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FIG. 6. Cyclosporine A inhibits the activation of NFAT by Tax2. (A
and B) Jurkat cells (4 X 10° cells) were transfected with the indicated
plasmids. At 42 h after transfection, the cells were treated with PMA
and ionomycin or medium alone for 6 h. In addition, the Jurkat cells
were treated with 0.2 wM of cyclosporine A (CsA) 0.5 h before treat-
ment with PMA and ionomycin or treated with 0.2 uM of cyclosporine
A 6 h after transfection with the tax2 plasmid. Cell lysates were pre-
pared and the luciferase and B-galactosidase activities were measured.
Luciferase activity was normalized to that of B-galactosidase. The fold
activation represents the luciferase activity of cells transfected with the
tax2 plasmid relative to that with the control plasmid. Error bars
indicate standard deviations. Three independent experiments were
carried out to confirm reproducibility.

Cyclosporine A inhibits the activation of NFAT by Tax2.
Cyclosporine A is a well-characterized inhibitor of the NFAT
activation pathway (9). Cyclosporine A forms a complex with
cyclophilin, and this complex specifically inhibits the activity of
calcineurin, a calmodulin-dependent phosphatase. Calcineurin
is required to dephosphorylate NFAT prior to its translocation
to the nucleus. We next examined whether cyclosporine A
could inhibit the activation of NFAT by Tax2.

Cyclosporine A potently inhibited the Tax2 activation of
luciferase expression from pNFAT-Luc as well as that from
pIL-2-Luc in Jurkat cells (Fig. 6A). The inhibition by cyclo-
sporine A was specific to the activation of NFAT, since the
activation of NF-kB («B-Luc) and viral CRE (WT-Luc) by
Tax2 was unaffected by cyclosporine A (Fig. 6B). Consistent
with these results, cyclosporine A also inhibited nuclear NFAT
localization in HTLV-2-infected cells (Ton1) as well as in Jur-
kat cells treated with PMA and ionomycin (Fig. 7A). In addi-
tion, cyclosporine A inhibited the inducible expression of IL-2
mRNA in HTLV-2-infected cells (PBL2) as well as in Jurkat
cells transfected with the fax2B plasmid and in Jurkat cells
treated with PMA and ionomycin (Fig. 7B). These results
indicated that the activation of NFAT by Tax2 was sensitive to
cyclosporine A inhibition, suggesting that Tax2 activates
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FIG. 7. Cyclosporine A inhibits the induction of IL-2 mRNA by
Tax2 in T-cell lines. (A) Jurkat cells were treated with 20 ng/ml of
PMA and 2 wM of ionomycin for 6 h together with 1 pM of cyclo-
sporine A (CsA) for 6.5 h. Tonl cells were treated with cyclosporine A
for 24 h. Nuclear extracts were prepared from the cells and incubated
with the NFAT site probe. Binding to the NFAT site probe was
measured by EMSA as described in Materials and Methods. The
position of the specific main complex with the NFAT element is indi-
cated. The position of the NFAT complex is indicated. {B) Jurkat cells
were either transfected with the tax2B plasmid or treated with PMA
and ionomycin. Then, Jurkat and Tonl cells were treated with 1 pM of
cyclosporine A (CsA) for 6.5 h (Jurkat) and 24 h (Tonl). Total RNA
was isolated and the RT-PCR products corresponding to IL-2 and
g-actin mRNAs were amplified. The products were size-separated on
a 2% agarose gel stained with ethidium bromide. The experiments
were repeated three times to confirm reproducibility.

NFAT at the level at or upstream of the cyclophilin/calcineurin
point of the signaling pathway.

Then, we examined whether NFAT activation in HTLV-2-
infected cells regulates their growth. To check this, we cultured
HTLV-2-infected cells in the presence or absence of cyclaspor-
ine A. PBL2 and PBLO1 are IL-2-dependent HTLV-2-immor-
talized T-cell lines. These two cell lines still grew in the absence
of IL-2, but overall cell growth was reduced by culture with
cyclosporine A for 3 to 7 days (Fig. 8). However, growth inhi-
bition by cyclosporine A was abrogated by the addition of IL-2
to the culture. On the other hand, cyclosporine A negligibly
affected the growth of HTLV-uninfected cells (Jurkat) and an
IL-2-dependent HTLV-1-infected T-cell line (ILT-Koy), in ei-
ther the absence or presence of IL-2. These results suggested
that constitutive activation of NFAT supports the cell growth
of IL-2-dependent HTLV-2-infected cells in the absence of
IL-2.

Uniike in IL-2-dependent cells, cyclosporine A did not in-
hibit the growth of two IL-2-independent HTLV-2-infected
T-cell lines (Tonl and MoT) in the presence or absence of
IL-2. MoT was derived from a hairy cell leukemia patient,
while Tonl was established by in vitro transformation with
lethally irradiated HTLV-2-infected T cells. It should be noted
that IL-2-independent immortalization by HTLV-2 in vitro
occurs much less frequently than IL-2-dependent immortaliza-
tion. Thus, these IL-2-independent T-cell lines are likely to
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FIG. 8. Cyclosporine A inhibits growth of IL-2-dependent HTLV-2-infected cells. (A and B) The indicated T-cell lines were cultured in a
combination of IL-2 and/or 0.5 pM of cyclosporine A (CsA) for 7 days. The number of viable cells (A) and the morphology of PBL2 cells at day
7 (B) were examined using a microscope. The experiments were repeated three times to confirm reproducibility.

have a genetic or epigenetic change(s), with such changes pos-
sibly conferring resistance to the inhibition of cell growth by
cyclosporine A.

Finally, since NFAT regulates the induction of multiple cy-
tokine genes, we examined whether IL-2 mediates the induced
proliferation of HTLV-2-infected T-cell lines by Tax2 medi-
ated through NFAT. For this purpose, two IL-2-dependent
HTLV-2-infected T-cell lines, an IL-2-dependent HTLV-1-in-
fected T-cell line, and 1L-2-independent Jurkat cells were cul-
tured in the absence of IL-2 and presence of two anti-IL-2
receptor antibodies («-chain and p-chain), which can inhibit
IL-2-dependent proliferation. Anti-IL-2 receptor antibodies
reduced the growth only of the two HTLV-2-infected T-cell
lines (Fig. 9). The effect of anti-IL-2 receptor antibodies was
specific to HTLV-2-infected cell lines, since such cell growth
inhibition was not observed for the HTLV-1-infected T-cell
line or the Jurkat cell line. These results indicated that in
HTLV-2-infected cells, induction of IL-2 production, mediated
through NFAT activation, promotes proliferation.

DISCUSSION

Greene et al. reported that HTLV-2 Tax2 induces expres-
sion of IL-2 and IL-2R a-chain genes (13). However, whether
induction of IL-2 gene expression plays a role in cell growth
properties and phenotypes of HTLV-2-infected cells and how
Tax2 activates IL-2 gene expression have not been character-
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ized fully. In this study, we demonstrated that HTLV-2 Tax2
activated IL-2 gene expression, thereby promoting the prolif-
eration of HTLV-2-infected T cells in the absence of IL-2.
These resulls strongly suggest that an IL-2 autocrine loop is
essential for maintaining the proliferation of HTLV-2-infected
cells in low-IL-2 conditions in vitro as well as in vivo, thereby -
enabling establishment of life-long HTLV-2 infection. Unlike
HTLV-2, HTLV-1 did not utilize the same IL-2 autocrine
strategy for immortalization of T cells. These results suggest
that immortalization of T cells by HTLV-2 through an IL-2
autocrine loop is a factor establishing a benign persistent in-
fection which does not induce adult T-cell leukemia or related
malignancies.

The anti-IL-2R B-chain antibody that we used here inhibits
signaling by IL-15, which also promotes T-cell growth. There-
fore, IL-15 may also be involved in the growth of HTLV-2-
infected cells. Azimi et al. showed that HTLV-1 Tax1 induces
the expression of IL-15 through NF-xkB (5), but anti-IL-2R
antibodies did not inhibit the growth or survival of HTLV-1-
infected T cells (Fig. 9). Thus, it is unlikely that IL-15 is
selectively involved in the growth of HTLV-2-infected cells but
not HTLV-1-infected cells. Taken together, the experiments
using anti-IL-2 receptor antibodies suggest that IL-2 produced
from HTLV-2-infected T cells stimulates their growth.

IL-2 produced from HTLV-2-infected T-cell lines (PBLO1
and PBL2) stimulated their growth but such IL-2 was not
sufficient to support their continuous growth in vitro (Fig. 8
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FIG. 9. Anti-IL-2R antibodies inhibit the growth of IL-2-dependent HTLV-2-infected cells. (A and B) The indicated T-cell lines were cultured
in the absence of IL-2 together with anti-IL-2R antibodies (5 pg/ml of H31 and 5 pg/ml of TU27) or with 10 jug/ml of control antibody for 7 days.
The number of viable cells (A) and the morphology of PBL2 cells at day 7 (B) were examined using a microscope. The experiments were repeated

three times to confirm reproducibility.

and 9). Thus, it is unclear whether IL-2 produced from HTLV-
2-infected T-cell lines is sufficient for their continuous survival
and cell growth in vivo. IL-2 induction by Tax2 was synergis-
tically enhanced in Jurkat cells treated with PMA and iono-
mycin (data not shown), suggesting that antigen stimulation
and Tax2 cooperatively induce the production of IL-2 in
HTLV-2-infected T cells, which may fully support the survival
and growth of HTLV-2-infected T cells in vivo. Further studies
are, however, required to establish to what extent I1.-2 con-
tributes to the long-term survival and cell growth of HTLV-2-
infected T cells in vivo.

There is no substantial evidence that growth of HTLV-1-
infected cells is regulated by autocrine factors, including 11.-2
(3, 39). Instead, several studies suggested that intracellular
Taxl directly attacks the host cell cycle machinery through a
protein-protein interaction to promote cell growth. For in-
stance, Tax1 interacts with several cell cycle regulators such as
p16INK4A and CDK4, and the interactions are correlated with
the cell cycle promotion induced by Taxl (14, 35). HTLV-1-
infected cells accumulate multiple genetic and epigenetic
changes before adult T-cell leukemia development. Thus, the
autocrine promotion of cell proliferation by HTLV-2 may re-
sult in less accumulation of genetic and/or epigenetic changes
in infected cells.

In activated T cells, NFATp binds to the NFAT site on the
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IL-2 promoter as a complex with another transcription factor,
AP-1(6). AP-1 is a heterodimer or homodimer of Jun and Fos
family members, and Tax1 activates AP-1-dependent transcrip-
tion through inducing the expression of various AP-1 family
members (11, 17). Stimulation via AP-1 does not, however,
account for the differences in the interaction of Tax2 and Tax1
with the IL-2 NFAT site, since both Taxl and Tax2 activate
AP-1-dependent transcription, and their activities were equiv-
alent (data not shown).

Experiments using chimeric Tax proteins indicated that the
Tax2B amino acid region between 60 and 300 included a factor
required for the augmented NFAT activity. Since this region in
Tax2B and Tax2A differs by only one amino acid, the con-
served amino acid variation(s) of Tax2B and Tax2A relative to
Tax1 must account for the differences in NFAT activity. We
are comprehensively delineating the domain of Tax2 respon-
sible for this activity. As a next step, we will examine whether
this Tax2-specific function is involved in the immortalization of
primary T cells as well as persistent HTLV-2 infection in rabbit
or rat model systems using a molecular clone of HTLV-2.

Several differences between Tax] and Tax2 have been iden-
tified. For instance, Tax1 has greater transforming activity to-
ward the Rat-1 fibroblast cell line (measured as colony forma-
tion in soft agar) than Tax2, and this difference is mediated by
a PDZ domain binding motif (PBM) in Taxl1, which is missing



Vou. 79, 2005

in Tax2. Since the PBM is localized at the C-terminal end of
Tax1, PBM does not explain the reduced NFAT activation by
Tax1 (16). Second, when the expression plasmids were trans-
fected into a cell line, Tax2 localized in the cytoplasm while
Tax1 localized in the nucleus (26). Thus, multiple differences
between Taxl and Tax2, including the activation of NFAT, are
probably involved in the distinct pathogenesis of HTLV-1 and
HTLV-2. Thus, further analysis is required to understand how
the distinct pathogenesis of two related viruses is determined.

While NFAT, AP-1, and NF-«kB are constitutively active in
HTLV-2-infected cells, only AP-1 and NF-xB are constitu-
tively activated in HTLV-1-infected cells. These three tran-
scription factors are critical components of T-cell activation,
differentiation, and proliferation during immune activation.
These functions are carried out mainly through regulation of
cytokine gene expression. Specifically, NFAT and AP-1 inter-
act with each other to cooperatively regulate the expression of
several cytokines, including IL-2, during an immune response
(23). Thus, individuals infected with HTLV-1 and HTLV-2
would have distinct long-term cytokine profiles during persis-
tent infection. Consequently, such distinct cytokine production
may alter the immune status of HTLV infection, thereby being
a factor responsible for the different modes of pathogenesis of
HTLV-1 and HTLV-2.

In addition to adult T-cell leukemia, HTLV-1 is associated
with several chronic inflammatory diseases such as HTLV-1-
associated myelopathy/tropical spastic paraparesis and HTLV-
1-associated vveitis. While HTLV-2 infection is not associated
with development of adult T-cell lenkemia, recent results sug-
gest that HTLV-2 is associated with HTLV-1-associated my-
elopathy/tropical spastic paraparesis. Thus, cyclosporine A and
anti-IL-2 receptor antibodies, especially cyclosporine A or re-
lated NFAT inhibitors, may be promising candidates for ther-
apeutics for HTLV-2-associated diseases.
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During Viral Infection of the Respiratory Tract, CD27, 4-1BB,
and OX40 Collectively Determine Formation of CD8" Memory
T Cells and Their Capacity for Secondary Expansion’

Jenny Hendriks,* Yanling Xiao,* John W. A. Rossen,’ Koenraad F. van der Sluijs,”
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Independent studies have shown that CD27, 4-1BB, and OX40 can all promote survival of activated CD8"' T cells. We have
therefore compared their impact on CD8* memory T cell formation and responsiveness within one, physiologically relevant model
system. Recombinant mice, selectively lacking input of one or two receptors, were challenged intranasally with influenza virus, and
the immunodominant virus-specific CD8" T cell response was quantified at priming and effector sites. Upon primary infection,
CD27 and (to a lesser extent) 4-1BB made nonredundant contributions to accumulation of CD8™* virus-specific T cells in draining
lymph nodes and lung, while OX40 had no effect. Interestingly though, in the memory response, accumulation of virus-specific
CD8* T cells in spleen and lung critically depended on all three receptor systems. This was explained by two observations: 1)
CD27, 4-1BB, and OX40 were collectively responsible for generation of the same memory CD8™ T cell pool; 2) CD27, 4-1BB, and
0X40 collectively determined the extent of secondary expansion, as shown by adoptive transfers with standardized numbers of
memory cells. Surprisingly, wild-type CD8" memory T cells expanded normally in primed OX40 ligand- or 4-1BB ligand-deficient
mice. However, when wild-type memory cells were generated in OX40 ligand- or 4-1BB ligand-deficient mice, their secondary
expansion was impaired. This provides the novel concept that stimulation of CD8* T cells by OX40 and 4-1BB ligand during
priming imprints into them the capacity for secondary expansion. Our data argue that ligand on dendritic cells and/or B cells may

be critical for this. The Journal of Immunology, 2005, 175: 1665-1676.

n effective immune response relies on the clonal ampli-
fication of Ag-specific T cells and their accumulation at
the site of infection. For long-term protection, part of the
Ag-specific T cell pool must be retained as memory cells, which
respond rapidly to renewed challenge. Naive T cell expansion is
initiated by TCR signaling, but this alone is not sufficient. Co-
stimulatory receptors must be engaged, which promote T cell di-
vision and survival and may direct development of effector func-
tions. Costimulatory receptors comprise Ig superfamily members,
including CD28 and ICOS, and TNFR family members, such as
CD27, 4-1BB, and OX40 (1, 2). Like the TCR, CD28 and relatives
signal via tyrosine kinases, while costimulatory TNFR family
members signal via TNFR-associated factors (3). Both mecha-
nisms activate the NF-xB and Jun kinase pathways, posing the
question as to whether signals provided by the various costimula-
tory receptors merely add to TCR signaling and to each other in
quantitative terms.
Previously, we have determined that CD27 gives a critical sur-
vival signal to activated T cells (4). Upon intranasal infection with
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influenza virus, CD27 and CD28 equally contributed to expansion
of virus-specific CD8™ T cells and their accumulation at the ef-
fector site. Unlike CD28, CD27 did not affect cell cycle entry or
activity. Rather, CD27 protected primed T cells from apoptosis (4)
and appeared 1o complement CD28 in its antiapoptotic effect (5).
4-1BB and OX40, the closest relatives of CD27 (1, 2), also pro-
mote activated T cell survival, apparently by stimulating expres-
sion of inhibitory Bcl-2 family members (6, 7). Although this sug-
gests redundancy between CD27, 4-1BB, and OX40,
complementarity may lie in their selective effects on certain cell
populations and the timing of their involvement. The expression
patterns of these receptors give a clue that this might be the case.
CD27 is already expressed on naive T cells (8, 9), but 4-1BB and
0X40 are induced by TCR signals, with CD28 enhancing their
expression (6, 10-12). Accordingly, in activated T cells lacking
4-1BB or OX40 signaling, survival is not compromised initially,
but it is defective iv the later divisions {6, 13).

The ligands are TNF-related transmembrane molecules, which
emerge transiently, under strict control of Ag receptors and TLRs
(3. 8). CD70, the ligand of CD27, 4-1BB ligand (4-1BBL),” and
0X40 ligand (OX40L) have all been found on activated lympho-
cytes and mature dendritic cells (DC) (10, 14-17), indicating that
receptor/ligand interactions come into play during communication
between T cells and APCs as well as among effector T cells. Lim-
ited data are available on their expression in vivo. Deliberate con-
stitutive expression of CD70, 4-1BBL, or OX40L by transgenesis
upsets lymphocyte homeostasis, leading to immunodeficiency or
autoimimunity, indicating that the transient availability of these
ligands is crucial to prevent pathogenesis (18-21).

3 Abbreviations used in this paper: 4-1BBL, 4-1BB ligand; DC, dendritic cell; DLN,
draining lymph node; NP, nuclear protein; OXA40L, OX40 ligand.

0022-1767/05/$02.00
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Phenotypes of receptor- and ligand-deficient mice are subtle as
compared with phenotypes of mice in which the receptors are de-
liberately stimulated. Agonistic anti-4-1BB or anti-OX40 Abs res-
cued T cells from activation-induced cell death and promoted
memory formation (22, 23). In CD70 trapsgenic mice, effector
CD47 and CD8™ T cells develop in the absence of deliberate
antigenic challenge (18, 19), and in nonimmunized OX40L trans-
genic mice, CD4” effector T cells accumulate (20). In addition, in
CD70 transgenic mice, CD8 effector T cells, and in OX40L
transgenic mice, CD47 effector T cells showed decreased contrac-
tion after antigenic challenge (20, 24).

Like the studies with deliberate receptor triggering, initial anal-
ysis of receptor- and ligand-deficient mice suggested that 4-1BB
and OX40 selectively impact on CD8" and CD4™ effector T cells,
respectively, while CD27 impacts on both. In CD277/~ mice in-
fected intranasally with jofluenza virus, accumulation of both
CD4™ and CD8™ effector T cells was reduced (25). In mice lack-
ing 4-1BBL, fewer CD8" effector T cells and memory T cells
developed upon ip. challenge with influenza virus (26-28).
OX40- and OX40L~deficient mice had reduced primary CD4* T
cell responses to intranasal virus and to protein Ags (29-31).
Lower frequencies of effector CD4™ T cells were generated late in
the primary response, and fewer CD4™ memory T cells developed
(32). However, recent work indicates that this specialization is not
absolute: OX40 can promote primary CD8 T cell responses (33,
34) by supporting CD8" T cell survival (34).

There are many data on the role of costimulatory receptors in
primary responses, but less is known about their importance for
memory responses. In our model of intranasal delivery of influenza
virus, accumulation of CD8™ effector T cells in the memory Te-
sponse critically depended on both CD27 and CD28 (4, 25). Upon
i.p. delivery of influenza virus, 4-1BBL ™" and OX40L™"" mice
were selectively impaired in CD8" and CD4™ memory T cell re-
sponses, respectively (28, 35). In a model of virus-induced lung
inflammation, OX40 also controlled accunulation of CD4™ effec-
tor cells in the memory response (33, 36). These data suggest that
CD27 and 4-1BB are important for antiviral CD8™ memory re-
sponses, while OX40 is not.

In this study, we used recornbinant mice deficient for CD27,
4-1BB, and/or OX40 signaling to address the question as to
whether these receptors make complementary contributions to the
same antiviral CD8™ T cell response. We discriminated between
effects on the primary response, memory formation, and secondary
expansion. We found, unexpectedly, that formation of the same
CD8™ memory T cell pool, as well as its capacity for secondary
expansion, depended on the collective, nonredundant contributions
of CD27, 4-1BB, and 0X40. In addition, we revealed that 4-1BB
and OX40 endowed CD8™ T cells with the capacity for secondary
expansion during the primary response.

Materials and Methods
Mice

Wild-type, CD277/™ (25), 4-1BBL™" (27), and OX40L™"" (31) mice
were on C57BL/6 background and used for experiments at 610 wk of age,
in accordance with institutional and national guidelines. Mice were of the
CD45.2 allotype, unless specified otherwise.

Flow cytomeiry

Lungs, spleens, and lung draining lymph nodes (DLNP® were forced
through a nylon mesh in IMDM with 8% FCS to acquire single cell sus-
pensions. Erythrocytes were lysed on ice for 2 min in 0.14 M NH,C1, 0.017
M Tris-HCl, pH 7.2. Cells were preincubated with Fc block (mAb to
CD16/CD32, 2.4G2; BD Biosciences) and washed in staining buffer (PBS,
0.5% BSA, 0.01% sodium azide). Next, cells were incubated with specitic
Abs conjugated to FITC, PE, or allophycocyanin. Allophycocyanin-labeled
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tetramers of the murine MHC class 1 H-2D" H chain. B-microglobulin,
and the influenza nuclear protein (INP)yqq_574 peptide ASNENMDAM were
prepared as described and used in combination with anti-CD8 mAb (37).
Cells were analyzed using a FACSCalibur and CellQuest software (BD
Biosciences). Propidium iodide-stained dead cells were excluded from
analysis. mAb used for immunofluorescence were anti-CD3¢, SO0A2; anti-
CD8b.2, 53-5.8; anti-CD4, GKL.5; anti-CDlle, N-418; anti-CD27,
LG.3A10; anti-CD45R/B220, RA3-6B2; anti-CD45.1, A20; anti-OX40,
0OX-86; anti-4-1BB, 1AH2 {subclone of 53A2); anti-CD70, 3BY; anti-
OXN40L, RM134L; and anti-4-1BBL, TKS-1.

Virus infection

Influenza virus strain A/NT/60/68 was grown, purified, and tested for hem-
agglutinin activity and infectious titers in the Department of Virology.
Erasmus University Rotterdam. Mice were anesthetized and infected in-
wranasally with 50 ul of HBSS containing 25 hemagglutinin units of virus
to induce primary responses. Six weeks later, 100 hemagglutinin units of
the same virus were used (o induce memory responses. In this model of
viral infection of C57BL/6 mice, we can only read out the CD8" T cell
response with the aid of MHC tetramers, because the immunodominant
epitope for CD4™ T cells is undefined.

Determination of virus-specific Ig levels and virus-neutralizing
activity

Virus-specific Ig levels were determined, as described previously (38). In
brief. blood was collected from the tail vein in heparin-treated tubes. Den-
sity gradient-purified intluenza virus was coated onto 96-well flat-bottom
microtiter plates (Nunc). Wells were incubated with serially diluted sera,
followed by biotinylated goat anti-mouse IgM. IgGl, IgG2a, IgG2b, or
IgG3 mAb (Southern Biotechnology Associates) and streptavidin-conju-
gated HRP (Sigma-Aldrich). Substrate 3,3'.5.5' tetramethylbenzidine
(Merck) was used to develop the reaction. Endpoint titers were expressed
as reciprocal log, of the last dilution, which gave an ODys5, of =0.1 OD
unit above the OD,q, of the negative control {pooled serum from nonim-
munized mice). Virus-peutralizing activity of serum Ig was tested with the
hemagglutination inhibition assay. In this assay, serial serum dilutions are
incubated with a standard dose of influenza virus and chicken RBC.

Determination of viral loads

Lungs were harvested at the indicated days after infection and homoge-
nized at 4°C in sterile saline with a tissue homogenizer (BioSpec Products).
Lung homogenate was dissolved in TRIzol reagent, and RNA was isolated
according to the manufacturer’s protocol (Invirogen Life Technologies).
cDNA synthesis was performed using a random hexamer cDNA synthesis
kit (Applera). cDNA samples were assayed in duplicate in a 25-ul reaction
mixture containing 5 fu of cDNA, 12.5 ul of 2X Taqman Universal PCR
Master Mix (Applied Biosystems), 900 nM influenza virus A forward
primer (AAG ACC AAT CCT GTC ACC TCT GA), 900 oM influenza
virus A reverse primer (CAA AGC GTC TAC GCT GCA GTC C), and 200
oM influenza A probe (TTT GTG TTC ACG CTC ACC GT) (39). The
fluorogenic probe was labeled with a 5’ reporter dye, FAM and with a 3’
quencher dye, TAMRA. Amplification and detection were performed in the
ABI Prism 7700 sequence-detection system (Applied Biosystems), using
the following conditions: 2 min at 50°C and 10 min at 95°C, followed by
45 cycles of 15 s at 95°C and 1 min at 60°C. The viral load present in a
sample was calculated using a standard curve of influenza virus in every
assay run. Differences between groups were analyzed by a Mann-Whitney
U test using GraphPad Prism version 4.00 for Windows (GraphPad).

Preparation of purified T cells

Cell suspensions were passed over nylon wool (Polysciences) and incu-
bated on ice for 30 min with mAb M5/114.15.2 to MHC class II (BD
Biosciences), followed by 30 min of incubation on ice with 100 pl of goat
anti-mouse Ig-coated magnetic beads and 20 pl of sheep anti-rat Ig-coated
magnetic beads (Advanced Magnetics) per 107 cells. Beads were removed
by magnetic sorting.

Adoptive transfers

For all adoptive transfers, purified splenic T cells were used. Where indi-
cated, donor T cells were labeled with CFSE (Molecular Probes) before
adoptive transfer (4). Donor T cells were suspended in 200 pl of HBSS and
injected into the tail vein of recipient mice at the indicated concentrations,
and mice were infected 2 days later. Recipient mice had been infected 6 wk
carlier to ensure a primed environment for transferred T cells. For the
experiment depicted in Fig. 5, purified T cells isolated from four primed
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CD45.2% wild-type, CDH277/7. OX40L™"", and 4-1BBL™"" mice were
pooled apd stained with H-2DP/NPyq, 5., tetramers. T cell populations
used for adoptive transfer were standardized to contain 1 X 10° H-2DY
NP _aaq-specific T cells per CD45.1" wild-type recipient mouse (n = 4).
For the experiment depicted in Fig. 6, donor T cells were derived trom
three primed CD45.1™ wild-type mice, pooled. and injected at 10 X 10°
per mouse into CD45.27 recipient mice of wild-type, OX40L™"", or
4-1BBL ™'~ phenotype (# = 3). For the experiment depicted in Fig. 7, 25 X
10° purified T cells from four naive CD45.1" mice were first injected into
CD45.2" wild-type, OX40L ™", or 4-1BBL ™'~ mice, which were infected
2 days later (2 = 3). After 6 wk. T cells were purified from spleen, pooled,
and stained with H-2D*/NP,_ 74 tetramers as well as with CD45.2-spe-

cific mAb. Populations of purified T cells standardized to contain 0.5 X 10°
H-2DP/NPag_sra-specific T cells of CD45.1% or CD45.27 phenotype were
injected per wild-type recipient mouse of the CD45.2" or CD45.17 phe-
notype, respectively (n = 3).

Results
Primary T cell responses to influenza virus in the absence of
CD27, 4-1BBL, and OX40L

Intranasal challenge with influenza virus A/NT/60/68 results in T
cell priming in mediastinal lung DLN, followed by an influx of
effector T cells into the lung (37). The infection with this strain is
mild and not accompanied by extensive lung inflammation or for-
mation of BALT. Among different influenza virus strains tested,
A/NT/60/68 best reveals the CD27-deficient phenotype (our
unpublished results). To follow virus-specific CD8™ T cells, we
used MHC H-2DP tetramers loaded with the immunodominant
NP,4_374 peptide. In wild-type mice. H-2D/NP;46_574~ CD8™ T
cells appeared in the lung at day 6 after infection, reached peak
numbers at day 8—10, and declined thereafter (Fig. 1). In the lungs
of CD277" mice, accumulation of H-2DP/NP4_s-4-specific T
cells was greatly reduced, as documented previously (4, 25). In
absence of 4-1BBL, the CD8" T cell response in lung was also

Rumber of H-20%NP3, 5, T celis {x 104

o

- 4-1BBLY DX401

JongTe ieners
FIGURE 1. Primary CD8" T cell responses in absence of CD27,
4-1BB, and/or OX40 signals. Wild-type (WT) and recombinant mice were
infected with influenza virus. At the indicated days after infection, cells
were isolated from lungs, DLN, and spleens; counted; stained with anti-
CD8 mAb and H-2D°/NPj4 274 tetramers; and analyzed by flow cytom-
etry. Bars represent mean values {(n = 4); error bars indicate SEM. Two-
tailed Student’s ¢ test indicated significant differences compared with wild-
type values for p = 0.05 (*) and p = 0.01 (*¥). The experiments are
representative of two.
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reduced, but to a lesser extent. Similar observations were made for
generation of the virus-specific CD8™ T cell pool in DLN: both
CD27 and 4-1BB made a contribution, with CD27 having the
areatest effect. In contrast. OX40L deficiency did not affect the
accumnlation of CD8™ virus-specific T cells in either lung or
DLN. In the spleen. none of the receptor/ligand systems made a
significant contribution to the accumulation of virus-specific
CD8™ T cells.

To assess a possible redundancy among CD27, 4-1BB, and/or
OX40 in establishing the size of the virus-specific CD8" T cell
pool. we also analyzed responses in 4-IBBL/CD27™'" and
OX40L/CD27~'" double-deficient mice (Fig. 1). In DLN and
Tung, additional 4-1BBL or OX40L deficiency did not exacerbate
the phenotype of CD27-deficient mice. In addition. redundancy
between CD27 and 4-1BB or OX40 did not explain why virus-
specific CD8™ T cell accumulation in the spleen was hardly af-
fected in single-deficient mice. because in double-deficient mice
no statistically significant reductions in cell accumulation were
observed either.

We conclude that upon primary intranasal infection with influ-
enza virus, CD27 makes the most important contribution to gen-
eration of virus-specific CD8" T cells in DLN and their accurnu-
lation at the site of infection. 4-1BB also contributes, but to a lesser
extent, while OX40 does not. The function of CD27 is nonredun-
dant with that of 4-1BB or OX40. In the spleen, primed CD8" T
cells appear not critically dependent on any of: these receptor sys-
tems for their accumulation.

Ab responses are not affected in absence of CD27 and 4-1BBL
or OX40L

We have shown previously that infection with A/NT60/68 influ-
enza virus results in virus-specific IgG production, which reaches
plateau levels between day 14 and 21 after challenge. These Ig
levels persist long-term and are only marginally incremented upon
renewed challenge with the same virus. The absence of CD27 did
not affect Ig production, but only delayed germinal center forma-
tion (38). In mice, single deficient for CD27, 4-1BBL, or OX40L.,
IgM, IgG1, 1gG2a, IgG2b, and IgG3 responses were unaltered as
compared with responses in wild-type mice (results not shown).
Even in mice double deficient for CD27 and 4-1BBL or CD27 and
OX40L, these responses proceeded normally and platean IgG lev-
els attained were similar in all mouse strains (Fig. 24). Also at the
peak of the secondary T cell response, IgG titers were not signif-
icantly altered in double-deficient mice as compared with those in
wild-type mice (Fig. 24). We conclude that the contribution of
CD27, 4-1BB, or OX40 is not required for virus-specific IgG pro-
duction in this model system. Redundancy between CD27 and
4-1BB or OX40 does not explain the lack of effect.

Virus-neutralizing activity of serum Ig was assessed at day 21 after
infection by hemagglutination inhibition assay and found to be com-
parable in wild-type, 4-1BBL/CD27 ™'~ and OX40L/CD27 '~ mice.
Viral load was determined by PCR in total lung extracts of wild-type,
4-1BBL/CD277~, and OX40L/CD27 ™"~ mice at days 4, 7, 14, and
21 after primary infection (Fig. 2B). In agreement with the unaltered
IgG response in the different recombinant strains and the lack of effect
of CD27 and 4-1BBL or OX40L deletion on the virus-neutralizing
activity of serum Ig, we found that clearing of influenza virus from the
lungs of wild type and double deficient proceeded with similar kinet-
ics and efficacy. Viral load peaked at or before day 4 after infection,
and virus was cleared by day 21. The only statistically significant
difference (p < 0.05) was for OX40L/CD27™"™ mice vs wild-type
and 4-1BBL ™™ mice at day 7.
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Memory T cell responses to influenza virus in the ahsence of
CD27, 4-1BBL, and GX40L

To compare the capacity of mice deficient for CD27, 4-1BBL, or
OX40L to mount a memory CD8™ T cell response, niice were
reinfected with the same virus 6 wk after the first challenge. The
occurrence of H-2DP/NP;e 574" CD8™ T cells was determined 3,
5, 7. and 11 days after secondary infection. Characteristically,
H-2DP/NP.¢s_474" -specific T cells reached peak levels earlier in
hings of wild-type mice earlier than in the primary response (day
5 vs days 8—10) and were higher in number (Fig. 3). Strikingly, in
this secondary response, all three receptor/ligand systems were re-
quired for accumulation of H-2DYNPs4_5,, " -specific T cells in
the lung. In DLN and spleen, generation of H-2D%NPyss 570"
memory effector T cells was also reduced. CD27 deficiency had
the most profound impact, while lack of 4-1BBL had some effect
and lack of OX40L had almost no statistically significant conse-
quences (Fig. 3).

Analysis of responses in 4-1BBL/CD277'~ and OX40L/
CD277'" double-deficient mice revealed complementarity be-
tween CD27 and 4-1BB or OX40. In lung, and particularly in DLN
and spleen, accumulation of virus-specific CD8" T cells was fur-
ther reduced in double-deficient mice than in single-deficient mice
(Fig. 3). These data demonstrate that the memory CD8" T cell
response to intranasal infection with influenza virus critically de-
pends on the collective, partially nonredundant contributions that
result from interaction among CD27, 4-1BB, OX40, and their
ligands.
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Formation of memory CDS8™ T cells in the absence of CD27,
4-1BB1., and OX40L

Accumulation of effector T cells in the memory response is deter-
mined by two key parameters: the number of memory T cells
formed and the extent of their secondary expansion. To better un-
derstand the effect of CD27, 4-1BB, and OX40 on accumulation of
virus-specific T cells in the memory response, we studied their
impact on these parameters separately. First, we determined the
effect of CD27, 4-1BBL, or 0X40L deficiency on the generation of
memory CD8™ T cells. In blood of wild-type mice, the percentage
of T cells within the CD8" population that stained with H-2D"/
NP,g6_374 tetramers at 6 wk after primary infection was >7-fold
higher than in naive mice, indicating the presence of memory (Fig.
4A). In mice deficient for CD27, 4-1BBL, or OX40L, CD8* mem-
ory T cell levels were almost 2-fold reduced as compared with
wild type, while in 4-IBBL/CD27 '~ and OX40L/CD27 ™'~ mice
these numbers were a further 2-fold reduced, coming close to
background levels in naive mice (Fig. 44). In spleens of wild-type
memory mice, H-2D"/NP;4s_s74 " T cell numbers were increased
~6-fold as compared with numbers found in naive mice. In
CD277/7, 4-1BBL™'", and OX40L™'" mice, levels of H-2D"/
NPs46-374-specific memory T cells were reduced ~2-fold as com-
pared with those in wild-type mice (Fig. 48). Interestingly, in the
lings of previously infected mice, numbers of tetramer™ T cells
were ~]10-fold higher than in naive mice. These most likely rep-
resent tissue mernory cells, because their adoptive transfer gave
rise to a memory response (results not shown). As in the spleen, all
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FIGURE 3. Memory CD8% T cell responses in absence of CD27,
4-1BB, and/or OX40 signals. Six weeks after primary infection, mice of the
indicated genotypes were reinfected with the same influenza virus strain.
Cells were analyzed as outlined for Fig. 1. Bars represent mean values (n =
4); error bars indicate SEM. Two-tailed Student’s f test indicated signifi-
cant differences compared with wild-type values for p = 0.05 (*) and p =
0.01 (+%). The experiments are representative of two.

three receptor/ligand systems promoted memory T cell formation
in the lung, with CD27/CD70 and 4-1BB/4-1BBL having a greater
effect than OX40/0X40L (Fig. 4B).

We conclude that after intranasal influenza virus infection, gen-
eration of the CD8™ central and tissue memory T cell pools relies
on collective, nonredundant contributions of CD27, 4-1BB, and
OX40. Although OX40L deficiency did not affect the accumula-
tion of virus-specific CD8™ T cells in the primary response, it did
reduce memory T cell formation. This suggests that 0X40/0X40L
interactions promote T cell survival in the contraction and/or mem-~
ory phase. Interaction between CD27, 4-1BB, and their ligands
may similarly do so and may in addition promote memory CD8™
T cell formation by incrementing the size of the CD8™ effector T
cell pool.

Secondary expansion of memory T cells from CD27 -,
4-1BBL™", or OX40L™"" mice

To determine the contribution of CD27, 4-1BBL, and OX40L to
expansion and accumulation of memory CD8™ T cells during the
secondary response, we performed adoptive transfer experiments.
A small sample of the T cells that were purified from spleens of
primed wild-type, CD27 7", 4-1BBL ™", and OX40L '~ was set
aside and stained with tetramers. This allowed adjustment of the
pumber of cells used for adoptive transfer, so that each recipient
mouse received an equal amount of H-2D*NP,¢ .. ,-specific T
cells (see Fig. 4 for numbers of memory cells in this experiment).
In this way, we corrected for the effects of CD27, 4-1BBL, and
OX40L deficiency on memory T cell formation, allowing us to
monitor their effect on secondary expansion as such. Donor T cells
were labeled with CFSE and injected into primed wild-type recip-
ient mice. Their accumulation was analyzed at day 6 after second-
ary infection (Fig. 34).
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FIGURE 4. Formation of CD8* T cell memery in absence of CD27,
4-1BB, and/or OX40 signals. A, Blood was collected trom wild-type (WT)
and recombinant mice at 6 wk after infection, as well as from naive WT
mice (n = 6, pooled). Bars represent percentage of tetramer™ cells within
the CD8™ population. B, Cells were harvested from spleens and lungs of
WT, CD277"", 4-1BBL™'", and OX40L ™'~ mice at 6 wk after influenza
infection (n = 4). Bars represent mean number of tetramer™ CD8" T cells.
Results are representative of two experiments.

In spleen, lung, and DLN, accumulation of H-2DP/NP3e_374-
specific T cells derived from primed CD277'7, 4-1BBL™'", or
OX40L ™" mice was significantly reduced as compared with ac-
cumulation of T cells from primed wild-type mice (Fig. 5B). The
total pool of responding CD8™ T cells (based on CFSE loss) was
also significantly decreased in case memory T cells were derived
from CD27-, 4-1BBL-. or OX40L-deficient mice. This was par-
ticularly clear in lung, but could also be observed in the spleen. In
DLN, only OX40L deficiency had a significant effect on the total
CD8™ responder pool. We do not know to which extent the total
CD8™ responder T cell pool represents bystander cells, but it very
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likely includes virus-specific T cells, because influenza virus con-
tains other immunogenic MHC class I-restricted epitopes besides
NPi46_374 (40). We conclude that memory CD8™ T cells specific
for the H-2D/NP;46_374 complex, as well as memory CD8* T
cells with other virus specificities, are dependent on the collective
contributions of CD27, 4-1BBL. and OX40L for their secondary
expansion and establishment at the site of infection.

Memory CD8" T cells do not require support by 4-1BBL and
OX40L on non-T cells throughout the secondary response

In the experiment described above, memory T cells derived from
4-1BBL™'" or OX40L™'" mice normally expressed 4-1BB or
0X40, while their ligands were present in the wild-type recipients.
We considered therefore that absence of 4-1BBL or OX40L during
the primary response might have compromised the intrinsic capac-
ity of memory T cells from 4-1BBL™'~ and OX40L ™' mice to

CD27+ &1BBL" OX40L+

46

WT  CD27% 4-1BBL™ OX40L

expand upon renewed challenge. Subsequent experiments were de-
signed to address this possibility.

To test whether 4-1BBL or OX40L was required throughout the
secondary response. we examined secondary expansion of wild-
type memory cells in a ligand-deficient environment. T cells were
purified from the spleen of primed wild-type mice, labeled with
CFSE, and allowed to undergo secondary expansion in wild-type,
4-1BBL ™", or OX40L ™" recipients. The response was analyzed
as outlined for Fig. 5. It appeared that wild-type memory CD8" T
cells expanded and accumnulated in spleen. lung, and DLN of
4-1BBL™'™ or OX40L ™'~ recipients to a similar extent as in wild-
type recipients (Fig. 6). Both H-2DP/NP,44_s74-specific and total
CD8™ memory T cells were independent of 4-1BBL or OX40L for
their accumulation. In this system, the only cells that may express
4-1BBL or OX40L are the transferred T cells themselves. We
conclude, therefore, that memory CD8™ T cells do not require
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experiment shown is representative of two.

expression of 4-1BBL or OX40L on non-T cells throughout the
secondary response for their expansion in spleen and DLN and for
their accumulation in lung, the site of infection.

4-1BBL and OX40L on non-T cells imprint the capacity for
secondary expansion in CD8" T cells during the primary
response

The finding that wild-type memory T cells could expand well in
4-1BBL ™'~ or OX40L ™" recipients suggested that either ligands
on the memory T cells themselves supported secondary expansion,
or that the potential for secondary expansion was imprinted into T
cells by receptor/ligand interactions that occurred during the pri-
mary response. To address these possibilities, we primed wild-type
T cells in 4-1BBL™'™ or OX40L ™'~ recipients, monitored their
conversion to CD8" memory T cells, and subsequently let stan-
dardized numbers of memory cells respond to rechallenge in wild-
type mice. In this experiment, we also tested the capacity of CD8™"
T cells from the 4-1BBL™~ and OX40L ™' recipients to form
memory and to respond to rechallenge in wild-type mice (Fig. 74).

The capacity of wild-type CD8" T cells to form memory in
4-1BBL ™'~ or OX40L ™" recipients (as monitored in blood) was
reduced as compared with the wild-type situation (Fig. 75). In fact,
wild-type CDR" T cells formed H-2DP/NP, 6 _s74-specific mem-
ory in 4-1BBL™/" or OX40L ™" recipients as inadequately as
CD8™ T cells from these recipients themselves. Apparently, CD8 ™"
T cells require stimulation of 4-1BB and OX40 by their ligands on
non-T cells for memory formation.

As also shown in Fig. 5B, the secondary response of H-2D®/
NP, ¢4_374-specific memory T cells, as well as total CD8™ T cells
from 4-1BBL ™~ or OX40L™'" first recipients in wild-type sec-
ondary recipients was impaired, as evident from their significantly
decreased accumulation in spleen, DLN, and lung (Fig. 7C). In-
terestingly, wild-type CD8* memory T cells primed in a
4-1BBL™'" or OX40L ™" environment were also impaired in sec-
ondary responsiveness (Fig. 7D). This was evident from the sig-
nificantly reduced expansion of H-2D"/NPs_s-.-specific T cells
in the spleen and their reduced accumulation in the lung. The de-
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fect in the lung was also statistically significant for the total CD8"
T cell population (Fig. 7D). From this experiment, we derive the
conclusion that triggering of 4-1BB or OX40 by their higands on
non-T cells during the primary response Imprints Into mermory
CD8™ T cells the potential to efficiently expand and accumulate
upon secondary challenge. The fact that secondary expansion of
memory T cells from ligand-deficient mice was more severely af-
fected than that of memory T cells from wild-type mice (Fig. 7,
compare C and D) can be explained by a contribution of ligand on
T cells to imprinting for secondary expansion and/or by undefined
intrinsic differences between T cells of wild-type and ligand-defi-
cient genotype.

Expression of receptors and ligands on T cells and APCs during
antiviral responses

To understand where and when throughout the immune response
to influenza virus CD27, 4-1BB, OX40, and their ligands might
interact, we performed an extensive analysis of their expression.
At different time points after infection, cells were isolated from
hung, DLN, and spleen and double stained with Ab to the relevant
receptor or ligand and to CD3 as T cell marker, CD19 as B cell
marker, or CD11c as marker for myeloid cells, in particular DC.
The expression of receptors and ligands was consistently most pro-
nounced in the lung (Fig. 8), as compared with DLN and spleen
{data not shown). With regard to the receptors, we found that
CD27 was clearly expressed on the great majority of T cells in
DLN, spleen, and lung throughout primary and memory responses
(Fig. 84). On the days examined, 4-1BB was virtually undetectable
on T cells, but quite prominent on CD11c™ cells in lung (Fig. 84),
DLN, and spleen (data not shown). OX40 was found on a minority
of T cells, which were most abundant in the lung during the pri-
mary response (Fig. §4). CD27 and OX40 were also present on
CDl11c™ cells in these organs, but to a lesser extent than 4-1BB
(Fig. 84, and results not shown). Expression of the receptors on B
cells was generally of low intensity and frequency, although
4-1BB was clearly detectable on B cells in the lung during the
primary response (Fig. 84).
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FIGURE 7. Wild-type T cells primed in absence of 4-1BBL or OX40L show defective secondary expansion. 4, Experimental design. Purified splenic
T cells from naive wild-type (WT) CD45.1 * mice were injected into naive Ccp4s2* wild-type, 4.1BBL™", or OX40L™"" mice. At 6 wk after infection,
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Next, populations of purified splenic T cells, standardized for numbers of tetramer™ T cells, were injected into primed WT secondary recipients. CD45.1%
T cells from the primary WT donors were injected into CD45.2™ recipients and CD45.2™ T cells from WT, 4-1BBL ™", or OX40L ™'~ first recipients into
CD45.1% second recipients. B. Dot plots show CD45.1% donor-derived and CD45.17 (CD45.27) recipient-derived memory T cell populations with
H-2DP/NP34_s74 specificity in blood, as detected 6 wk after infection of the first secipients. Bars indicate percentage of tewramer™ cells (n = 3, pooled).
C and D, At day § after secondary infection, cells from spleens, lungs, and DLN were stained with anti-CD45.1 mAb. tetramers, and anti-CD8 mAb, and
analyzed by flow cytometry. Absolute numbers of either tetramer™ or CD8™ T cells were calculated, as outlined for Fig. 4. Bars represent means (n = 3).
C, Shows the result for CD45.2" T cells of the first recipient (WT, 4-1BBL7'", or OX4OL*/*); D. Shows the results tor wild-type CD45.17 T cells of
the primary donor. The experiment shown is representative of two.

The ligands of the TNF family are notoriously difficult to detect
because they are transiently expressed, contingent upon immune
activation. We found CD70, 4-1BBL, and OX40L on T cells in
DLN, spleen, and lung, but at low frequency. The ligands were
most prominent on CD11c™ cells, while they were also found on
B cells (Fig. 8B). From comparing expression of CD27, 4-1BB,
(0X40, and their ligands in the lung throughout primary and sec-
ondary responses, it appears that 4-1BB/4-1BBL and OX40/

OX40L are much less prominently expressed in the secondary re-
sponse (Fig. 8, A and B).

The primary data in Fig. 8C highlight the transient and activa-
tion-specific nature of ligand expression, in this case on CD1lc”
(DC) in the lung, the site where they were most abundant.
Throughout the primary response, the ligands were acquired by
CD1lc™ cells in the lung and subsequently lost. Cell surface ex-
pression of CD70 was at all times very low, making the exact
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FIGURE 8. Expression of receptors and ligands in
lung during primary and secondary infection. At the in-
dicated time points after primary or secondary infection,
cells extracted from lungs were stained with Abs for
CD3, CDlic, or CD19; combined with Abs for CD27,
4-1BB, 0X40, CD70. 4-1BBL, or OX40L; and analyzed
by flow cytometry. A, Percentage of lung-infiltrating
CD3% eells (T cells), CD1ic™ cells (enriched for DC),
and CD19™ cells (B cells) expressing CD27, 4-1BB, or
OX40. B, Percentage of these populations expressing
CD70, 4-1BBL, or OX40L. C, Flow cytometry dot plots
showing fluorescence intensity of CD70, 4-1BBL, and
OX40L staining on gated lung-infilrating CD1le™
cells.
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percentage of positive cells difficult to determine. However,
4-1BBL and OX40L were expressed at high levels on large frac-
tions of CD11c™ cells at day 6 after primary infection, a time when
effector T cells start entering the lung (Fig. 8C). B cells in the lung
also express significant levels of these ligands (Fig. 8B). These
data suggest that CD11c™ cells (DC) and B cells at the effector site
may play a role in regulating the size of the effector and memory
T cell pools, as well as the functional properties of developing
memory cells.

Discussion

In this study, we have determined that upon intranasal infection
with influenza virus, CD27, 4-1BB, and OX40 collectively shape
the same CD8™ T cell memory pool, both in terms of numbers of
memory T cells formed and their capacity to accumulate upon
secondary challenge. The contributions of CD27, 4-1BB, and
OX40 receptor/ligand systems to T cell respensiveness had not
previously been compared side by side in the same model of an-
tigenic challenge. Unexpectedly, we have also revealed that 4-1BB
and OX40 endow memory CD8™ T cells during their formation
with an improved capacity for secondary responsiveness.

As shown for OX40 receptor deficiency (29), we found that
OXA40L deficiency did not compromise the primary CD8 ™" effector
T cell tesponse to intranasally delivered influenza virus. OX40-Ig
fusion protein was recently shown to reduce both CD4™ and cpg?t
T cell numbers in the Jungs of mice primed with HKx31 influenza
virus, which was the first in vivo evidence that OX40 can promote
primary CD8" T cell responses (33). A recent report monitoring
anti-OV A responses of OX40-deficient CD8™ T cells corroborates
this (34). In a model of i.p. injection with influenza virus (HKx31),
virus-specific CD8" T cell accumulation in the spleen during the
effector phase was normal in mice lacking 4-1BBL, OX40L, or
both (28, 35). In our model of intranasal virus delivery, however,
4-1BBL deficiency did reduce geperation of the CD8" effector T
cell pool in DLN and its establishment in the lung. Consistent with
Bertram et al. (28), we found no contribution of 4-1BB/4-1BBL to
the primary T cell response in the spleen. CD27 similarly did not
affect the primary CD8 " T cell response in this organ. We suspect
that the splenic microenvironment may be different from DLN and
lung tissue in that it offers alternative modes of survival support to
activated T cells.

We have found that CD27 makes a greater contribution to the

primary CD8" T cell response than 4-1BB/4-1BBL. This can be \

explained by the fact that CD27 is already expressed on naive T
cells and contributes to T cell survival from the moment of prim-
ing. Nevertheless, CD27 and 4-1BBL make complementary con-
tributions to the primary response. Possibly, their mechanism of
action is the same, but activated T cells may meet CD70 and
4-1BBL at different moments after their initial activation. Alter-
natively, CD27 and 4-1BB may up-regulate different antiapoptotic
molecules, which differ in their capacity to counteract certain death
signals that operate in activated T cells. A third possibility is that
CD27 and 4-1BB differ in their capacity to direct cellular re-
sponses unrelated to apoptosis.

With regard to the formation of memory T cells, it is well es-
tablished that deliberate ligation of 4-1BB or OX40 prevents
clonal deletion of previously activated T cells and enlarges the
memory T cell pool in the spleen. In case of OX40, this effect was
more profound for CD4™ T cells than for CD8™ T cells, while for
4-1BB it was the other way around (22, 23). After i.p. challenge
with influenza virus, 4-1BBL™'" mice showed a reduction in vi-
rus-specific CD8™ T cells late in the primary response and upon
rechallenge, while OX40L ™'~ mice had no defects (28, 35). In this
study, we show that upon intranasal delivery of influenza virus,
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4-1BB, CD27, and OX40 collectively shape the same CD8™ T cell
memory T cell pool. In the intranasal influenza virus model, ab-
solute numbers of H-2DP/NP.;_374 memory T cells are low, but
tetramer staining is manifold over background levels found in na-
ive mice. Moreover, adoptive transfer experiments for spleen and
lung corroborated the existence of memory on basis of kinetics and
efficiency of the secondary response (our unpublished results). The
contributions of CD27, 4-1BBL, and OX40L to T cell memory in
the circulation were comparable in magnitude. Given the similarity
in viral clearing in wild-type and double-deficient imice, it is un-
likely that viral loads have had a major differential impact on mem-
ory formation in the wild-type and recombinant strains.

Qur data indicate that CD27, 4-1BBL, and OX40L contribute to
central as well as tissue memory formation of CD8™ T cells. In-
teresting in this respect is that expression of CD70, 4-1BBL, and
OXA40L is most pronounced at the effector site. Unexpectedly, both
CDl11c™ cells and B cells in the lung carried these ligands. We
suggest that conununication between effector T cells and APCs
(DC, B cells) via these receptor/ligand systems at the tissue site
may regulate the size of the effector T cell pool and the extent of
effector T cell contraction. The finding that OX40L deficiency did
not affect the size of the effector T cell pool, but compromised the
size of the memory T cell pool, suggests that it acted during
the contraction and/or memory phase. Complementarity between
the three receptor/ligand systems seems to lie in part in the timing
of their involvement in the primary response. In this scenario,
CD27 would be first and OX40 the last to make a prosurvival
contribution.

We had difficulty in detecting 4-1BB and OX40 on T cells in
vivo, but in vitro studies have proven that these receptors directly
transmit survival signals into T cells (6. 7). Therefore, we assume
that the effects on T cell responsiveness observed in OX40L- and
4-1BBL-deficient mice are at least in part due to defective signal-
ing via OX40 and 4-1BB into T cells. However, the detection of
both receptors and ligands on CD11ic™ cells in infected mice has
warned us that effects on T cells may also in part be indirect, i.e.,
proceed via the modulation of DC function. Our novel finding that
CD1lc™ cells can express both CD70 and CD27 indicates that
these may similarly affect T cell function indirectly.

An important aspect of our work is that we have separated ef-
fects of CD27, 4-1BB, and OX40 on memory formation from
those on secondary expansion. This has been done using T cell
populations, which were standardized for the amount of H-2D%
NPg6_374-specific cells for adoptive transfer. This setup has al-
lowed us to uncover that memory T cells do not need support by
4-1BBL or OX40L during secondary expapsion, but require it for
optimal programming during the primary response. Ope study that
has used a similar approach documents normal secondary expan-
sion of primed T cells from 4-1BBL ™'~ mice in wild-type recip-
ients (41). We believe that the difference may be due to the i.p.
challenge with influenza virus that was used. As discussed above,
this may involve a mode of priming (in the spleen) that bypasses
the need for survival support by 4-1BB and its relatives. Because
CD70-deficient mice are not available, we could not use a similar
setup to test whether CD27 can imprint into CD8™ T cells the
capacity for secondary expansion. However, a recent study using
recombinant soluble CD70 for costimulation during primary chal-
lenge with OVA suggests that this might be the case (42).

An important suhject of recent studies is the question as to
whether T cell responses proceed according to a pre-established
program after initial Ag encounter. TCR stimulation triggers a de-
velopmental program in naive CD87 T cells, allowing them, in the
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subsequent absence of Ag, to divide at least seven tines, to de-
velop cytolytic effector functions, and to acquire memory charac-
teristics (43, 44). However, our data argue that Ag is an important
factor in controlling T cell survival and the extent of memory
formation. We postulate that when Ag wanes, CD70, 4-1BBL, and
OX40L disappear and with them the prosurvival effects of their
receptors. In such a scenario, Ag does not necessarily control ef-
fector and memory cell differentiation, but it does determine the
amount of effector and memory cells formed. Presumably, the te-
quiremnent for continuous input via CD27 and its related receptors
into T cells is required to maintain expression of antiapoptotic
molecules. In the memory phase, survival support comes from cy-
tokines such as I.-15 (45).

Evidence has been presented recently that CD4™ T cells can
program the capacity for secondary expansion into CD8" T cells
during priming (46—48). Whether the effect of 4-1BB and OX40
triggering on memery formation and secondary responsiveness im-
pacts directly on CD8™ T cells or affects these indirectly via CD4™
T cells remains to be shown. However, it is excluded that CD8™
memory formation and responsiveness are exclusively regulated
by 4-1BBL or OX40L on CD4™ T cells. becanse we have proven
that ligands on non-T cells are also important for this. We do not
know when the programmming for secondary expansion occurs, of
what it entails at a molecular level. Because memory T cells are
slowly cycling (45), it must be a capacity that can be transmitted
to the daughter cells and therefore can truly be termed program-
ming. Qur collective data strongly support the idea that deliberate
offering of CD70, 4-1BBL, and OX40L during priming may be a
good strategy to achieve potent and long-lasting immunity.
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Positional identification of TNFSF4, encoding
OX40 ligand, as a gene that influences
atherosclerosis susceptibility

Xiaosong Wangl’s, Massimiliano Ria?8, Peter M Kelmenson!, Per Eriksson?, David C Higginsl,

Ann Samnegard?, Christina Petros’, Jarod Rollins!, Anna M Bennet®, Bjorn Wiman?, Ulf de Faire®>,
Charlotte WennbergG, Per G Olsson®, Naoto Ishii’, Kazuo Sugamura7, Anders Hamsten?,

Kristina Forsman-Semb®, Jacob Lagercrantz? & Beverly Paigen'

Ath1 is a quantitative trait locus on mouse chromosome 1 that renders C57BL/6 mice susceptible and C3H/He mice resistant to
diet-induced atherosclerosis. The quantitative trait locus region encompasses 11 known genes, including Tnfsf4 (also called Ox40/
or Cd134l), which encodes OX40 ligand. Here we report that mice with targeted mutations of Tnfsf4 had significantly (P < 0.05)
smaller atherosclerotic lesions than did control mice. In addition, mice overexpressing Tnfsf4 had significantly (P < 0.05) larger
atherosclerotic lesions than did control mice. In two independent human populations, the less common allele of SNP rs3850641
in TNFSF4 was significantly more frequent (P < 0.05) in individuals with myocardial infarction than in controls. We therefore
conclude that Tnfsf4 underlies Ath? in mice and that polymorphisms in its human homolog TNFSF4 increase the risk of
myocardial infarction in humans,

_

o
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7.

Atherosclerosis is the pathological basis for coronary artery disease, the
leading cause of death in the developed world. It is a complex trait
regulated by many genes, environmental factors and interactions
among them. Genes controlling atherogenesis can be identified either
through clinical and biochemical studies of occasional natural muta-
tions in humans and other animals or by genetic mapping. Nearly two
decades ago, we surveyed the susceptibility of ten inbred mouse strains
to diet-induced atherosclerosis! and found that C57BL/6 (B6) mice
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are susceptible whereas C3H/He (C3H) and BALB/c mice are resistant.
By comparing the atherosclerotic lesions of BXH and BXC recombi-
nant inbred lines, we identified the first atherosclerosis susceptibility
locus, Athl (atherosclerosis susceptibility 1), which we mapped to
chromosome (Chr) 1 (refs. 2,3). Later, using congenic strains, we
narrowed Athl to a 0.66-cM region on Chr 1 (ref. 4) containing 11
known genes. Three of them (peroxiredoxin 6, Prdx6; Fas ligand,
Tnfsf6, also called Fasl; and OX40 lgand, Tnfsf4) have known

Figure 1 Genes in the Athl region. Genes in (a) the mouse Athl region
and (b) the human homologous chromosome segment between 1q24.3 to
1g25.1 were retrieved from the Ensembl database and Celera Discovery
System. Amows indicate established and putative (*) genes tested in human
SNP association studies; each arrow represents one tested SNP. Tnrand
TNR, tenascin R; Tnn and TNN, tenascin N; Mrps14 and MRPS14,
mitochondrial ribosomal protein $14; Cacybp, caleyclin binding protein;
Serpincl and SERPINCI, serine {or cysteine) proteinase inhibitor, clade C,
member 1; Gas5, growth arrest specific 5; KHLX, Kelch-like protein X;
Prdx6 and PRDX6, peroxiredoxin 6; Tnfsf6 and TNFSF6, tumor necrosis
factor ligand superfamily member 6 (Fas ligand); Clorf9, chromosome 1
open reading frame 9; Pigc and PIGC, phosphatidylinositol glycan, class C;
Dnm3 and DMN3, dynamin 3.
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Figure 2 mRNA expression of Tnfsf6 and Tnfsf4. Comparison of mMRNA expression of Tnfsf6 (a) and Tnfsf4 (b) in aorta and heart from 10-week-old female
B6 and C3H mice fed chow. (c) mRNA expression of Tnfsf4 in tissues from 10-week-old female B6 mice. The number of copies of each mRNA relative to
1,000 copies of B-actin mRNA is shown on the y axis. Each bar represents mean + s.e.m. of three mice. *P < 0.05, **P < 0.01 compared with the

expression in the same tissue from C3H mice.

functions that may affect atherogenesis. Because many lines of evi-
dence suggest that oxidative stress and oxidative modification of low-
density lipoprotein (LDL) participate in atherogenesis, PRDX6 (also
called antioxidant protein 2), an antioxidant enzyme that protects
mice against oxidative stress’, may protect against atherosclerosis. We
previously tested Prdx6 but found that mice overexpressing PRDX6
(ref. 6) and mice deficient in PRDX6 (ref. 7) are as susceptible to diet-
induced atherosclerosis as are their respective controls. Therefore, we
excluded Prdx6 as a candidate for underlying Athl.

Here we test Tufsf6 and Tnfsf4 as candidates for underlying Athl.
The Fas—Fas ligand—caspase death-signaling pathway is activated in
atherosclerotic lesions and mediates vascular apoptosis during the
development of atherosclerosis®. 0X40 ligand (OX40L) is expressed on
activated B cells, endothelial cells, macrophages, dendritic cells and
some activated T cells. It generates costimulatory signals by interacting
with OX40 on T lymphocytes, and it enhances the proliferation and
differentiation of T lymphocytes and the development and survival of
memory CD4% T cells”. Because many in vivo studies suggest that
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T lymphocytes promote atherosclerosis'®, OX40L, by enhancing T cell
functions, might be proatherogenic. Therefore, we compared diet-
induced atherosclerosis in mice deficient in either Tnfsf6 or Tnfsf4 and
in their respective controls. We obtained evidence that Tnfsf4 affected
atherosclerosis in mice and then tested TNFSF4 in a hypothesis-driven
association study in humans. We found that polymorphisms in
human TNFSF4 were associated with risk of myocardial infarction
and severity of coronary artery stenosis.

RESULTS

Genes in mouse AthT and its human homologous regions

The Ensembl and Celera Discovery System databases indicated that
the 2.4-Mb (0.66-cM) mouse Athl region (between DIMitl159 and
DIMit398) contains 11 known genes (Fig. 1a). The homologous
region in humans, between 1q24.3 and 1q25.1, contains ten known
genes and three putative genes (Q8IVE6, KHLX and Clorf9; Fig. 1b).
Two of the known mouse genes (Cacybp and Gas5) do not have
known human gene counterparts, and one of the known human genes
(TNFSF18) does not have a known mouse gene counterpart.

Sequence and expression analysis of Tnfsfé and Tnfsf4

The gene underlying a quantitative trait locus {QTL) should have
either a coding-sequence difference that changes the function of the
protein it encodes or a regulatory-sequence difference that causes a
difference in gene expression between the two parental strains. The
coding sequences of Tnfsf6 and Tnfsf4 were identical in B6 and C3H
mice. We compared Tnfsf4 and Tnfsf6 mRNA expression in aortas and
hearts of B§ and C3H mice. Aortic expression of Trnfsf6 mRNA was
significantly higher (P < 0.05) in C3H than in B6 mice (Fig. 2a).

Figure 3 Diet-induced atherosclerosis and plasma lipid levels in Tnfsf6 or
Tnfsf4 mutant mice, in transgenic mice overexpressing Tnfsf4 and in their
respective controls. Ten-week-old females were fed a high-fat diet for either
13 weeks (mutant mice and their controls) or 16 weeks (transgenic mice
and their controls), after which their hearts and aortas were collected and
atherosclerosis lesions in aortic roots were measured. Plasma lipid levels
were measured before (chow) and after mice had fed on high-fat diet. (a,c,e)
Diet-induced atherosclerosis in C3H Tnfsf68" (CH3-gld; n = 12), Tnfsf4~!~
(n = 12) and Tnfsf4 transgenic (Tg*; n = 14) mice, respectively, and their
controls (C3H (n = 12), Tnfsf4** (n = 12) and Tnfsf4 nontransgenic

(Tg™; n = 14), respectively). (b,d,f) Plasma lipid levels in C3H Tnfsf68d,
Tnfsf4~= and Tnfsf4 transgenic mice, respectively, and their controls. TG,
triglycerides; Total-C, total cholesterol; (V)LDL-C, very-low-density lipoprotein
and LDL cholesterol combined; HDL-C, HDL cholesterol. P values were
calculated with Student's t-test. *P < 0.05, **P < 0.01 compared with
wild-type mice on the same diet.
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Figure 4 Immunohistochemical localization of OX40L protein in mouse
atherosclerotic lesions. Segments of aortic arches from 6-month-old female
Apoe-deficient mice were fixed in Bouin's solution, and OX40L was detected
with antibody to OX40L by using the avidin-biotin-horseradish peroxidase
complex method. Staining of OX40L (a,c,e; each from a separate mouse)
was compared with corresponding serial slides stained with nonimmune

lgG instead of 1gG antibody to mouse OX40L (b,d,f). EC, endothelial cell;
Mo, macrophage; MNC, mononuclear cell; SMC, smooth muscle cell.
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Mortic and heart expression of Tufsf4 mRNA was 3.7 and 4.5 times
higher, respectively, in B6 than in C3H mice (Fig. 2b). Because many
lines of evidence suggest that Tnfsf4 underlies Athl, we sequenced 5 kb
upstream of exon 1 of Tnfsf4 in B6 and C3H mice. We found single-
nucleotide differences at two positions and single-nucleotide deletions
at six locations in one of the two strains (Supplementary Table 1
online), differences that could change promoter activities and Tnfsf4
mRNA expression levels. To explore further the possibility that Tnfsf4
underlies Athl, we measured its mRNA expression in 16 tissues from
female B6 mice. Expression was relatively high in spleen, aorta and
heart; intermediate in lung, intestine and skeletal muscles; and
relatively low in other tissues (Fig. 2c).

In vivo evidence that Tnfsf4 underlies Ath?

When fed either chow or a high-fat diet, female C3H mice with an
inactivating mutation in Trfsf6 (C3H Tnfsf¥9) and control mice were
both very resistant to diet-induced atherosclerosis (Fig. 3a), and they
had comparable (P > 0.05) plasma lipid levels (Fig. 3b). In contrast,
female Tnfsf4 knockout mice (Tnfsf4™/") fed a high-fat diet for
13 weeks had significantly smaller (3.7 times, P = 0.006) athero-
sclerotic lesions than did controls ( Tafsf#*/*; Fig. 3¢). Like Prdx6~/~
mice’, Tnfsf4™'~ mice fed either chow or a high-fat diet had higher
levels of plasma total cholesterol and high-density lipoprotein

Table 1 Characteristics of the study groups

SCARF SHEEP
Affected Control Affected Control
n 401 392 1,213 1,561
Gender (female/male}  71/330 69/323 361/852 507/1,054
Age (y) 52 + 6 53 +5 59 + 2 60 + 2
Smokers, % 18/57 23/37 49/26 29/30
(current/previous)
Type 2 diabetes (%) 10.7 o 12.1 4.6%
BMI (kg m~2) 27.4 + 02 2654+ 0.2* 266+ 01 255+ 0.1*
LDL cholesterol 3.23 = 0.05 3.52 + 0.05* 4.22 + 0.02 3.96 + 0.02*
(mmol 171)
HDL cholesterol 1.10 + 0.02 1.41 + 0.02* 1.08 + 0.01 1.29 + 0.01*
(mmol I71)
Plasma triglycerides 1.66 + 0.03 1.21 + 0.02* 1.76 + 0.01 1.32 4+ 0.01*
(rmmol 171

Values are mean + s.e.m.
*P < 107 compared with the affected individuals in the same study group.

(HDL) cholesterol than did controls (Fig. 3d). On the other hand,
female transgenic mice overexpressing Tnfsf4 had significantly larger
(2.3 times, P = 0.017) atherosclerotic lesions than did controls
(Fig. 3e). Transgenic and nontransgenic mice had similar plasma
lipid levels (Fig. 3f).

OXA40L protein is expressed in mouse atherosclerotic lesions
We detected OX40L protein in aortas from Apoe-deficient mice by
immunohistochemistry. We used Apoe-deficient mice for several
reasons. First, Athl may also be responsible for the difference in
atherosclerosis susceptibility between Apoe-deficient B6 mice and
Apoe-deficient C3H mice'l. Second, Tnfsf¢ knockout mice with
Apoe deficiency had smaller atherosclerotic lesion than did control
Apoe-deficient mice (X.W. and B.P,, unpublished data), suggesting that
Athl regulates atherogenesis in the Apoe-deficient mouse model.
Third, cells from these mice are abundant and easy to identify.
Immunohistochemical analysis of atherosclerotic lesions from B6
Apoe-deficient mice showed OX40L-specific staining in endothelial
cells of both relatively normal (Fig. 4a) and plaque-ridden (Fig. 4c.e)
aortas and in medial smooth muscle cells (Fig. 4a). Inside the lesions,
considerable OX40L staining was detected in macrophages, smooth
muscles and small mononuclear cells (lymphocytes). OX40L was
expressed on cell membranes. In contrast, little OX40L staining was
detected in the extracellular areas, including the necrotic atheroma-
tous core (Fig. 4c). Serial slides stained with nonimmune serum
yielded no specific staining (Fig. 4b,d,f). Little OX40L was expressed
in normal aorta {data not shown).

A TNFSF4 SNP associated with risk of myocardial infarction

Because our results in mice indicated that Tufsf4 affected athero-
sclerosis, we examined polymorphisms in TNFSF4 in humans in
a hypothesis-driven association study. The characteristics of the
study groups are shown in Table 1. In the first population, the
Stockholm Coronary Atherosclerosis Risk Factor (SCARF) study, we
tested TNFSF4 in 401 individuals with myocardial infarction and
392 controls, obtaining complete data from 359 affected individuals
and 382 controls (individuals treated with statins were excluded). As a
group, the affected individuals included significantly (P < 0.0001)
more previous smokers and individuals with type 2 diabetes, had
higher body mass index (BMI) and plasma triglyceride concentrations
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