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CD4* T cells promote CD8* T cell priming by licensing dendritic cells (DCs) via CD40-CD154
interactions. However, the initial requirement for CD40 signaling may be replaced by the direct
activation of DCs by pathogen-derived signals. Nevertheless, CD40-CD154 interactions are
often required for optimal CD8* T cell responses to pathogens for unknown reasons. Here we
show that CD40 signaling is required to prevent the premature contraction of the influenza-
specific CD8* T cell response. CD40 is required on DCs but not on B cells or T cells, whereas
CD154 is required on CD4* T cells but not CD8* T cells, NKT cells, or DCs. Paradoxically, even
though CD154-expressing CD4+ T cells are required for robust CD8* T cell responses, primary
CD8* T cell responses are apparently normal in the absence of CD4* T cells. We resolved this
paradox by showing that the interaction of CD40-bearing DCs with CD154-expressing CD4+
T cells precludes regulatory T cell (T reg cell)-mediated suppression and prevents premature
contraction of the influenza-specific CD8* T cell response. Thus, CD4* T helper cells are not
required for robust CD8* T cell responses to influenza when T reg cells are absent.

Primary CD8" T cell responses often require help
from CD4" T cells, which produce cytokines and
provide co-stimulation, including the engage-
ment of CD40 by its ligand CD154 (Bennett
et al., 1998; Ridge et al., 1998; Schoenberger
et al., 1998). In one model, CD4* T cells engage
CD40 on DCs and license them to become ef-
ficient antigen-presenting cells for naive CD8"
T cells (Bennett et al., 1998; Ridge et al., 1998;
Schoenberger et al., 1998). However, other
models suggest that CD4* T cells provide help
to CD8* T cells by activating B cells and pro-
moting CD40-dependent antibody responses
(Bachmann et al., 2004) or that they engage
CD40 on CD8* T cells (Bourgeois et al., 2002)
and directly promote CD8" T cell activation
or survival.

Interestingly, CD4* T cell help is not required
to prime all CD8" T cells responses. Whereas
CD8" T cell responses to noninflammatory
antigens are impaired in the absence of CD4*
T cells or CD40 signaling (Bennett et al., 1998;
Ridge et al., 1998; Schoenberger et al., 1998;
Feau et al., 2011), primary responses to some
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pathogens occur independently of CD4* T cells
or CD40 signaling (Whitmire et al., 1996, 1999;
Shedlock and Shen, 2003; Shedlock et al., 2003;
Sun and Bevan, 2003), possibly because of the
direct activation of DCs through pathogen
recognition receptors (Hamilton et al., 2001).
Curiously, primary CD8" T cell responses to
influenza virus require CD40 signaling (Lee
et al., 2003a) but not CD4" T cells (Belz et al.,
2002), suggesting that other cell types may
express CD154 and license CD40-expressing
targets in the absence of CD4" T cells. Consis-
tent with this view, activated CD8" T cells
(Hernandez et al., 2007; Wong et al., 2008) and
natural killer T cells (NKT) express CD154
(Tomura et al.,, 1999) and may license DCs
(Hernandez et al., 2007, 2008; Wong et al., 2008)
and help B cells (Chang et al., 2012) in the ab-
sence of CD4" T cells. In addition, CD154 is
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expressed on activated DCs (Johnson et al., 2009) and may di-
rectly activate CD40-expressing CD8" T cells. However, the
actual role of CD40 signaling and the cellular basis of CD40-
mediated help to CD8* T cells help are not fully understood.

Whereas helper CD4" T cells promote T and B cell re-
sponses, FoxP3-expressing CD4" regulatory T cells (T reg cells)
suppress them (Kim et al., 2007; Campbell and Koch, 2011;
Chung et al.,2011; Dietze et al.,2011; Linterman et al.,2011).
Although the potent suppressive activity of T reg cells is neu-
tralized during infection to allow robust immune responses
to pathogens, T reg cells are also involved in the late stages
of immune responses to resolve inflammation and curtail
immunopathology (Suvas et al., 2003; Fulton et al., 2010;
McNally et al., 2011). However, the relationship between
CD40-mediated CD4* T cell help and the immunosuppres-
sive activity of T reg cells in CD8" T cell responses to patho-
gens remains unexplored.

Here we determined what cells use CD40-CD154 inter-
actions and how CD40 signaling promotes CD8* T cell re-
sponses to influenza. We found that CD4" T cells were the
only cells to functionally express CD154 and that DCs were
the only cells that required CD40 for optimal CD8* T cell
responses to influenza. However, rather than licensing DCs to
prime naive CD8* T cells, CD40 signaling was required to
prevent the early contraction of the CD8* T cell response.
Despite the necessity for CD154 on CD4* T cells, we also
observed apparently normal CD8* T cell responses in the
absence of CD4" T cells. Finally, we showed that CD8* T cell
responses were normal or even enhanced when T reg cells

were depleted and that additional CD40 blockade did not
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change the CD8" T cell response. Thus, our data demonstrate
that CD154-expressing CD4* T cells stimulate DCs through
CD40 to counteract T reg cell-mediated suppression of the
CD8* T cell response during the contraction phase of the
immune response.

RESULTS

Co-stimulation through CD40 prevents premature
contraction of the CD8* T cell response

To test whether CD40-CD154 interactions played a role in
the initiation and expansion of the CD8" T cell response
to influenza, we infected C57BL/6 (B6) and Cd40~'~ mice
with influenza virus and followed the accumulation of influ-
enza nucleoprotein (NP)-specific CD8" T cells in the medi-
astinal LN (mLN). We found that the frequencies (Fig. 1 A)
and numbers (Fig. 1 B) of NP-specific CD8" T cells were
similar in B6 and Cd40~/~ mice 7 d after infection. However,
NP-specific CD8" T cells failed to accumulate in Cd40~/~
mice compared with B6 mice on day 10 after infection (Fig. 1,
A and B). Similar results were obtained in the lungs (Fig. 1, C
and D) and in Cd1547/~ mice (not depicted), as well as in
B6 mice treated with a blocking anti-CD154 antibody
(Fig. 1, E-H).These results indicated that CD40 signaling was
not required for the initial expansion of influenza-specific
CDS8* T cells, but instead prevented their early contraction.

CD40 expression is required on DCs

for influenza-specific CD8* T cell responses

CD40 signaling on B cells is required for T-dependent B cell
activation and antibody production (Han et al., 1995; Lee et al.,
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CD40 signaling prevents premature contraction of influenza-specific CD8* T cells. (A-D) B6 and Cd40~/~ mice were infected with

influenza, and the frequency (A and C) and number (B and D) of NP-specific CD8* T cells in the mLNs (A and B) and lungs (C and D) were determined by
flow cytometry at the indicated times. A-D are representative of three independent experiments (mean + SD of five mice per time point). (E-H) B6 mice
were infected with influenza and treated with either 250 pg of the CD154-blocking antibody MR1 or control antibody, and the frequency (E and G) and
number (F and H) of NP-specific CD8* T cells in the mLNs (E and F) and lungs (G and H) were determined by flow cytometry on day 10 after infection.
Plots were gated on CD8* lymphocytes. E-H are representative of five independent experiments (mean + SD of three to five mice per group). P-values

were determined using a two-tailed Student's t test.
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2003b; Goodnow et al., 2010; Vinuesa et al., 2010) but the role
of B cells in CD8" T cell responses is relatively unexplored
(Voeten et al., 2001). To test whether CD40 expression by
B cells was required for the accumulation of NP-specific CD8*
T cells, we generated BM chimeras that expressed CD40 nor-
mally (B-WT chimeras) or that were selectively CD40 defi-
cient in the B lineage (B-Cd40~/~ chimeras), infected them
with influenza, and enumerated CD19*PNAMFAS* germinal
center (GC) B cells and NP-specific CD8* T cells in the mLNs
on day 12 after infection. As expected (Lee et al., 2003b), the
frequencies (Fig. 2 A) and numbers (Fig. 2 B) of GC B cells
were reduced in B-Cd40~/~ chimeras compared with those
in B-WT chimeras. However, the frequencies (Fig. 2 C) and
numbers (Fig. 2 D) of NP-specific CD8" T cells in B-Cd40~/~
chimeras were equivalent to those in B-WT chimeras. Simi-
lar results were obtained when the NP-specific CD8* T cell
response was evaluated in the lungs (not depicted). These
results indicated that CD40-activated B cells were not re-
quired for NP-specific CD8* T cell expansion after influ-
enza infection.

Article

CD8" T cells may express CD40 and receive CD40 sig-
nals directly from CD4* T cells (Bourgeois et al., 2002). To
determine whether CD40 acted directly on CD8* T cells, we
reconstituted irradiated B6 mice with a 50:50 mix of B6.
CD45.1 BM and Cd40~/~ BM (CD45.2). We allowed the
chimeric mice to reconstitute for 2 mo, infected them with
influenza virus, and evaluated the NP-specific CD8" T cell
response 12 d later. We found that total CD8" T cells were
derived equally from both donors (Fig. 2 E) and that NP-
specific CD8" T cells were also derived equally from both
donors (Fig. 2, F and G). Similar results were obtained in the
lung (not depicted). These results suggested that CD40 did
not act directly on CD8* T cells and instead suggested that
CDA40 signaling on non-CD8* T cells indirectly promoted
CDS8* T cell responses to influenza.

To determine whether robust NP-specific CD8* T cell
responses required sustained interactions with DCs beyond
initial priming, we generated BM chimeras in which B6 mice
were reconstituted with BM from mice that express the diph-
theria toxin (DT) receptor (DTR) under the control of the
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Figure 2. CD40 is required on DCs but not T cells or B cells for efficient CD8* T cell responses to influenza. (A-D) B-WT and B-Cd40~/~ chimeras

were infected with influenza, and the frequency (A) and number (B) of GC B cells as well as the frequency (C) and number (D) of NP-specific CD8* T cells

were determined 12 d later. Plots were gated on CD19* lymphocytes (A) or CD8* lymphocytes (C). (E-G) B6:Cd40~/~ mixed BM chimeras were infected
with influenza, and the frequency of CD45.1* and CD45.2+ cells in the total CD8* T cell population (E) and in the NP-specific CD8* T cell population (F),
as well the number of CD45.1* and CD45.2+ NP-specific CD8* T cells (G) were determined by flow cytometry on day 12 after infection. A-G are represen-
tative of two (A-D) or three (E-G) independent experiments (mean + SD of five mice per group). (H and 1) Irradiated B6 mice were reconstituted with
CD11c-DTR BM, infected with influenza 8 wk later, and treated with either PBS or 60 ng DT on day 6 after infection, and the frequency (H) and num-
ber (1) of NP-specific CD8* T cells in mLNs were determined by flow cytometry on day 12. (J and K) DC-WT, DC-Cd40~/~, and DC-Cd 154/~ BM chimeras
were infected with influenza and treated with DT on days 0, 3, 5, and 7 after infection, and the frequency (J) and number (K) of NP-specific CD8* T cells
were determined by flow cytometry on day 10. H-K are representative of four (H and 1) or two (J and K) independent experiments (mean + SD of four to
five mice per group). P-values were determined using a two-tailed Student's ¢ test.
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Figure 3. The NP-specific CD8* T cell response requires CD154 expression on T cells but is normal in the absence of CD4* T cells. (A and B)
T-WT, T-Cd 154/, and T-85% chimeric mice were infected with influenza, and the frequency (A) and number (B) of NP-specific CD8* T cells were determined
on day 12. (C and D) B6 mice were infected with influenza and treated with 250 pg anti-CD4 or control IgG, and the frequency (C) and number (D) of
NP-specific CD8* T cells were calculated by flow cytometry on day 10. (E and F) B6 and /ab=/~ mice were infected with influenza, and the frequency

(E) and numbers (F) of NP-specific CD8* T cells were calculated by flow cytometry on day 10. A-F are representative of three (A, B, E, and F) or four (C and D)
independent experiments (mean + SD of four to five mice per group). P-values were determined using a two-tailed Student's ¢ test.

CD11c¢ promoter (CD11c-DTR mice; Jung et al., 2002). 2 mo
after reconstitution, we infected the chimeras with influenza,
depleted CD11c-expressing cells with DT on days 6 and 10 after
infection, and analyzed the NP-specific CD8* T cell response
on day 12. We found that after late DC depletion, both the
frequencies (Fig. 2 H) and numbers (Fig. 2 I) of NP-specific
CD8" T cells were decreased in DT-treated mice. Similar re-
sults were obtained in the lungs (not depicted). These results
confirmed that expansion of NP-specific CD8" T cells re-
quired sustained interactions with DCs in the late phase of
the primary response.

Prolonged interactions with CD154-expressing T cells may
continue to license DCs that maintain NP-specific CD8* T cell
responses, or alternatively, CD154 expression on DCs them-
selves may be important for CD8" T cell responses (Johnson
et al., 2009).To distinguish between these possibilities, we gen-
erated mixed BM chimeras in which DCs selectively lacked
CD40 (DC-Cd40~’~ mice) or CD154 (DC-Cd154~/~ mice)
as well as control chimeras (DC-WT mice). 2 mo after recon-
stitution, we infected the chimeras with influenza, treated them
with DT to ablate CD11c* cells derived from the CD11c-
DTR BM (Ledn et al., 2012), and enumerated NP-specific
CD8* T cells in the mLN. We found that the frequencies
(Fig. 2 J) and numbers (Fig. 2 K) of NP-specific CD8" T cells
were reduced in the DC-Cd40~/~ chimeras compared with
those in the DC-WT chimeras and the DC-Cd154~/~ chime-
ras. Thus, CD40 but not CD154 is required on CD11c* cells
to generate optimal NP-specific CD8" T cell responses.

Optimal NP-specific CD8* T cell

responses require CD154 expression on CD4+* T cells

To determine whether CD154 expression on T cells was
required for normal NP-specific CD8* T cell responses, we
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generated BM chimeras in which CD154 deficiency was
restricted to the T lineage (T-Cd 154/~ mice) as well as con-
trol chimeras with normal expression of CD154 (T-WT mice)
and a partial CD154 deficiency (T-85% mice). We infected
the chimeras 2 mo after reconstitution and evaluated the NP-
specific CD8" T cell response 12 d later. We found that the
frequencies (Fig. 3 A) and the numbers (Fig. 3 B) of NP-specific
CD8™* T cells were similar in the T-WT and T-85% chimeras
but were greatly diminished in the T-Cd154~/~ chimeras.
Similar results were obtained when the NP-specific CD8*
T cell response was analyzed in the lungs (not depicted).
These results indicated that expression of CD154 on T cells
was required to license normal NP-specific CD8* T cell re-
sponse to influenza.

Because CD4* T cells are well known to express CD154
(Lee et al., 2002) and to promote CD8* T cell responses in
various experimental models (Bennett et al., 1998; Ridge
etal., 1998;Schoenberger et al., 1998), we next tested whether
the depletion of CD4" T cells impaired NP-specific CD8*
T cell responses to influenza. We found that influenza-
infected B6 mice treated with control antibody or with a de-
pleting anti-CD4 antibody had nearly identical NP-specific
CD8* T cell responses at day 10 after infection (Fig. 3 C),
even though the anti-CD4 treatment depleted >98% of
CD4* T cells (not depicted). To independently confirm these
results, we analyzed the CD8" T cell response in MHC class
[I—deficient (Iab~/~) mice, which entirely lack CD4* T cells.
Consistent with our previous observation (Fig. 3, C and D), the
frequencies (Fig. 3 E) and numbers (Fig. 3 F) of NP-specific
CD8* T cells in the mLN of Iab~/~ mice were no different
than those in B6 mice. These results indicated that NP-specific
CD8* T cells accumulate normally in the absence of CD4*
T cells.

CD40 signaling counteracts T reg cell suppression | Ballesteros-Tato et al.



CD154 can be expressed by multiple T cell subsets, in-
cluding CD8* T cells (Hernandez et al., 2007; Wong et al.,
2008) and NKT cells (Tomura et al., 1999).Thus, we next eval-
uated the CD8" T cell response in CD1d-deficient (Cd1d~’")
mice, which selectively lack CD1d-restricted NKT cells
(Sonoda et al., 1999; Smiley et al., 2005). We found that NP-
specific CD8* T cells equally accumulated in the mLNs (Fig. 4,
A and B) and lungs (not depicted) of Cd1d~/~ and B6 mice.
To test whether CD154 expression on CD8" T cells was re-
quired to maximize influenza-specific CD8" T cell responses,
we purified CD4* and CD8* T cells from the spleens of either
B6 or Cd154~/~ mice and transferred mixed populations of
these cells to TerB6~ ' recipients. We infected the recipient
mice with influenza 2 d after T cell transfer and enumerated
NP-specific CD8" T cells in the mLN at day 14. We found
that the frequencies (Fig. 4 C) and numbers (Fig. 4 D) of
NP-specific CD8* T cells were similar when they were mixed
with B6 CD4* T cells, regardless of whether the CD8* T cells
were derived from B6 or Cd154~/~ donors. However, NP-
specific CD8" T cells from B6 mice failed to accumulate
when mixed with Cd1547/~ CD4* T cells (Fig. 4, C and D).
As a control, we confirmed that the number of total CD8"
T cells were similar in all groups (Fig. 4 E). These results in-
dicated that the expression of CD154 on CD4* T cells, but
not on CD8* T cells, was essential for normal primary CD8*
T cell responses to influenza.

NP-specific CD8* T cell response does not require CD40

in the absence of CD4* T cells

Our results paradoxically suggested that the interaction of
CD40 on DCs with CD154 on CD4* T cells helped the late
CD8* T cell response to influenza, even though the CD8*
T cell response was normal in the absence of CD4" T cells.
Based on these results, we hypothesized that CD40 signaling
might be dispensable in the absence of CD4" T cells. To test
this possibility, we treated B6 mice with control or depleting
anti-CD4 antibodies on days —2 and 4 as well as with control
or blocking anti-CD154 antibodies on days 0 and 4 and eval-
uated the NP-specific CD8* T cell response on day 10. We
observed that the frequencies (Fig. 5, A and C) and numbers
(Fig. 5, B and D) of NP-specific CD8* T cells were reduced
in the mLNs (Fig. 5,A and B) and lungs (Fig. 5, C and D) of
mice that received anti-CD154 alone compared with mice
that received control antibodies. However, NP-specific CD8*
T cells accumulated normally in mice that received anti-CD4
or a combination of anti-CD154 and anti-CD#4 (Fig. 5,A-D).
Similarly, we found that the blockade of CD154 compro-
mised the NP-specific CD8" T cell response in the mLNs and
lungs of B6 mice but not in the mLNs and lungs of Iab™/~
mice (Fig. 5, E-H). Moreover, in the reciprocal experiment,
we observed that NP-specific CD8* T cells failed to accumu-
late in Cd154~/~ mice when compared with B6 mice (Fig. 5,
[-L) but accumulated normally in Cd154~/~ mice after CD4
depletion (Fig. 5, I-L). Collectively, these results demonstrated
that the CD8" T cell response to influenza does not require
CD40 signaling when CD4* T cells are absent.
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Figure 4. NP-specific CD8* T cell response requires CD154
expression on CD4+ T cells but not on NKT or CD8* T cells.

(A and B) B6 and Cd7d~/~ mice were infected with influenza, and the
frequency (A) and number (B) of NP-specific CD8* T cells were calcu-
lated by on day 10. (C-E) CD4* and CD8~ T cells purified from spleens
of naive B6 and Cd754~/~ mice were adoptively transferred to
TerBS~/~ recipients, which were infected with influenza the next day,
and the frequency (C) and number (D) of NP-specific CD8* T cells and
total CD8* T cells (E) were determined by flow cytometry 14 d later.
A-E are representative of three independent experiments (mean + SD
of four to five mice per group). P-values were determined using a
two-tailed Student's ¢t test.

CD40 signaling prevents T reg cell-mediated suppression

of NP-specific CD8* T cell responses

The CD4" T cell compartment is heterogenous and includes
populations of effector T cells that provide help, as well as pop-
ulations of T reg cells that are immunosuppressive. Thus, we
hypothesized that, whereas CD154-expressing CD4* T cells
promoted CD8* T cell responses, T reg cells suppressed them.
To test this possibility, we infected DT-treated B6 and FoxP3-
DTR mice (Kim et al., 2007) with influenza and evaluated
the frequencies and numbers of FoxP3*CD4" T reg cells and
NP-specific CD8* T cell on day 10 after infection. As expected,
T reg cells were efficiently depleted in DT-treated FoxP3-
DTR mice but not in B6 mice (Fig. 6 A). In addition, the fre-
quencies (Fig. 6 B) and numbers (Fig. 6 C) of NP-specific
CD8* T cell were increased in T reg cell-depleted mice. We
next administered DT to B6 and FoxP3-DTR mice, infected
them with influenza virus, and treated them with either anti-
CD154 or control antibody. As expected, CD154 blockade
decreased the frequencies (Fig. 6 D) and numbers (Fig. 6 E)
of NP-specific CD8" T cells compared in B6 mice. However,
CD154 blockade did not impair the accumulation of NP-
specific CD8* T cells in T reg cell-depleted FoxP3-DTR mice
(Fig. 6, D and E).
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Figure 5. The NP-specific CD8* T cell response does not require CD40 signaling in the absence of CD4+* T cells. (A-D) B6 mice were treated
with combinations of control IgG, anti-CD4, and anti-CD154 and infected with influenza, and the frequency (A and C) and number (B and D) of NP-specific
CD8* T cells in the mLNs (A and B) or lung (C and D) were determined by flow cytometry on day 10. (E-H) B6 and /ab~/~ mice were treated with anti-
CD154 or control IgG and infected with influenza, and the frequency (E and G) and absolute number (F and H) of NP-specific CD8* T cells in the mLNs
(E and F) and lung (G and H) were calculated on day 10. (I-L) B6 and Cd 754/~ mice were treated with anti-CD4 or control IgG and infected with influ-
enza, and the frequency (I and K) and number (J and L) of NP-specific CD8* T cells in the mLNSs (I and J) and lung (K and L) were calculated by flow cytom-
etry on day 10. A-L are representative of three independent experiments (mean + SD of four to five mice per group). All plots were gated on CD8*

lymphocytes. P-values were determined using a two-tailed Student's t test.

To study whether T reg cells controlled NP-specific CD8*
T cell expansion late after infection, B6 and FoxP3-DTR
mice were infected with influenza and treated with DT at
days 6 and 9, and the frequencies and numbers of NP-specific
CD8" T cell were evaluated on day 12 after infection. We
found that the frequencies (Fig. 6 F) and numbers (Fig. 6 G)
of NP-specific CD8" T cell were increased when T reg cells
were depleted at late times after infection. Next, to determine
whether CD40 signaling was required in the late stage of the
influenza immune response to prevent premature contraction
of the NP-specific CD8" T cell population, we infected B6
and FoxP3-DTR mice with influenza virus, treated them
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with either control or anti-CD154 antibody on day 6 as well
as with DT on days 6 and 9, and analyzed the NP-specific
CDS8* T cell response in the mLN at day 13 after infection.
We found that late CD154 blockade decreased the frequen-
cies (Fig. 6 H) and numbers (Fig. 6 I) of NP-specific CD8*
T cells in B6 mice. However, late CD154 blockade did not
impair the accumulation of NP-specific CD8" T cells in FoxP3-
DTR mice treated with DT at days 6 and 9 after infection
(Fig. 6, H and I).

Because CD40 signaling may have a different impact on
CD8" T cell contraction in the lung, we infected B6 and FoxP3-
DTR mice with influenza virus, treated them with either

(D40 signaling counteracts T reg cell suppression | Ballesteros-Tato et al.



AT 24:03% +C 1507 p<0.05
- Q
F@, 9 8 © 100 2
1.5+0.8% o X
: £ n 50 °
3 ® g3 |
Ol 01:01% | O r o
= e [T
S|Pl Rl 8 ¢
o | e o Z 5
% 5.6 +0.3% % Y
4 2 L %
FoxP3 Tetramer [
D CtrligG a-CD154 E
-:8% 150
8 S%w :
0.4 £0.1% o | 08
[0 © °
3 v O 0 5
o - o 5 G + -+
az o o xr x
e . > 0,00'\ o o 5 K
74525% || 6.6+2.6% % oy
s T %
—— NP tetramer —p» £ 0
F B6 FoxP3-DTR G p<0.05
+ 300 [—
. _ 8 o
= : =5 o
O |4 N O © 200 }
a P 5 ;
O 104£02% || 49£18% | & & 100 s
5|
—— NP tetramer —9» a F ©
P4 m [
aQ
™
o
x
(o]
L
+a-CD154 I 00
B6  FoxP3-DTR &
O'o 200
o~
e, £ X 00| pe001
O = —
0.7801% || 34:09% | 3 8 ([% aw
A
NP tetramer ————p» Z ©° & & £
¢ Q
[22]
o
x
s
J CtrllgG  «-CD154 K
A] 300
[32]
o 'g >
18.2+3.9%|] 10.1£3.2% 50
g2
[ve) (0]
Q; x ?°
O} - O = N - - +
| o Z 0»\6 © © ¥
g & 28 E 5
o
203%71%|| 27.7£6.7%| X Ry
£ & &
—— NP tetramer —9» e °

Figure 6. The NP-specific CD8* T cell response does not require
CDA40 signaling in the absence of T reg cells. (A-C) B6 and FoxP3-DTR
mice were infected with influenza and treated with DT on days 0, 4, and 7,
and the frequency of FoxP3+CD4+* T cells (A) as well as the frequency (B)
and number (C) of NP-specific CD8* T cells were determined in the mLN

JEM Vol. 210, No. 8

Article

control or anti-CD154 antibody 6 d later, and analyzed the
NP-specific CD8" T cell response in the lungs at day 13 after
infection. We found that late CD154 blockade decreased the
frequencies (Fig. 6 J) and numbers (Fig. 6 K) of NP-specific
CD8" T cells in B6 mice. However, the late blockade of
CD154 did not impair the accumulation of NP-specific
CDS8* T cells in FoxP3-DTR mice treated with DT at days 6
and 9 after infection (Fig. 6, ] and K). Collectively, our results
indicated that CD154-expressing CD4" T cells were essential
to prevent T reg cell-mediated suppression of the influenza-
specific CD8" T cell response in the late stages of the primary
immune response.

DISCUSSION

Here we show that CD40—CD154 interactions are required
to promote robust influenza-specific CD8* T cell responses.
However, rather than being important for initial DC licensing
and CD8* T cell priming (Bennett et al., 1998; Ridge et al.,
1998; Schoenberger et al., 1998; Feau et al., 2011), CD40
signaling appears to be important to prevent the premature
contraction of the CD8* T cell response. Consistent with
conventional models (Bennett et al., 1998; Ridge et al., 1998;
Schoenberger et al., 1998; Feau et al., 2011), we find that
CD40-CD154 interactions occur between CD40-bearing DCs
and CD154-expressing CD4* T cells during influenza infec-
tion, despite apparently normal primary CD8* T cell responses
to influenza in the complete absence of CD4* T cells (Belz
et al., 2002). However, CD4" T cells are not a homogenous
population, and our data also suggest that CD4" effector
T cells express CD154 and maintain DC activation during
the late phases of the CD8" T cell response by counteracting
the suppressive effects of FoxP3-expressing CD4* T reg cells.
Thus, CD40—CD154 interactions prevent the CD8" T cell
response from waning prematurely.

by flow cytometry on day 10. (D and E) B6 and FoxP3-DTR mice were
infected with influenza, treated with anti-CD154 or control IgG on days
0 and 4, and treated with DT on days O, 4, and 7, and the frequency

(D) and number (E) of NP-specific CD8* T cells were determined in the
mLNs by flow cytometry on day 10. (F and G) B6 and FoxP3-DTR mice
were infected with influenza and treated with DT on days 6 and 9, and
the frequency (F) and absolute number (G) of NP-specific CD8* T cells
were determined in the mLN by flow cytometry on day 12. Fand G are
representative of two independent experiments (mean + SD of four to
five mice per group). (H and 1) B6 and FoxP3-DTR mice were infected with
influenza, treated with anti-CD154 or control IgG on days 6 and 9, and
treated with DT on days 6 and 9, and the frequency (H) and number (1) of
NP-specific CD8* T cells were determined in the mLN by flow cytometry
on day 12. (J and K) B6 and FoxP3-DTR mice were infected with influenza,
treated with anti-CD154 or control IgG on days 6 and 9, and treated with
DT on days 6 and 9, and the frequency (J) and number (K) of NP-specific
CD8* T cells were determined in the lung by flow cytometry on day 12.
A-E and H-K are representative of four (A-C), three (D and E), or two
(H-K) independent experiments (mean + SD of three to five mice per
group). Plots are gated on CD8* lymphocytes. P-values were determined
using a two-tailed Student's t test.
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CD40 i1s a co-stimulatory molecule on B cells that, upon
engagement with its ligand CD154, promotes CD4* T cell-
dependent B cell activation and proliferation (Elgueta et al.,
2009). CD154-expressing CD4* T cells also help other CD40-
expressing APCs like DCs and monocytes (Bennett et al., 1998;
Fujii et al., 2004; Munroe, 2009; Kurts et al., 2010). However,
reports that CD40 expression is not restricted to APCs and can
occur on fibroblasts (Fries et al., 1995; Brouty-Boyé et al.,
2000), endothelial cells (Hollenbaugh et al., 1995; Maisch et al.,
2002),and even T cells (Bourgeois et al., 2002) complicate the
model, as do reports that CD154 can be expressed on NKT
cells (Tomura et al., 1999), CD8" T cells (Hernandez et al.,
2007, 2008), platelets (Inwald et al., 2003), and even DCs
(Johnson et al., 2009). Thus, the partner cells that mediate
CD40-CD154 interactions are not always clear. Nevertheless,
we find that the expression of CD154 by CD4* T cells is both
necessary and sufficient for robust CD8* T cell responses to in-
fluenza. Conversely, we also show that CD40 must be expressed
on DCs for sustained CD8" T cell responses. Moreover, we
find no evidence for a functional role of either CD154-
expressing DCs or CD40-bearing CD8* T cells. Thus, our re-
sults are consistent with the conventional model in which
CD154-expressing CD4* T cells interact with CD40-bearing
DCs to promote their activation and antigen presentation.

Conventional models of primary CD8" T cell responses
suggest that CD8" T cells responding to soluble, inert antigens,
such as those in vaccines, require CD154-mediated CD4*
T cell help to license DCs so that they can efficiently cross-
present antigens. However later studies suggest that primary
CD8" T cell responses to pathogens (Shedlock and Shen,
2003; Shedlock et al., 2003; Sun and Bevan, 2003), including
those to influenza (Belz et al., 2002), do not require CD4*
T cell help because infection triggers an innate inflammatory
response that efficiently activates DCs in the absence of CD40
signaling (Hamilton et al., 2001). Nevertheless, CD8* T cell
responses to influenza still require CD40-CD154 interactions
(Lee et al., 2003a). Our new data show that CD40-CD154
interactions are not required for the initial licensing of DCs
or CD8*T cell priming but are required during the late phase
of the response to prevent premature contraction of CD8*
T cells. Consistent with previous models, CD40 is required
on DCs and CD154 is required on CD4* T cells, suggesting
that DC licensing, and by extension antigen presentation,
is still important during the late phase of the immune re-
sponse.This idea is consistent with data showing that antigen-
presenting DCs are important to maintain influenza-specific
CDS8* T cells in the lung (McGill et al., 2008).

Our data also show that CD40 signaling is required dur-
ing the late phase of the immune response to counteract the
suppressive activity of T reg cells. T reg cells are known to
suppress CD8" T cell responses, in part, by suppressing anti-
gen presentation by DCs (Boissonnas et al., 2010; Gorbachev
and Fairchild, 2010). During influenza infection, T reg cell
activity is likely minimized during the initial priming phase of
the CD8" T cell response because of the direct activation of
DCs by virus-derived molecules and by the innate production
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of inflammatory cytokines like IL-6 (Pasare and Medzhitov,
2003). However, during the late phase of the immune response,
virus is being cleared, inflammation is being resolved, and the
CDS8" T cell response is being maintained by newly recruited
DCs that are likely susceptible to the suppressive activities of
T reg cells (Campbell and Koch, 2011). Thus, we posit that
CD154-expressing CD4" effector cells are required at late
times after infection to maintain DC activation and antigen
presentation that will prevent the early contraction of the CD8*
T cell response.

The maintenance of antigen-experienced effector CD8*
T cells during the late phase of the immune response may also
require co-stimulatory signals that are dependent on CD40
engagement. For example, the engagement of CD27 (Hendriks
et al., 2000; Dolfi et al., 2008; Ballesteros-Tato et al., 2010),
signaling through the B transmembrane domain of the TCR.
(Teixeiro et al., 2009), and signals from cytokines such as
IL-2 (Williams et al., 2006; Feau et al., 2011), IL-7 (Kaech et al.,
2003; Ma et al., 2006), and IL-15 (McGill et al., 2010) are
required during the contraction phase of the immune re-
sponse. Thus, FoxP3-expressing CD4* T reg cells may limit
access to these signals and promote early CD8" T cell con-
traction, whereas CD154-expressing helper CD4" T cells may
amplify these signals and promote prolonged CD8* T cell
expansion. For example, T reg cells may suppress CD8* T cell
responses by consuming IL-2 (Pandiyan et al., 2007). Con-
versely, CD4* helper T cells may enable autocrine produc-
tion of IL-2 by CD8* T cells (Feau et al., 2011), perhaps
by promoting CD70 expression on DCs (Feau et al., 2012).
Similarly, T reg cells may consume IL-7 (Bayer et al., 2008),
whereas CD4* helper T cells may promote IL-7 production
(Carreno et al., 2009). Thus, the balance between CD4*
T cell-dependent, CD154-mediated DC activation and T reg
cell-mediated cytokine deprivation may determine the ulti-
mate fate of effector CD8* T cells during the contraction
phase of the immune response.

In summary, by showing that CD4" T helper cells use
CD40-CD154 interactions to counteract the suppressive ef-
fects of T reg cells, our results reconcile the conflicting reports
in the literature that CD40-CD154 interactions are required
(Lee et al., 2003a) but that CD4" T cells are dispensable (Belz
et al., 2002) for efficient primary CD8* T cell responses to
influenza. Moreover, our results support the conventional
model, in which CD154-expressing CD4* T cells interact with
CD40-bearing DCs (Bennett et al., 1998; Ridge et al., 1998;
Schoenberger et al., 1998; Feau et al., 2011), and exclude the
potential contributions of direct CD40 signaling on CD8"
T cells (Bourgeois et al., 2002) and CD154 expression by DCs
(Johnson et al., 2009). However, unlike the conventional model,
in which CD40 signaling is important for DC licensing and
CDS8* T cell priming, our results suggest that CD154-CD40
interactions are important to counteract the suppressive activity
of T reg cells during the late phase of the immune response and
prevent the premature contraction of influenza-specific CD8*
T cells. Thus, our study reveals an unexpected complexity in the
provision of CD4" T cell help via CD40—-CD154 interactions.

(D40 signaling counteracts T reg cell suppression | Ballesteros-Tato et al.



MATERIALS AND METHODS

Mice. B6, B6.129P2-Tnafrsf5™!kk (Cd407/7), B6.129S2-Tnfsf5m!mx
(Cd154-/7), B6.129S2-IgH-6™1C=/] (WMT), B6.FVB-Tg(ltgax-DTR/
EGFP) /] (CD11c-DTR), B6.129P2- Terb™ MomTdmMon — (Terbd=/=),
B6.129S-H2dIAb1-Ea (Iab=/~), and B6.IgH* Thy-12.Ptrpc* (CD45.1) mice
were originally obtained from the Jackson Laboratory. B6.CD1d-deficient
(Cd1d~/~) mice were originally obtained from S. Smiley (Trudeau Institute,
Saranac Lake, NY). B6.129S6-Foxp3™DTR. (FoxP3-DTR) mice were ob-
tained from A. Rudensky (Memorial Sloan-Kettering Cancer Center, New
York, NY). All gene-targeted animals were on the B6 background and were
bred within the University of Rochester Animal Facilities. The University of
Rochester Animal Care and Use Committee approved all procedures.

BM chimeras. Chimeric mice were generated by irradiating recipient mice
with 950 Rad from a '¥’Cs source delivered in two equal doses 4-5 h apart.
After irradiation, lethally irradiated mice were intravenously injected with
5 X 10° total BM cells from the indicated donor mice and allowed to recon-
stitute for at least 8 wk before infection. To generate mice that lacked CD40
in the B cell compartment, we irradiated B cell-deficient uMT mice and re-
constituted them with an 85:15 mix of BM from wMT and B6 donors
(B-WT chimeras) or with an 85:15 mix of BM from wMT and Cd40~/~
mice (B-Cd40~/~ chimeras). To generate mice in which half of the cells were
derived from B6 BM and half of the cells were derived from Cd154~/~ BM,
we reconstituted irradiated B6 mice with a 50:50 mix of BM from B6.
CD45.1 mice and BM from Cd154~/~ mice (CD45.2).To generate mice in
which the DCs specifically lacked either CD40 or CD154, we reconstituted
irradiated mice with an 85:15 mix of CD11¢c-DTR BM and B6 BM
(DC-WT mice), an 85:15 mix of CD11c-DTR BM and CD40~/~ BM
(DC-CD40™/~ mice), or an 85:15 mix of CD11¢-DTR BM and Cd1547/~
BM (DC-Cd1547/~ mice). Mice were treated with DT before infection to
eliminate the WT DCs. To generate mice that lacked CD154 in the T cell
compartment, we reconstituted irradiated TerB67/ with an 85:15 mix of
TerB6~/~ BM and Cd154~/~ BM (T-Cd 154~/ mice) or with an 85:15 mix
of TerB6~/~ BM and B6 BM (T-WT mice). As a final control, we reconsti-
tuted irradiated TcrB8~/~ mice with an 85:15 mix of B6 BM and Cd154~/~
BM (T-85% mice).

Infections and in vivo treatments. Infections were performed intrana-
sally with 500 egg infectious units of influenza A/PR8/34 in 100 pl PBS.
To block CD40-CD154 interactions, mice were injected intraperitoneally
with 250 pg anti-CD154 (MR-1; Bio X Cell) or 250 pug hamster IgG iso-
type-matched control antibody (Bio X Cell). To deplete CD4" cells, mice
were treated intraperitoneally with 250 pg anti-CD4 (GK1.5; Bio X Cell) or
250 pg rat IgG isotype-matched control antibody (LTF-2;Bio X Cell). In in-
dicated experiments, B6 and FoxP3-DTR received an intraperitoneal injec-
tion of 50 pg/kg DT (Sigma-Aldrich) on days 0, 4, and 7 after infection.
To deplete CD11c* cells, CD11c-DTR BM chimeras were treated with
60 ng DT.

Cell preparation and flow cytometry. Cell suspensions from mLNs were
centrifuged and resuspended in 150 mM NH,CI, 10 mM KHCO;, and
0.1 mM EDTA for 10 min to lyse red cells. Cells were then filtered through
a 70-um nylon cell strainer (BD), washed and resuspended in PBS with 5%
donor calf serum, and 10 pg/ml FcBlock (2.4G2; Trudeau Institute) for 10 min
on ice followed by staining with fluorochrome-conjugated antibodies or tet-
ramer reagents. To obtain single-cell suspensions from lungs, lungs were cut
into small fragments and digested for 45 min at 37°C with 0.6 mg/ml colla-
genase A (Sigma-Aldrich) and 30 pg/ml DNase I (Sigma-Aldrich) in RPMI-
1640 medium (Gibco). Digested tissues were mechanically disrupted by
passage through a wire mesh. Live mononuclear leukocytes were enriched
from lung suspensions by density gradient centrifugation with 1-Step Poly-
morphs (Accurate Chemical). Cell were then centrifuged and resuspended in
150 mM NH,CI, 10 mM KHCO;, and 0.1 mM EDTA for 10 min to lyse
red cells. Cell suspension was filtered through a 70-pum nylon cell strainer (BD),
washed, and resuspended in PBS with 5% donor calf serum and 10 pg/ml
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FcBlock (2.4G2) for 10 min before staining with fluorochrome-conjugated
antibodies or tetramer reagents. Fluorochrome-labeled anti-FoxP3 (FJK-16s),
anti-CD19 (1D3), and anti-B220 (RA3-6B2) were obtained from eBiosci-
ence. Fluorochrome-labeled anti-CD4 (RM4-5), anti-CD45.1 (A20), anti-
CD45.2 (104), anti-CD8a (53-6.7), and anti-CD95 (RM4-5) were obtained
from BD. Peanut agglutinin (PNA;L7381) was obtained from Sigma-Aldrich
and conjugated with FITC.The H-2DPNP;, 5, tetramer was obtained from
the National Institutes of Health Tetramer Core Facility. Intracellular staining
was performed using the mouse T reg cell staining kit (eBioscience) accord-
ing to the manufacturer’s instructions. Flow cytometry was performed using
a FACSCanto II (BD) or a C6 Flow Cytometer (Accuri), available through
the Flow Cytometry Core Facility at the University of Rochester.

T cell purifications and adoptive T cell transfers. CD4" and CD8* T cells
were purified from spleens of naive mice using LS columns and anti-CD4 or
andi-CD8 MACs beads (Miltenyi Biotec) according to the manufacturer’s
instructions. Cells were then stained with fluorochrome-labeled anti-CD4
(RM4-5) and anti-CD8a (53-6.7; BD). Single T cell preparations were
>95% pure as determined by flow cytometry. CD4* (15 X 10°/mouse) and
CD8* T cells (10 X 10°/mouse) from the indicated mice were transferred
intravenously into naive Tcrbd ™/~ recipient mice.

Statistical analysis. The statistical significance of differences in mean values
was analyzed using a two-tailed Student’s ¢ test. P-values of <0.05 were con-
sidered statistically significant.

We would like to thank Lizz LaMere and Amanda Boucher for animal husbandry.
This work was supported by the University of Rochester and by National
Institutes of Health (NIH) grants HL069409, Al072689, and Al061511 to T.D. Randall
and NIH grants Al078907 and Al068056 to F.E. Lund.
The authors have no competing financial interests.

Submitted: 13 January 2013
Accepted: 14 June 2013

REFERENCES

Bachmann, MLE, L. Hunziker, R.M. Zinkernagel, T. Storni, and M. Kopf.
2004. Maintenance of memory CTL responses by T helper cells and
CD40-CD40 ligand: antibodies provide the key. Eur. J. Immunol. 34:317—
326. http://dx.doi.org/10.1002/¢ji.200324717

Ballesteros-Tato, A., B. Le6n, EE. Lund, and T.D. Randall. 2010. Temporal
changes in dendritic cell subsets, cross-priming and costimulation via
CD70 control CD8(+) T cell responses to influenza. Nat. Immunol.
11:216-224. http://dx.doi.org/10.1038/ni.1838

Bayer, A.L., .Y. Lee, A. de la Barrera, C.D. Surh, and T.R. Malek. 2008.
A function for IL-7R for CD4+CD25+Foxp3+ T regulatory cells.
J. Immunol. 181:225-234.

Belz, G.T., D. Wodarz, G. Diaz, M.A. Nowak, and P.C. Doherty. 2002. Com-
promised influenza virus-specific CD8(+)-T-cell memory in CD4(+)-
T-cell-deficient mice. J. Virol. 76:12388—12393. http://dx.doi.org/10
1128/JV1.76.23.12388-12393.2002

Bennett, S.R., ER. Carbone, E Karamalis, R.A. Flavell, J.E Miller, and W.R.
Heath. 1998. Help for cytotoxic-T-cell responses is mediated by CD40
signalling. Nature. 393:478-480. http://dx.doi.org/10.1038/30996

Boissonnas, A., A. Scholer-Dabhirel, V. Simon-Blancal, L. Pace, E Valet, A.
Kissenpfennig, T. Sparwasser, B. Malissen, L. Fetler, and S. Amigorena.
2010. Foxp3+ T cells induce perforin-dependent dendritic cell death
in tumor-draining lymph nodes. Immunity. 32:266-278. http://dx.doi
.org/10.1016/j.immuni.2009.11.015

Bourgeois, C., B. Rocha, and C.Tanchot. 2002. A role for CD40 expression
on CD8+ T cells in the generation of CD8+ T cell memory. Science.
297:2060-2063. http://dx.doi.org/10.1126/science. 1072615

Brouty-Boyé, D., C. Pottin-Clémenceau, C. Doucet, C. Jasmin, and B.
Azzarone. 2000. Chemokines and CD40 expression in human fibro-
blasts. Eur. J. Immunol. 30:914-919. http://dx.doi.org/10.1002/1521-
4141(200003)30:3<914::AID-IMMU914>3.0.CO;2-D

Campbell, D J.,and M.A. Koch. 2011. Treg cells: patrolling a dangerous neigh-
borhood. Nat. Med. 17:929-930. http://dx.doi.org/10.1038/nm.2433

1599


http://dx.doi.org/10.1002/eji.200324717
http://dx.doi.org/10.1038/ni.1838
http://dx.doi.org/10.1128/JVI.76.23.12388-12393.2002
http://dx.doi.org/10.1128/JVI.76.23.12388-12393.2002
http://dx.doi.org/10.1038/30996
http://dx.doi.org/10.1016/j.immuni.2009.11.015
http://dx.doi.org/10.1016/j.immuni.2009.11.015
http://dx.doi.org/10.1126/science.1072615
http://dx.doi.org/10.1002/1521-4141(200003)30:3<914::AID-IMMU914>3.0.CO;2-D
http://dx.doi.org/10.1002/1521-4141(200003)30:3<914::AID-IMMU914>3.0.CO;2-D
http://dx.doi.org/10.1038/nm.2433

JEM

Carreno, B.M., M. Becker-Hapak, and G.P. Linette. 2009. CD40 regulates
human dendritic cell-derived IL-7 production that, in turn, contributes
to CD8(+) T-cell antigen-specific expansion. Immunol. Cell Biol. 87:167—
177. http://dx.doi.org/10.1038/icb.2008.80

Chang, PP, P. Barral, J. Fitch, A. Pratama, C.S. Ma, A. Kallies, ].J. Hogan, V.
Cerundolo, S.G.Tangye, R. Bittman, et al. 2012. Identification of Bcl-6-
dependent follicular helper NKT cells that provide cognate help for B cell
responses. Nat. Immunol. 13:35-43. http://dx.doi.org/10.1038/ni.2166

Chung,Y., S.Tanaka, E Chu, R.I. Nurieva, G.J. Martinez, S. Rawal,Y.H. Wang,
H. Lim, J.M. Reynolds, X.H. Zhou, et al. 2011. Follicular regulatory
T cells expressing Foxp3 and Bcl-6 suppress germinal center reactions.
Nat. Med. 17:983-988. http://dx.doi.org/10.1038/nm.2426

Dietze, K.K., G. Zelinskyy, K. Gibbert, S. Schimmer, S. Francois, L. Myers,
T. Sparwasser, K.J. Hasenkrug, and U. Dittmer. 2011. Transient depletion
of regulatory T cells in transgenic mice reactivates virus-specific CD8+
T cells and reduces chronic retroviral set points. Proc. Natl. Acad. Sci.
USA. 108:2420-2425. http://dx.doi.org/10.1073/pnas. 1015148108

Dolfi, D.V., A.C. Boesteanu, C. Petrovas, D. Xia, E.A. Butz, and P.D.
Katsikis. 2008. Late signals from CD27 prevent Fas-dependent apoptosis
of primary CD8+ T cells. J. Immunol. 180:2912-2921.

Elgueta, R., M.J. Benson, V.C. de Vries, A. Wasiuk, Y. Guo, and R.J. Noelle.
2009. Molecular mechanism and function of CD40/CD40L engagement
in the immune system. Immunol. Rev. 229:152—=172. http://dx.doi.org/
10.1111/5.1600-065X.2009.00782.x

Feau, S., R. Arens, S. Togher, and S.P. Schoenberger. 2011. Autocrine IL-2 is
required for secondary population expansion of CD8(+) memory T cells.
Nat. Immunol. 12:908-913. http://dx.doi.org/10.1038/ni.2079

Feau, S., Z. Garcia, R. Arens, H. Yagita, J. Borst, and S.P. Schoenberger. 2012.
The CD4" T-cell help signal is transmitted from APC to CD8" T-cells
via CD27-CD70 interactions. Nat Commun. 3:948. http://dx.doi.org/10
.1038/ncomms1948

Fries, K.M., G.D. Sempowski, A.A. Gaspari, T. Blieden, R.J. Looney, and R.P.
Phipps. 1995. CD40 expression by human fibroblasts. Clin. Immunol.
Immunopathol. 77:42-51. http://dx.doi.org/10.1016/0090-1229(95)
90135-3

Fujii, S., K. Liu, C. Smith, A J. Bonito, and R.M. Steinman. 2004. The linkage
of innate to adaptive immunity via maturing dendritic cells in vivo re-
quires CD40 ligation in addition to antigen presentation and CD80/86
costimulation. J. Exp. Med. 199:1607—-1618. http://dx.doi.org/10.1084/
jem.20040317

Fulton, R.B., D.K. Meyerholz, and S.M. Varga. 2010. Foxp3+ CD4 regula-
tory T cells limit pulmonary immunopathology by modulating the CD8
T cell response during respiratory syncytial virus infection. J. Immunol.
185:2382-2392. http://dx.doi.org/10.4049/jimmunol. 1000423

Goodnow, C.C., C.G.Vinuesa, K.L. Randall, E Mackay, and R. Brink. 2010.
Control systems and decision making for antibody production. Nat.
Immunol. 11:681-688. http://dx.doi.org/10.1038/ni.1900

Gorbachev, A.V,, and R.L. Fairchild. 2010. CD4+CD25+ regulatory T cells
utilize FasL as a mechanism to restrict DC priming functions in cutane-
ous immune responses. Eur. J. Immunol. 40:2006—-2015 . http://dx.doi.org/
10.1002/¢j1.200939387

Hamilton, S.E., A.R.Tvinnereim, and J.T. Harty. 2001. Listeria monocyto-
genes infection overcomes the requirement for CD40 ligand in exogen-
ous antigen presentation to CD8(+) T cells. J. Immunol. 167:5603-5609.

Han, S, K. Hathcock, B. Zheng, T.B. Kepler, R. Hodes, and G. Kelsoe. 1995.
Cellular interaction in germinal centers. Roles of CD40 ligand and B7-2
in established germinal centers. J. Immunol. 155:556-567.

Hendriks, J., L.A. Gravestein, K. Tesselaar, R.A. van Lier, T.N. Schumacher,
and J. Borst. 2000. CD27 is required for generation and long-term main-
tenance of T cell immunity. Nat. Immunol. 1:433—440. http://dx.doi.org/
10.1038/80877

Hernandez, M.G., L. Shen, and K.L. Rock. 2007. CD40-CD40 ligand inter-
action between dendritic cells and CD8+ T cells is needed to stimulate
maximal T cell responses in the absence of CD4+ T cell help. J. Immunol.
178:2844-2852.

Hernandez, M.G.,L.Shen,and K.L.Rock.2008. CD40 on APCs is needed for
optimal programming, maintenance, and recall of CD8+ T cell memory
even in the absence of CD4+ T cell help. J. Immunol. 180:4382—4390.

1600

Hollenbaugh, D., N. Mischel-Petty, C.P. Edwards, J.C. Simon, R.W. Denfeld,
PA. Kiener, and A. Aruffo. 1995. Expression of functional CD40
by vascular endothelial cells. J. Exp. Med. 182:33—40. http://dx.doi
.org/10.1084/jem.182.1.33

Inwald, D.P., A. McDowall, M.J. Peters, R.E. Callard, and N.J. Klein. 2003.
CD40 is constitutively expressed on platelets and provides a novel mech-
anism for platelet activation. Circ. Res. 92:1041-1048. http://dx.doi
.org/10.1161/01.RES.0000070111.98158.6C

Johnson, S., Y. Zhan, R.M. Sutherland, A.M. Mount, S. Bedoui, J.L.
Brady, E.M. Carrington, L.E. Brown, G.T. Belz, W.R. Heath, and
A.M. Lew. 2009. Selected Toll-like receptor ligands and viruses pro-
mote helper-independent cytotoxic T cell priming by upregulating
CD40L on dendritic cells. Immunity. 30:218-227. http://dx.doi.org/ 10
.1016/5.immuni.2008.11.015

Jung, S., D. Unutmaz, P. Wong, G. Sano, K. De los Santos, T. Sparwasser,
S. Wu, S.Vuthoori, K. Ko, E Zavala, et al. 2002. In vivo depletion of
CD11c+ dendritic cells abrogates priming of CD8+ T cells by exog-
enous cell-associated antigens. Immunity. 17:211-220. http://dx.doi.org/
10.1016/S1074-7613(02)00365-5

Kaech, S.M., ].T.Tan, E.J. Wherry, B.T. Konieczny, C.D. Surh, and R. Ahmed.
2003. Selective expression of the interleukin 7 receptor identifies effec-
tor CD8T cells that give rise to long-lived memory cells. Nat. Immunol.
4:1191-1198. http://dx.doi.org/10.1038/ni1009

Kim, J.M., J.P. Rasmussen, and A.Y. Rudensky. 2007. Regulatory T cells pre-
vent catastrophic autoimmunity throughout the lifespan of mice. Nat.
Immunol. 8:191-197. http://dx.doi.org/10.1038/ni1428

Kurts, C., B.W. Robinson, and P.A. Knolle. 2010. Cross-priming in health
and disease. Nat. Rev. Immunol. 10:403—414. http://dx.doi.org/10.1038/
nri2780

Lee, B.O., L. Haynes, S.M. Eaton, S.L. Swain, and T.D. Randall. 2002. The bio-
logical outcome of CD40 signaling is dependent on the duration of CD40
ligand expression: Reciprocal regulation by interleukin (IL)-4 and IL-12.
J. Exp. Med. 196:693-704. http://dx.doi.org/10.1084/jem.20020845

Lee, B.O., L. Hartson, and T.D. Randall. 2003a. CD40-deficient, influenza-
specific CD8 memory T cells develop and function normally in a CD40-
sufficient environment. J. Exp. Med. 198:1759-1764. http://dx.doi.org/
10.1084/jem.20031440

Lee, B.O,, J. Moyron-Quiroz, J. Rangel-Moreno, K.L. Kusser, L. Hartson, E
Sprague, EE. Lund, and T.D. Randall. 2003b. CD40, but not CD154,
expression on B cells is necessary for optimal primary B cell responses.
J Immunol. 171:5707-5717.

Leodn, B., A. Ballesteros-Tato, J.L. Browning, R. Dunn, T.D. Randall, and EE.
Lund. 2012. Regulation of T(H)2 development by CXCR5+ dendritic
cells and lymphotoxin-expressing B cells. Nat. Immunol. 13:681-690.
http://dx.doi.org/10.1038/ni.2309

Linterman, M.A., W. Pierson, S.K. Lee, A. Kallies, S. Kawamoto, T.E Rayner,
M. Srivastava, D.P. Divekar, L. Beaton, J.J. Hogan, et al. 2011. Foxp3+ fol-
licular regulatory T cells control the germinal center response. Nat. Med.
17:975-982. http://dx.doi.org/10.1038/nm.2425

Ma, A., R. Koka, and P. Burkett. 2006. Diverse functions of IL-2, IL-15,
and IL-7 in lymphoid homeostasis. Annu. Rev. Immunol. 24:657—679.
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090727

Maisch, T., B. Kropff, C. Sinzger, and M. Mach. 2002. Upregulation of
CD40 expression on endothelial cells infected with human cytomega-
lovirus. J. Virol. 76:12803-12812. http://dx.doi.org/10.1128/JV1.76
.24.12803-12812.2002

McGill, J., N. Van Rooijen, and K.L. Legge. 2008. Protective influenza-
specific CD8T cell responses require interactions with dendritic cells in
the lungs. J. Exp. Med. 205:1635-1646. http://dx.doi.org/10.1084/jem
20080314

McGill, J., N. Van Rooijen, and K.L. Legge. 2010. IL-15 trans-presentation
by pulmonary dendritic cells promotes effector CD8 T cell survival dur-
ing influenza virus infection. J. Exp. Med. 207:521-534. http://dx.doi
.org/10.1084/jem.20091711

McNally, A., G.R. Hill, T. Sparwasser, R. Thomas, and R_J. Steptoe. 2011.
CD4+CD25+ regulatory T cells control CD8+ T-cell effector differ-
entiation by modulating IL-2 homeostasis. Proc. Natl. Acad. Sci. USA.
108:7529-7534. http://dx.doi.org/10.1073/pnas. 1103782108

(D40 signaling counteracts T reg cell suppression | Ballesteros-Tato et al.


http://dx.doi.org/10.1084/jem.182.1.33
http://dx.doi.org/10.1084/jem.182.1.33
http://dx.doi.org/10.1161/01.RES.0000070111.98158.6C
http://dx.doi.org/10.1161/01.RES.0000070111.98158.6C
http://dx.doi.org/10.1016/j.immuni.2008.11.015
http://dx.doi.org/10.1016/j.immuni.2008.11.015
http://dx.doi.org/10.1016/S1074-7613(02)00365-5
http://dx.doi.org/10.1016/S1074-7613(02)00365-5
http://dx.doi.org/10.1038/ni1009
http://dx.doi.org/10.1038/ni1428
http://dx.doi.org/10.1038/nri2780
http://dx.doi.org/10.1038/nri2780
http://dx.doi.org/10.1084/jem.20020845
http://dx.doi.org/10.1084/jem.20031440
http://dx.doi.org/10.1084/jem.20031440
http://dx.doi.org/10.1038/ni.2309
http://dx.doi.org/10.1038/nm.2425
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090727
http://dx.doi.org/10.1128/JVI.76.24.12803-12812.2002
http://dx.doi.org/10.1128/JVI.76.24.12803-12812.2002
http://dx.doi.org/10.1084/jem.20080314
http://dx.doi.org/10.1084/jem.20080314
http://dx.doi.org/10.1084/jem.20091711
http://dx.doi.org/10.1084/jem.20091711
http://dx.doi.org/10.1073/pnas.1103782108
http://dx.doi.org/10.1038/icb.2008.80
http://dx.doi.org/10.1038/ni.2166
http://dx.doi.org/10.1038/nm.2426
http://dx.doi.org/10.1073/pnas.1015148108
http://dx.doi.org/10.1111/j.1600-065X.2009.00782.x
http://dx.doi.org/10.1111/j.1600-065X.2009.00782.x
http://dx.doi.org/10.1038/ni.2079
http://dx.doi.org/10.1038/ncomms1948
http://dx.doi.org/10.1038/ncomms1948
http://dx.doi.org/10.1016/0090-1229(95)90135-3
http://dx.doi.org/10.1016/0090-1229(95)90135-3
http://dx.doi.org/10.1084/jem.20040317
http://dx.doi.org/10.1084/jem.20040317
http://dx.doi.org/10.4049/jimmunol.1000423
http://dx.doi.org/10.1038/ni.1900
http://dx.doi.org/10.1002/eji.200939387
http://dx.doi.org/10.1002/eji.200939387
http://dx.doi.org/10.1038/80877
http://dx.doi.org/10.1038/80877

Munroe, M.E. 2009. Functional roles for T cell CD40 in infection and auto-
immune disease: the role of CD40 in lymphocyte homeostasis. Semin.
Immunol. 21:283-288. http://dx.doi.org/10.1016/j.smim.2009.05.008

Pandiyan, P., L. Zheng, S. Ishihara, J. Reed, and M.J. Lenardo. 2007.
CD4+CD25+Foxp3+ regulatory T cells induce cytokine deprivation-
mediated apoptosis of effector CD4+ T cells. Nat. Immunol. 8:1353—
1362. http://dx.doi.org/10.1038/ni1536

Pasare, C., and R. Medzhitov. 2003. Toll pathway-dependent blockade of
CD4+CD25+ T cell-mediated suppression by dendritic cells. Science.
299:1033-1036. http://dx.doi.org/10.1126/science. 1078231

Ridge, J.P., E Di Rosa, and P. Matzinger. 1998. A conditioned dendritic cell
can be a temporal bridge between a CD4+ T-helper and a T-killer cell.
Nature. 393:474—478. http://dx.doi.org/10.1038/30989

Schoenberger, S.P, R.E.Toes, E.I. van der Voort, R. Offringa, and C.J. Melief.
1998.T=cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L
interactions. Nature. 393:480—483. http://dx.doi.org/10.1038/31002

Shedlock, D.J., and H. Shen. 2003. Requirement for CD4 T cell help in
generating functional CD8T cell memory. Science. 300:337-339. http://
dx.doi.org/10.1126/science. 1082305

Shedlock, DJ., J.K. Whitmire, J. Tan, A.S. MacDonald, R. Ahmed, and H. Shen.
2003. Role of CD4 T cell help and costimulation in CD8 T cell responses
during Listeria monocytogenes infection. J. Inmunol. 170:2053-2063.

Smiley, S.T., PA. Lanthier, K.N. Couper, EM. Szaba, ].E. Boyson,W. Chen, and
L.L.Johnson.2005. Exacerbated susceptibility to infection-stimulated im-
munopathology in CD1d-deficient mice. J. Immunol. 174:7904-7911.

Sonoda, K.H., M. Exley, S. Snapper, S.P. Balk, and J. Stein-Streilein. 1999.
CD1-reactive natural killer T cells are required for development of
systemic tolerance through an immune-privileged site. J. Exp. Med.
190:1215-1226. http://dx.doi.org/10.1084/jem.190.9.1215

Sun, J.C., and MJ. Bevan. 2003. Defective CD8 T cell memory following
acute infection without CD4 T cell help. Science. 300:339-342. http://
dx.doi.org/10.1126/science. 1083317

Suvas, S., U. Kumaraguru, C.D. Pack, S. Lee, and B.T. Rouse. 2003.
CD4*CD25" T cells regulate virus-specific primary and memory CD8*

JEM Vol. 210, No. 8

Article

T cell responses. J. Exp. Med. 198:889-901. http://dx.doi.org/10.1084/
jem.20030171

Teixeiro, E., M.A. Daniels, S.E. Hamilton, A.G. Schrum, R. Bragado, S.C.
Jameson, and E. Palmer. 2009. Different T cell receptor signals deter-
mine CD8+ memory versus effector development. Science. 323:502—-505.
http://dx.doi.org/10.1126/science. 1163612

Tomura, M., W.G. Yu, H.J. Ahn, M. Yamashita, Y.E Yang, S. Ono, T. Hamaoka,
T. Kawano, M. Taniguchi, Y. Koezuka, and H. Fujiwara. 1999. A novel func-
tion ofValpha14+CD4+NKT cells: stimulation of IL-12 production by anti-
gen-presenting cells in the innate immune system. J. Inmunol. 163:93-101.

Vinuesa, C.G., M.A. Linterman, C.C. Goodnow, and K.L. Randall. 2010.
T cells and follicular dendritic cells in germinal center B-cell formation
and selection. Immunol. Rev. 237:72—89. http://dx.doi.org/10.1111/
3-1600-065X.2010.00937.x

Voeten, J.T., G.E Rimmelzwaan, N.J. Nieuwkoop, R.A. Fouchier, and A.D.
Osterhaus. 2001. Antigen processing for MHC class I restricted presenta-
tion of exogenous influenza A virus nucleoprotein by B-lymphoblastoid
cells. Clin. Exp. Immunol. 125:423-431. http://dx.doi.org/10.1046/
3.1365-2249.2001.01613.x

‘Whitmire, J.K., M.K. Slifka, I.S. Grewal, R.A. Flavell, and R. Ahmed. 1996.
CD40 ligand-deficient mice generate a normal primary cytotoxic
T-lymphocyte response but a defective humoral response to a viral
infection. J. Virol. 70:8375-8381.

‘Whitmire, J.K., R.A. Flavell, L.S. Grewal, C.P. Larsen, T.C. Pearson, and R.
Ahmed. 1999. CD40-CD40 ligand costimulation is required for gen-
erating antiviral CD4 T cell responses but is dispensable for CD8 T cell
responses. J. Immunol. 163:3194-3201.

Williams, M.A., AJ. Tyznik, and M.J. Bevan. 2006. Interleukin-2 signals dur-
ing priming are required for secondary expansion of CD8+ memory
T cells. Nature. 441:890-893. http://dx.doi.org/10.1038/nature04790

Wong, K.L., EC. Lew, P.A. MacAry, and D.M. Kemeny. 2008. CD40L-
expressing CD8 T cells prime CD8alpha(+) DC for IL-12p70 pro-
duction. Eur. J. Immunol. 38:2251-2262. http://dx.doi.org/10.1002/eji
.200838199

1601


http://dx.doi.org/10.1016/j.smim.2009.05.008
http://dx.doi.org/10.1038/ni1536
http://dx.doi.org/10.1126/science.1078231
http://dx.doi.org/10.1038/30989
http://dx.doi.org/10.1038/31002
http://dx.doi.org/10.1126/science.1082305
http://dx.doi.org/10.1126/science.1082305
http://dx.doi.org/10.1084/jem.190.9.1215
http://dx.doi.org/10.1126/science.1083317
http://dx.doi.org/10.1126/science.1083317
http://dx.doi.org/10.1084/jem.20030171
http://dx.doi.org/10.1084/jem.20030171
http://dx.doi.org/10.1126/science.1163612
http://dx.doi.org/10.1111/j.1600-065X.2010.00937.x
http://dx.doi.org/10.1111/j.1600-065X.2010.00937.x
http://dx.doi.org/10.1046/j.1365-2249.2001.01613.x
http://dx.doi.org/10.1046/j.1365-2249.2001.01613.x
http://dx.doi.org/10.1038/nature04790
http://dx.doi.org/10.1002/eji.200838199
http://dx.doi.org/10.1002/eji.200838199



