). In this vein,
other studies demonstrate that phenotypically mature DCs do not
necessarily induce immunity (13–15). Second, our findings suggest
that at least one part of “signal 3” must be delivered by the pre-

senting APC and cannot be provided in trans by nonpresenting
cells in themicroenvironment. Finally, our data reinforce previous
proposals that APCs can only become competent to provide
“signal 3” when they receive a direct pathogen signal rather than
just being exposed to an inflammatory milieu. Similarly, TNF re-
ceptor or type I IFN receptor signaling is necessary but not suffi-
cient to render DCs immunogenic (7, 14, 16, 17). It is important to
emphasize that our data do not exclude a role for the inflammatory
milieu in promoting adaptive immunity. The autocrine and para-
crine action of cytokines such as IFN-α/β and TNF-α is clearly very
important for the induction of costimulation on APCs (18–20),
and the effectiveness of certain adjuvants in T-cell priming de-
pends on their ability to trigger not only APCs but also other cell
types, including ones of non-hematopoietic origin (16, 17). Thus,
inflammation is clearly necessary but not sufficient to couple in-
nate recognition to adaptive immunity. It will be important to
determine whether the effects seen here with two distinct adju-
vants, CpG and R848, are generally applicable to other innate
stimuli. In particular, because the IL-1R signals via MyD88, one
might envisage that stimuli that induce production of high levels of
IL-1α or IL-1β could lead to a type of bystander APC activation
that mimics direct activation induced by a TLR agonist. Never-
theless, our data strongly argue that caution should be taken when
choosing simple adjuvants for CTL priming to ensure that they
activate the appropriate APCs.
Our experimental approach relied in part on the use of radiation

chimeras, in which some APCs, such as Langerhans cells, remain
of host origin. We believe there are two main reasons for the ab-
sence of a “masking” effect of such cells in our model. First,
radioresistant APCs do not efficiently prime T cells in vivo (21).
Second, the deliberate use of soluble antigen and PAMP allows
draining and circumvents the need for active transport from the
peripheral injection site to the local lymph node by migrating DCs
(22). In addition, immigrant Langerhans cells are outnumbered by
resident DCs in the draining lymph node. In our model, naïve T
cells will therefore encounter antigen primarily presented on
lymph node-resident, donor-derived DCs. We therefore believe
that the inability of Langerhans cells to rescue the priming of
a robust CD8+ effector T-cell population in test chimeras can
be attributed to a combination of the reasons discussed above.
However, we cannot completely exclude a minor contribution of
Langerhans cells to the expansion of OT-I populations. Never-
theless, if such a contribution exists and if it does lead to the dif-
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ferentiation of effectors, that contribution to the overall response
is small, as evident from the data presented here.
Several important issues remain open in this study.Of particular

relevance is the question of help from CD4+ T cells. The CTL
response studied here is help-independent. We have used pre-
processed antigen lacking helper epitopes rather than intact pro-
tein to allow for the discrimination between effects on CD8+ T
cells and CD4+ T cells. Nevertheless, it would be interesting to
investigate whether fully competent T helper cells (i.e., CD4+ T
cells that were primed by directly activated DCs) could rescue the
defective CTL response primed by indirectly activated DCs. Cir-
cumstantial evidence from experiments on the expansion of HSV-
specific CD8+ T cells indicate that a partial defect remains in
a help-competent environment (23), and it would be interesting to
determine whether this extends to CTL function. Another issue
concerns the T-cell responses in mucosal and other peripheral
surfaces. TLR4 on radioresistant airway cells is necessary and
sufficient for priming DC-dependent Th2 responses to LPS-con-
taining inhaled house dust mite allergen (4). It is therefore con-
ceivable that the requirement for cognate pattern recognition in
T-cell priming is not absolute in certain peripheral tissues or under
chronic inflammatory conditions. Alternatively, the necessity for
the recognition of PAMPs by the priming cell could be restricted to
certain types of responses, such as Th1 andCTL priming, and does
not apply to Th2-type immunity.
Independent from possible exceptions, our findings have im-

portant practical implications for vaccination and immunother-
apy. They suggest that the efficacy of vaccines depends on the
ability of adjuvants to activate APCs through engagement of their
PRRs. This in turn requires careful matching of the adjuvant
choice to the repertoire of PRRs expressed by APCs. Thus, the
absence of TLR9 on human conventional DCs could in part ex-
plain the disappointing outcome of some clinical trials of CpG to
treat cancer (24, 25). Differential expression of PRRs amongAPC
subsets further complicates the selection of suitable adjuvants. An
attractive cellular target for vaccination strategies are the CD8α+

DCs and their equivalents in tissues, owing to their superior ability
to present exogenous antigen on MHC class I and capacity to
provide robust “signal 3” (26). In contrast to DCs belonging to
other subsets, the CD8α+ DCs lack the expression of TLR7 (27,
28). This suggests that TLR7 agonists are unlikely to be potent
adjuvants for vaccines requiring cross-presentation of antigen,
whereas adjuvants engaging TLR3 and other PRRs expressed by
CD8α+ DCs are predicted to hold greater potential. Tumor-spe-
cific CD8+ T cells expand to high frequencies, for example in
melanoma patients, but generally lack CTL activity and thus fail to
control the tumors (29, 30). Choosing appropriate adjuvants for
tumor vaccines could realize the full tumoricidal potential of
specificCTLprecursors and thus result in amore favorable clinical
outcome. The recent identification of the human equivalent of
murine CD8α+ DCs, advances in technologies to target antigen
specifically to DC subsets, and an increasing understanding of the
mechanisms and rules of adjuvanticity should allow for the clinical
potential of DCs to be tapped and for the rational design of new
and better vaccines aimed at eliciting CTL responses against
tumors and infected cells (31, 32).

Materials and Methods
Mice. Wild-type C57BL/6 (WT-B6) mice were purchased from Janvier Elevage
(Le Genest St. Isle, France). WT-B6, OT-I, and P14 mice on a CD45.1 congenic
background, tlr9−/−-B6, tlr7−/−-B6, myd88−/−-B6, H2Kb−/−-B6, and H2Db−/−-B6
mice were bred and housed at the Eidgenössische Technische Hochschule
Zürich (Switzerland) or RCC Ltd. (Füllinsdorf, Switzerland) under specific
pathogen-free conditions. All mice were used at 6–12 wk of age and were sex-
and age-matched within experiments. For the generation of mixed chimeric
mice, WT-B6 recipient mice were γ-irradiated with 950 Rad and subsequently
reconstituted with equal amounts of T- and NK cell-depleted donor bone mar-
row cells from H2Kb−/−-B6 + tlr9+/+-B6 mice (control chimeras) or H2Kb−/−-B6 +
tlr9−/−-B6 mice (test chimeras) (2–4 × 106 cells in total). Where indicated, ir-
radiated WT-B6 or tlr7−/−-B6 hosts were reconstituted with H2Db−/−-B6 +
tlr7+/+-B6 (control chimeras) or H2Db−/−-B6 + tlr7−/−-B6 (test chimeras) bone
marrow, respectively. Six to eight weeks after reconstitution, mice were
tested for chimerism on the basis of the expression of H-2Kb on peripheral
blood leukocytes. Chimeras were only used for experiments if the genotype
ratio of blood leukocytes was close to 1:1. Animal husbandry and procedures
were carried out in accordance with institutional policies and have been
reviewed and permitted by the cantonal veterinary office.

Reagents and Media. CpG oligonucleotide 1668 (TCCATGACGTTCCTGATGCT)
was synthesized by Microsynth. R848 was purchased from Enzo Life Sciences
(Lausen, Switzerland). The ovalbumin-derived SIINFEKL peptide (residues
257–264, pOVA) and the lymphocytic choriomeningitis virus glycoprotein-
derived KAVYNFATM peptide (residues 33–41, gp33) were synthesized by
EMC Microcollections. For all in vivo experiments, reagents were formulated
in sterile PBS. Cells were cultured in complete medium (RPMI 1640 with 10%
heat-inactivated FCS, 100 units/mL of penicillin, 100 mg/mL of streptomycin,
2 mM glutamine, and 50 μM 2-mercaptoethanol).

Adoptive Transfers and Immunizations. Single cell suspensions from spleens and
lymph nodes of OT-I mice were obtained by enzymatic digestion with Liberase/
DNase (RocheDiagnostics), andenriched forCD8+ cells usingmagnetic-activated
cell sorting (MACS) technology (Miltenyi Biotech). The cells were stained
according to the FACS staining procedure as described below, and naïve OT-I
cells (CD8+ CD45.1+ CD44low CD11c− CD11b− CD4− Gr1− CD49b−) were purified
using a BD FACSAria cell sorter (BD Biosciences). Resulting OT-I preparations
were >98% pure by the above criteria and viable. Purified OT-I cells (5 × 103)
were transferred i.v. into recipient mice 1 d before immunization. Mice were
immunized s.c. in the hind footpad with 1 μg pOVA in combination with or
without3μgCpG in30μL PBS.Where indicated,micewere infusedwith1.4×106

MACSorted CD8+ T cells from the spleen and lymph nodes of P14 mice (bearing
a T-cell receptor specific for gp33 presented by H-2Db) and subsequently im-
munized s.c. with 25 μg gp33 in combination with 6.25 μg R848 per flank.

Tumor Challenge. The melanoma cell line B16-OVA, expressing an OVA-GFP
fusion protein, has been previously described (33). In experiments in which
the OT-I cells were primed in vivo, 2.5 × 105 B16-OVA cells were injected i.v. To
measure CTL functionality on a per-cell basis, mice were injected with 1 × 105

B16-OVA cells, 6 h before adoptive transfer of 5 × 104 in vitro-primed OT-I
cells. Eighteen days after tumor challenge mice were anesthetized (by i.p.
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Fig. 4. Impaired per-cell functionality of CD8+ T cells primed by indirectly
activated APCs. (A–C) OT-I cells were primed under test and control con-
ditions as in Fig. 1. After 4 d, cultures were harvested, and equal numbers of
OT-I cells were adoptively transferred into naïve wild-type mice that received
B16-OVA tumor cells 3 h before. Eighteen days later, the tumor burden in
their lungs was analyzed. (A) Representative lungs of recipients of OT-I cells
from control or test cultures. (B and C) Quantification of the number of
pseudometastases (B) and tumor cells (C) per lung. Data are representative
of two independent experiments (n = 6, A–C).
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injection of 2 mg ketamine, 0.4 mg xylacine, and 60 μg acepromacine for-
mulated in PBS) and perfused with PBS to remove circulating blood cells
from the lungs. Pseudometastases in the lung were counted manually by
visual inspection. The total numbers of lung resident OT-I cells and tumor
cells were measured by flow cytometry. Tumor cells were identified
according to their GFP expression. A defined number of CaliBRITE3 beads
(BD Biosciences) were added to each sample before acquisition to extrapo-
late the absolute number of OT-I and B16-OVA cells per organ.

In Vitro T-Cell Stimulation Assay. For in vitro experiments, OT-I cells were la-
beled with 1 μM CFSE (Molecular Probes) for 6 min at 37 °C. OT-I cells (2 × 103)
were cocultured with a total of 2 × 105 of 1:1 mixtures of splenocytes from
tlr9−/− + H2Kb−/− or WT + H2Kb−/− in flat-bottom 96-well plates (test and
control cultures, respectively). Cells were then stimulated with pOVA (final
concentration 10−9 to 10−11 M), with or without CpG (final concentration
0.5 μg/mL) or R848 (final concentration 3 μM) and incubated at 37 °C for the
indicated time periods. For the detection of cytokine production and de-
granulation, T cells were restimulated for 6 h at 37 °C in complete medium
supplemented with 1 μMpOVA in the presence of 2 μMmonensin A, 10 μg/mL
brefeldin A, and 0.5 μg/mL anti-CD107a-APC.

In Vivo CTL Assay. In vivo CTL assays were performed as previously described
(33). In brief, freshly isolated splenocytes from WT-B6 (CD45.1) mice were
incubated with 1 μM, 0.05 μM, or 1 μM gp33 for 1 h at 37 °C in complete
media, washed, and labeled with 2.5 μM, 0.5 μM, or 0.1 μM CFSE, re-
spectively, for 6 min at 37 °C in PBS. After extensive washing, the three
splenocyte fractions were pooled in equal ratio and injected i.v. (5 × 106 per
mouse). The next day mice were killed, and the CD45.1+ population in the
spleen was analyzed for the presence of CFSE+ cells by flow cytometry.
Specific killing was calculated as a ratio of pulsed to unpulsed target cells
(100 × [1 − (% CFSE peptide/% CFSE no peptide)]).

Flow Cytometry. All stainings were carried out in ice-cold FACS buffer (PBS, 2
mMEDTA, 1%heat-inactivated FCS, 0.1% sodiumazide) at 30min in the dark,
except when cells were labeled for cytometric sorting, for which ice-cold

sterile PBS containing 2mMEDTA and 1%heat-inactivated FCSwas used. The
following antibodies (indicating target-fluorochrome) were purchased from
Biolegend: CD45.1-PE, CD45.1-APC, CD45.2-Pacific Blue, CD8α-PerCP, CD4-
FITC, CD44-PE, IFN-γ-PE-Cy7, TNF-α-APC, CD107a-FITC, and CD107a-APC.
Anti-active caspase 3-FITC, CD11c-FITC, CD11b-FITC, Gr-1-FITC, CD49b-FITC,
and mouse IgG1-PE isotype control was purchased from BD Biosciences. Anti-
granzyme B-PE was purchased from Caltag Laboratories. Staining for active
caspase 3 was performed according to standard protocols using para-
formaldehyde fixation and BD Perm/wash buffer (BD Biosciences). Staining
for granzyme B was performed according to standard protocols using
paraformaldehyde fixation and permeabilization buffer (eBioscience). For
the detection of cytokine production and degranulation by T cells, single cell
suspensions from popliteal lymph nodes excised from experimental animals
were restimulated for 6 h at 37 °C in complete medium supplemented with
1 μM pOVA, in the presence of 2 μM monensin A, 10 μg/mL brefeldin A, and
0.5 μg/mL anti-CD107a–FITC. After surface marker staining as described
above, cells were fixed and permeabilized for 10 min with BD lysing solution
(BD Biosciences) + 0.1% Tween, washed, and then stained intracellularly for
IFN-γ and TNF-α in FACS buffer. Data were acquired on a LSRII flow cytom-
eter and analyzed (including determination of the proliferative index and
generational analysis) using FlowJo software (Treestar). Background
responses of unstimulated cells were subtracted.

Statistical Analyses. Statistical analyses were performed using a two-tailed
unpaired Student t test using GraphPad Prism.
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