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Abstract

Two models have been proposed to explain the requirement for CD40 signaling in CD8 T cell
responses. The first model suggests that CD4 T cells activate antigen-presenting cells (APCs)
through CD40 signaling (APC licensing). In turn, licensed APCs are able to prime naive CD8 T
cells. The second model suggests that CD154-expressing CD4 T cells activate CD40-bearing CD8
T cells directly. Although the requirement for CD40 in APC licensing can be bypassed by inflam-
matory responses to pathogens that activate APCs directly, the second model predicts that CD8
responses to all antigens will be dependent on CD40 signaling. Here we determined which model
applies to CDS8 responses to influenza. We demonstrate that optimal CD8 T cell responses to
influenza are dependent on CD40 signaling, however both primary and secondary responses to
influenza require CD40 expression on non—T cells. Furthermore, CD40~/~ CD8 T cells pro-
liferate and differentiate to the same extent as CD40"/* CD8 T cells in response to influenza, as
long as they have equal access to CD40"/* APCs. Thus, CD4 T cells do not activate influenza-
specific CDS8 cells directly through CDA40 signaling. Instead, these data support the classical model,
in which CD4 T cells provide help to CD8 T cells indirectly by activating APCs through CD40.
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Introduction

The interaction of CD40 on B cells with its ligand, CD154,
on CD4 T cells is an essential step in generating effective
humoral immune responses to T-dependent antigens (1).
CD40 signaling also regulates the response of CD8 T cells
to a variety of antigens (2-5). For example, systemic admin-
istration of CD40 agonists in vivo substitutes for CD4 T cell
help (3-5), augments CD8 responses to weak antigens (0),
enables cross-priming of CD8 cells to soluble antigens (5),
and converts tolerogenic antigens into immunogenic antigens
(7, 8). The adjuvant-like eftects of systemic CD40 signaling
are thought to be mediated through the activation of CD40-
bearing APCs (3), which up-regulate costimulatory ligands
and produce inflammatory cytokines in response to CD40
triggering (9, 10). Although the activation of APCs by
CD40 provides a plausible mechanism for the effects of sys-
temic CD40 signaling on CD8 T cell responses, this expla-
nation was recently challenged by data showing that CD4 T
cells provide help directly to CD40-bearing CD8 T cells
(2). These data suggest that the development of memory
CD8 T cells is similar to the development of memory B
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cells, in which CD40 signaling initiates a cell-autonomous
program of differentiation leading to the formation of func-
tional memory cells (11).

Interestingly, CD8 T cell responses to bacterial or viral
antigens do not absolutely require CD40 signaling (12—-16),
possibly due to the inflammatory nature of the pathogens,
which directly activate APCs through Toll-like receptors.
However, despite the ability of inflammatory antigens to acti-
vate APCs in a CD40-independent manner, CD8 responses
to viral or bacterial antigens are impaired in the absence of
CDA40 signaling (12—-16). Consistent with this, recent data
shows that the development of CD8 memory cells to Listeria
or vaccinia antigens is dependent on CD4 T cell help even
though these pathogens induce strong inflammatory responses
(17-19). Although the mechanism of CD4 help was not
elucidated, it is possible that CD154—CD40 interactions
between CD4 and CD8 T cells may play a role. If this is true,
then CD40~/~ CD8 T cells should be unable to differentiate
into effective memory cells, regardless of the nature of the
antigen and regardless of whether APCs express CD40.

In this report we used BM chimeric mice, in which
CD40 expression is absent from all hematopoietic cells or is
specifically absent from the T cell compartment, to demon-
strate that CD40 expression on non—T cells, but not on T
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cells, is required for normal CDS8 responses to influenza.
Furthermore, when compared side by side, CD40%/* and
CD407/~ CD8 T cells exhibited equivalent proliferative
and functional abilities in both primary and secondary re-
sponses to influenza. This is in stark contrast to CD40~/~ B
cells, which were intrinsically defective and did not prolif-
erate or differentiate in response to antigen. Thus, unlike B
cells, which have a direct requirement for CD40 signaling,
CD8 T cells require CD40 signaling on non—T cells for
both primary and secondary responses to influenza. These
results are consistent with a role for CD40 signaling in
APC licensing rather than a role for direct CD40 signaling
to CD8 T cells.

Materials and Methods

Mice, BM Chimeras, and Infections. CD1547/~ mice, TCRB™/~
87/~ mice, and Ly5.1 mice were purchased from The Jackson
Laboratory. C57BL/6 (WT) and CD40~/~ mice were bred at the
Trudeau Institute. Recipient TCRB™/~8"/~ mice or Ly5.1 mice
were irradiated (950 rads) and reconstituted with BM as described
in Results and Discussion. Mice were allowed to reconstitute for
at least 6 wk before infection. Primary infections were performed
intranasally with 100 egg infectious units of influenza A/PR8/34
(PR8) in 100 pl. Secondary infections were performed intrana-
sally with A/HK-x31 (X31) at 5,000 egg infectious units in 100
pl. All experimental procedures involving animals were approved
by the Trudeau Institute’s Institutional and Animal Care Use
Committee and performed according to the guidelines set by the
National Research Council.

Antibodies, Intracellular Cytokine Staining, and Flow Cytometry.
Tissues were disrupted by passage through wire mesh and live
leukocytes were obtained by density gradient centrifugation using
Lympholyte-Poly (Cedarlane). Cells were incubated in 3% FCS
in PBS containing 10 wg/ml 2.4G2 to block Fc receptor binding,
followed by the addition of fluorochrome-conjugated antibodies
or MHC class I tetramers. The H-2DP tetramer containing influ-
enza nucleoprotein (NP)s¢ 374 peptide was generated by the
Trudeau Institute’s Molecular Biology Core Facility. For intra-
cellular cytokine staining, cells were cultured at 5 X 10°/ml in
200 pl complete RPMI containing 10 pg/ml brefeldin A and 10
U/ml IL-2 and stimulated with NP3, peptide at 1 pg/ml for
5 h. Simulated cells were then washed, blocked with 2.4G2, and
probed with anti-CD8 before fixation in 4% paraformaldehyde in
PBS. Fixed cells were washed with 0.1% Triton X-100, 3% FCS
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in PBS, and probed with FITC-labeled anti-IFN7y in the same
buffer. Antibodies were purchased from BD Biosciences. FITC-
conjugated peanut agglutinin was purchased from Sigma-Aldrich.
Flow cytometry was performed on a dual laser FACSCalibur™
available through the Flow Cytometry Core Facility at the
Trudeau Institute.

Results and Discussion

The CD8 T Cell Response to Influenza Is CD40 Dependent.
To determine whether CD40 is required for CD8 re-
sponses to influenza, WT and CD40™/~ mice were infected
with PR8 and the accumulation of influenza-specific T
cells in the lungs was assayed by flow cytometry. As shown
in Fig. 1 A, the frequency of NP-specific CD8 T cells was
lower in the lungs of CD40~/~ mice relative to WT mice
at day 9 and dramatically lower at day 12 (Fig. 1 A). The
frequency of CD8 T cells that produced IFNv in response
to NP peptide was also reduced in CD40™/~ mice (Fig. 1
B). As shown in Fig. 1 C, the number of NP-specific tet-
ramer-binding T cells as well as the number of NP-specific,
IFNvy-producing CD8 cells was about twofold lower in
CD407/~ mice than in WT mice on day 9. This difference
was more dramatic on day 12, when the numbers of NP-
specific tetramer-binding and IFNy-producing CD8 T
cells in the lungs of CD40~/~ mice had dropped and were
about eightfold lower than those in the lungs of WT mice.
Similar differences were observed in spleen and draining
LN. Thus, the primary CD8 T cell response to influenza is
progressively impaired in CD40™/~ mice compared with
WT mice.

Generation of BM Chimeric Mice. To determine whether
CD40 or CD154 are required on T cells for normal CD8
responses, we generated BM chimeric mice, in which T
cells selectively lacked CD40 or CD154. In the first group
(Fig. 2 A), TCRB/787/~ mice were reconstituted with a
mix of TCRB™/787/~ BM and C57BL/6 BM. As shown
in the dot plots of Fig. 2 A, the majority of B cells and
DCs in these chimeras, known as WT chimeras, express
CD40. In the second group (Fig. 2 B), TCRB/~8 '/~
mice were reconstituted with CD407/~ BM. As shown in
the dot plots of Fig. 2 B, the majority of B cells and DCs
in these mice, known as CD40-KO chimeras, lack CD40. In

Figure 1. CDA40 is required for optimal CD8
T cell responses to influenza. (A) CD40~/~ and
WT mice were infected with PR8 and cells
from the lungs were analyzed on days 9 and 12.
The percentage of NP-specific CD8 cells is
indicated. (B) Cells from the lungs of infected
animals were stimulated with NP 374 peptide
and the production of IFNy was measured by
intracellular staining. The percentage of IFNy*
CDS8 cells is indicated. (C) The total numbers
of NP-specific, tetramer-binding CD8 cells
(top) and NP-specific, IFNy-producing CD8
cells (bottom) are shown for both WT mice
(black bars) and CD40~/~ mice (gray bars). This
experiment contained five mice per group per
time point and was performed three times.
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Figure 2. Generation of chimeric mice. Irradiated TCRB™/787/~
recipient mice were reconstituted with (A) TCRB™/78~/~ BM and
C57BL/6 BM, (B) CD40~/~ BM, (C) TCRB~/~3~/~ BM and CD40~/~
BM, or (D) TCRB/78/~ BM and CD154~/~ BM. The proportion of
B cells, DCs, and T cells of each genotype that are expected to repopulate
the chimeras is indicated. Cells from the LNs (top) and lungs (bottom) of
chimeric mice were analyzed on day 10 after infection to determine the
actual frequency of CD40-expressing B cells and DCs. The percentage of
B cells or DCs expressing CD40 is indicated.

the third group (Fig. 2 C), TCRB 78~/ mice were recon-
stituted with a mix of TCRB™/787/~ BM and CD40~/~ BM.
Because the TCRB/787/~ BM is genetically unable to
produce T cells, all the T cells in the recipient mice must
be derived from the CD40~/~ donor BM. In contrast, the
majority of non—T cells in these mice are derived from the
TCRB /787’7 donor BM and are CD40%/*. As shown in
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the dot plots of Fig. 2 C, 90% of the B cells and 76% of the
DCs express CD40 in these mice, which are known as
CD40-T cell KO (CD40-TKO chimeras). In the final
group (Fig. 2 D), TCRB™/78~/~ mice were reconstituted
with a mix of TCRB™/787/~BM and CD154~/~ BM. Be-
cause the TCRB™/787/~ BM cannot produce T cells, all
the T cells in the chimeric mice are derived from the
CD1547/~ BM, whereas the majority of non—T cells are
derived from the CD154%/* TCRB™/"87/~ BM. As ex-
pected, the B cells and DCs in these mice, known as
CD154-TKO chimeras, express CD40.

Given that CD40 signaling is important for humoral im-
munity (1), we first tested whether the loss of CD40 or
CD154 on T cells affected the B cell response. Therefore,
we infected chimeric mice with influenza and assayed the
frequency of responding B cells on day 10 after infection.
As shown in Fig. 3 A, left, a high frequency of germinal
center (GC) B cells was observed in the draining LNs of
WT and CD40-TKO chimeras on day 10 after infection,
whereas very few GC B cells were observed in the LNs of
CD40-KO or CD154-TKO chimeric mice. The frequen-
cies of CD138* antibody-secreting plasma cells and IgG2
isotype-switched cells were also much higher in the WT
and CD40-TKO chimeras than in the CD40-KO or
CD154-TKO chimeras (Fig. 3 A). Thus, the lack of CD40
on all cells (CD40-KO mice) or the lack of CD154 exclu-
sively on T cells (CD154-TKO mice) leads to impaired B
cell responses to influenza. However, the loss of CD40 on
T cells did not adversely affect the B cell response.

Optimal CD8 Responses Require CD40 Expression on He-
matopoietic Cells, but Not on T Cells. We also assayed the
frequency of NP-specific T cells in the influenza-infected
chimeric mice on day 10 (the peak of the primary re-
sponse), at day 49 (resting memory), and at day 56, which
is 6 d after a challenge infection with the heterotypic influ-
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enza virus, X31. As shown in Fig. 3 B, numerous NP-spe-
cific CD8 T cells were observed in WT and CD40-TKO
chimeric mice on day 10, whereas fewer of these cells were
observed in CD40-KO and CD154-TKO chimeric mice
at this time. A similar trend was observed at days 49 and 56,
which is 6 d after challenge. As shown in Fig. 3 C, the
number of NP-specific T cells in CD40-KO and CD154-
TKO mice was greatly reduced compared with those in
WT mice. In contrast, the number of NP-specific T cells
in CD40-TKO mice was only modestly reduced relative to
those in WT mice. Thus, it appears that the loss of CD40
on all hematopoietic cell types (CD40-KO mice) and the
loss of CD154 on T cells leads to reduced CDS8 responses
(Fig. 3 B), however the loss of CD40 expression on T cells
only (CD40-TKO) had only a minor effect on primary or
secondary CD8 responses to influenza.

The slightly reduced CD8 response in the CD40-TKO
mice relative to that in WT mice (Fig. 3 B) could reflect an
intrinsic defect in CD407/~ T cells, however it could also
be related to the lack of CD40 expression on 20% of the
APCs in CD40-TKO mice (Fig. 2 C). To address this, we
next generated BM chimeras in which the response of
CD40*/* lymphocytes could be compared with CD407/~
lymphocytes side by side in the same hosts and each popu-
lation would have equal access to CD40-bearing APCs and
CD154-expressing CD4 T cells. Thus, we reconstituted
WT mice with a 50:50 mix of BM from Ly5.1* WT do-
nors and Ly5.2* CD407/~ donors. As a control, we recon-
stituted WT mice with a 50:50 mix of BM from Ly5.1*
WT donors and Ly5.2%* WT donors. The chimeric mice
were infected with influenza and the response of CD40%/*
and CD407/~ B and T cells was measured. As expected,
the total CD19* B cell population in the LNs of chimeric
mice is composed of B cells from both CD40*/* and
CD407/~ donors (Fig. 4 A). In addition, both the WT/
WT chimeras and the CD407/~/WT chimeras generated
similar frequencies of GC B cells after primary influenza in-
fection (Fig. 4 B). However, although the GC B cell popu-
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Figure 4. B cells require CD40 ex-
g pression to respond to influenza. Chimeric
B - mice were infected with PR8 and the B

cell response in the LNs was analyzed on
day 10. (A) The contribution of Ly5.1
and Ly5.2 donor cells to the total
CD19* B cell population is shown. (B)
GC B cells were identified by coexpres-
sion of peanut agglutinin and FAS. The
percentage of B cells with a GC pheno-
type is indicated next to the circled areas.
(C) The contribution of Ly5.1 and
Ly5.2 donor cells to the GC B cell pop-
ulation is shown. (D) The contribution
of Ly5.1 and Ly5.2 donor cells to the
CD138* plasma cell population is
shown. This experiment contained five
mice per group and was performed two
times.
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Figure 5. CD407/~ CD8 T cells develop into memory cells with
normal proliferative and functional capacity. Chimeric mice were in-
fected with PR8 on day 0 and analyzed on days 10 and 49. Memory
mice were infected with X31 on day 50 and analyzed on day 56. (A) T
cells were gated on CD8 and the contribution of Ly5.1 and Ly5.2 cells
to the CD8 population was determined by Ly5.1 expression. The num-
bers in the upper corners of each plot refer to the percentage of total
CDS8 cells that are either LY5.1" or Ly5.2%. (B) The contribution of
Ly5.1 and Ly5.2 cells to the NP tetramer-binding CD8 population was
determined by Ly5.1 expression. The numbers in the upper corners of
each plot refer to the percentage of NP-specific CD8 cells that are ei-
ther LY5.1% or Ly5.2%. (C) The contribution of Ly5.1 and Ly5.2 cells
to the NP-specific, IFNy-producing CD8 population on day 56 was
determined by Ly5.1 expression. The numbers in the upper corners of
each plot refer to the percentage of NP-specific CD8 cells that are derived
from Ly5.2 donor (left) and the Ly5.1 donor (right). This experiment
contained five mice per group per time point and was performed two
times. The day 10 samples in this experiment are from the same mice as
the samples in Fig. 4.
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lation from the CD40™/~/WT chimeras consisted exclu-
sively of cells from the WT donor (Fig. 4 C, left), the GC
B cell population from the WT/WT chimera consisted of
cells from both Ly5.1 and Ly5.2 genotypes (Fig. 4 C,
right). Similarly, although the CD138% antibody-secreting
plasma cells generated in the CD407/~/WT chimeras were
almost exclusively derived from WT donor cells, the
CD138* antibody-secreting plasma cells in the WT/WT
chimera were derived from cells of both donors (Fig. 4 D).
Thus, the generation of effector B cells is strongly depen-
dent on CD40 expression on B cells.

Next, we examined the response of influenza-specific
CDS8 T cells in the chimeric mice after influenza infection.
As shown in Fig. 5 A, the total CD8 T cell population in
the spleens and lungs of these chimeras was split nearly
equally between the cells from the Ly5.1" and Ly5.2" do-
nors at day 10 of the primary response, day 49 of the rest-
ing memory response, and at day 56, which is 6 d after
challenge. In addition, the NP-specific CD8 T cells were
also derived nearly equivalently from both the WT and
CD40~/~ donor cell types at each time (Fig. 5 B). Thus,
there was no preferential expansion of WT cells over
CD407/~ cells at any time as would be expected if CD40
signaling directly to CD8 T cells was important in this re-
sponse. Furthermore, as shown in Fig. 5 C, the ability of
NP-specific memory CD8 T cells to produce IFNvy upon
restimulation was independent of whether the cells were
derived from the CD40%/* or CD40~/~ donors. Therefore,
the function of NP-specific CD40*/* and CD40~/~ mem-
ory CD8 T cells is equivalent when they are primed in the
same environment, indicating that the generation of influ-
enza-specific effector and memory CD8 T cells is entirely
independent of CD40 expression on CD8 T cells.

These data show that although CD8 responses to influ-
enza are facilitated by CD40 signaling, CD40 expression is
not required on CD8 T cells. In fact, CD40%/* and
CD407/~ CD8 T cells make equivalent primary and sec-
ondary CD8 T cell responses when cells of both genotypes
have equal access to CD40%/* APCs. Consistent with con-
ventional models of T cell-APC interactions (20), we find
that CD8 responses to influenza require CD40 expression
on non—T cells and CD154 expression on T cells. Thus,
our results are consistent with a role for CD40 signaling in
APC activation, but not with a role for CD40 signaling di-
rectly to CD8 T cells.

One obvious difference between our studies and the
studies that showed a requirement for CD40 expression on
T cells 1s the nature of the antigen to which the CD8 T
cells are responding. The studies of Bourgeois et al. (2) ex-
amined CDS8 responses to the male HY antigen, which is
not intrinsically inflaimmatory. In contrast, influenza in-
duces an acute inflammatory response and has the ability to
directly induce the maturation of DCs into potent APCs
(3, 21, 22). Thus, the requirement for CD40 signaling di-
rectly to CD8 T cells might be bypassed by the production
of inflammatory cytokines that act directly on CD8 cells.
Despite this possibility, our data show that primary and sec-
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ondary CDS8 responses to influenza are impaired in the ab-
sence of CD40. This is consistent with a variety of reports
demonstrating that CD8 responses to lymphocytic chori-
omeningitis virus (12, 13), recombinant vaccinia virus (14),
recombinant adeno-associated virus (15), or antigens coad-
ministered with Listeria (16) are also impaired in the ab-
sence of CD40 signaling, even though each of these patho-
gens triggers a strong inflammatory response. Thus, the
inflammatory nature of a particular antigen does not en-
tirely compensate for the absence of CD40 signaling. In
fact, CD40 signaling appears to provide a uniquely potent
adjuvant-like effect that cannot be mimicked by inflamma-
tory mediators, such as LPS (23). Although it is possible
that this adjuvant-like effect could be due to CD40 signal-
ing directly to CD8 T cells in some systems, our data show
that in response to influenza, the effects of CD40 signaling
on CD8 responses are mediated indirectly through CD40
signals to non—T cells.

In summary, we find that although CD154—CD40 inter-
actions are important for CD8 T cell responses to influ-
enza, CD40 signaling directly to CD8 T cells is not re-
quired for the generation of primary effector CD8 T cells
or for the development and function of memory CD8 T
cells. In contrast, CD40 signaling on non—T cells is neces-
sary for optimal CD8 T cell responses. These data are con-
sistent with the model of APC licensing (3-5), in which
CD#4 help for CDS8 responses is provided indirectly, rather
than the model proposed by Bourgeois et al. (2), in which
CD4 T cells signal to CD8 T cells directly through CD40—
CD154 interactions.
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