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One goal of vaccination is to promote development of mucosal effector cells that can immediately respond
to peripheral infection. This is especially important for protection against viruses that enter the host through
the respiratory tract. We show that targeting the OX40 costimulatory receptor (CD134) strongly promotes
mucosal memory in the CD8 T cell compartment. Systemic injection of an agonist antibody to OX40 strongly
enhanced development of polyfunctional effector CD8 T cells that were induced after intraperitoneal infection
with a highly virulent strain of vaccinia virus. These cells were located in lymphoid organs and also the lung,
and importantly, long-term memory CD8 T cells were maintained in the lung over 1 year. Anti-OX40 also
boosted memory development when mice were vaccinated subcutaneously with viral peptide. These CD8 T cells
were sufficient to provide protection from lethal respiratory infection with live vaccinia virus independent of
CD4 T cells and antibody. Again, the CD8 T cell populations that were induced after secondary infection
displayed polyfunctionality and were maintained in the lung for over a year. These data suggest that agonists
to the OX40 costimulatory receptor represent potential candidates for incorporation into vaccines for respi-

ratory viruses.

Antibodies can provide protection against viruses and other
infectious agents, but it is recognized that cellular memory
provided by T cells is important for limiting infection. Many
pathogens enter the body via mucosal surfaces. Current ideas
support the notion that more centralized memory T cells that
circulate throughout secondary lymphoid organs will not re-
spond, expand in number, or relocate sufficiently quickly to
provide immediate protection against disease caused by rein-
fection. In contrast, memory T cells that populate peripheral
organs, such as the lung and gut, sometimes referred to as
effector memory cells, have been suggested to be the cells that
can provide this first line of defense (17, 19). Being able to
elicit long-lived memory CDS8 T cell populations that are not
only cytolytic but polyfunctional in making high levels of
gamma interferon (IFN-vy) and tumor necrosis factor (TNF)
may also be essential for protection (7, 14, 45, 54). Therefore,
molecules that induce high-frequency persisting polyfunctional
CD8 T cell populations that localize in mucosal tissues are
likely a key factor in generating effective cellular immunity and
might offer considerable advantages in terms of protection if
incorporated into a vaccine (1, 45).

The initial activation and priming of naive CD8 T cells is
likely one stage at which this type of protective memory pop-
ulation is generated. From studies of CD4 helper activity, it is
becoming increasingly apparent that signals provided to anti-
gen-presenting cells, or directly to CD8 T cells, can induce a

* Corresponding author. Mailing address: La Jolla Institute for Al-
lergy and Immunology, Division of Immune Regulation, 9420 Athena
Circle, San Diego, CA 92037. Phone: (858) 752-6752. Fax: (858) 752-
6985. E-mail for S. Salek-Ardakani: ssalek@liai.org. E-mail for M.
Croft: mick@liai.org.

T Present address: Infectious Disease Research Institute, 1124 Co-
lumbia Street, Seattle, WA 98104.

¥ Published ahead of print on 29 June 2011.

9051

program that dictates the quality of memory and the ability to
respond to recall antigen. Most interestingly, a number of
costimulatory interactions in the TNF/TNF receptor (TNFR)
superfamily, such as those between CD40-CD40L, CD27-
CD70, and TRAILR-TRAIL, have been implicated in this
process (41). This suggests that targeting these or similar types
of molecules might hold promise for generating the desirable
mucosa-associated memory T cells.

Vaccinia virus (VACV) is a good model pathogen for inves-
tigating factors that control mucosal immunity and for studying
the development of protective vaccines. Variants of VACV are
being used as vaccine vehicles for infectious diseases, such as
HIV and herpes simplex virus (HSV) infection, severe acute
respiratory syndrome (SARS), influenza, tuberculosis (TB),
and malaria (2, 12, 13, 35). Furthermore, VACV infection
itself via the lung can target multiple cell types, including
dendritic cells, and result in disseminated disease. The level of
protection needed to combat mucosal VACYV infection might
be greater than with a virus such as influenza virus that is much
more restricted in the cells in the lung that it can enter and
replicate in and in how it then spreads. Recently, we demon-
strated that the endogenous interaction of OX40 with OX40L,
two additional members of the TNF/TNFR superfamily, was
required for generating CD8 T cell memory for the Western
Reserve strain of vaccinia virus (VACV-WR) and, most inter-
estingly, that OX40-deficient mice could not generate protec-
tive CD8 T cells that were located in the lung and controlled an
intranasal infection (43). More recently, we assessed the re-
quirement for OX40 after infection with the attenuated pox-
virus vaccine strains VACV-Lister and -NYCBOH. In striking
contrast to VACV-WR, little difference in priming of virus-
specific CD8 T cells was observed in OX40~/~ mice (42).
Therefore, a large cytokine-competent VACV-reactive mem-
ory CD8 T cell pool forms only when OX40 becomes active in
response to persisting virus and as a consequence of virulence
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mechanisms of vaccinia. Importantly, in our published studies,
we showed that the frequency of memory CD8 T cells elicited
in the lung, and the use of endogenous OX40-OX40L interac-
tions, determined the ability of the host to protect against
subsequent infection (42, 43). This suggested that OX40 sig-
nals may induce the periphery-localizing memory T cells that
are desirable for immunity against mucosal reinfection and
that targeting OX40 in a vaccine strategy might effectively
boost mucosal CD8 T cell memory. Here, we show this is the
case, with an agonist antibody to OX40 strongly promoting
mucosa-located protective memory CD8 T cell populations
after virus infection or in a vaccination protocol with viral
peptide. Moreover, these memory CDS8 T cells were long-lived
and were maintained in mucosal tissues, providing a means to
immediately respond to secondary infection.

MATERIALS AND METHODS

Mice. The studies reported here conform to the Animal Welfare Act and the
NIH guidelines for the care and use of animals in biomedical research. All
experiments were done in compliance with the regulations of the La Jolla Insti-
tute Animal Care Committee in accordance with the guidelines of the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care. Eight- to
12-week-old female C57BL/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). OX40 /"~ mice on the BL/6 background were bred in house.

Peptides and tetramers. The peptides used were B8R (20 to 27; TSYKFESV),
A3L (270 to 227; KSYNYMLL), A8R (189 to 196; ITYRFYLI), B2R (54 to 62;
YSQVNKRYI), and A23R (297 to 305; IGMFNLTFI) (32). Major histocom-
patibility complex (MHC)/peptide tetramers for the epitope B8R (20 to 27;
TSYKFESV)/H-2K", conjugated to allophycocyanin (APC), were obtained from
the National Institutes of Health Tetramer Core facility (Emory University,
Atlanta, GA).

Viruses. The VACV Western Reserve strain was purchased from the ATCC
(Manassas, VA) and grown in HeLa cells, and the titer was determined on
VeroE6 cells (43).

Immunization protocols. Mice were infected intraperitoneally (i.p.) with 2
%10° PFU of VACYV as described previously (39, 43). In other experiments, mice
were immunized subcutaneously (s.c.) at the base of the tail with either 10 or 2
prg/mouse of B8R peptide in incomplete Freund adjuvant (IFA), together with a
hepatitis B virus (HBV) core 128 to 140 (TPPAYRPPNAPIL) epitope. Effector
responses were analyzed between days 4 and 15 postinfection, while memory
responses were analyzed 21 or more days after infection, after restimulation in
vitro with VACV peptides. Anti-OX40 (150 pg/mouse; OX86, generated in-
house) was injected i.p. on day 1 postinfection or postimmunization.

Vaccinia virus intranasal challenge. Mice were anesthetized by inhalation of
isoflurane and inoculated by the intranasal (i.n.) route with 3.5 xX10° PFU of
VACV-WR. The mice were weighed daily for 2 weeks following challenge and
euthanized when they lost 25% of their initial body weight. Tissues were col-
lected in 10% neutral-buffered Formalin for hematoxylin and eosin (H&E)
staining as described previously (44). Body weight was calculated as a percentage
of the mean weight for each group on the day of challenge.

CD4 and CDS8 depletion. Mice were depleted of CD4™ or CD8* T cells with
anti-CD4 (clone GK1.5; 200 pg/mouse) or anti-CD8 (clone 2.43; 200 pg/mouse)
given in one intravenous (i.v.) injection 3 days prior to and one i.p. injection every
3 days after intranasal challenge with VACV-WR. CD4 and CD8 depletion was
confirmed by flow cytometry of spleens and lungs of treated mice.

Flow cytometry. Cells (1 X 10° to 2 X 10° in 200 pl) were incubated with
medium or VACV peptides at 1 pg/ml for 1 h at 37°C. GolgiPlug (BD Biosci-
ences) was added, and the incubation continued for 7 h. The cells were stained
with anti-CD8 (peridinin chlorophyll protein [PerCP]; 53-6.7), followed by fixa-
tion with cytofix-cytosperm (BD Biosciences) for 20 min at 4°C. The fixed cells
were subjected to intracellular cytokine staining in BD Perm/Wash buffer for 30
min at 4°C. Anti-TNF (fluorescein isothiocyanate [FITC]; MP6-XT22) and anti-
IFN-y (APC; XMG1.2) were from e-Biosience and were used at a 1:100 dilution.
Samples were analyzed with a FACSCalibur flow cytometer using CellQuest (BD
Biosciences) and FlowJo (Tree Star, San Carlos, CA) software.

VACY titer assay. Tissues from individual mice were homogenized and soni-
cated for 0.5 min with a pause every 10 s using an ultrasonic cleaner (1210;
Branson, Danbury, CT). Serial dilutions were made, and the virus titers were
then determined by plaque assay on confluent VeroE6 cells.

J. VIROL.

Statistics. Statistical significance was analyzed by Student’s ¢ test. Unless
otherwise indicated, data represent the mean * standard error of the mean
(SEM), with a P value of <0.05 considered statistically significant.

RESULTS

Anti-OX40 treatment enhances generation of virus-specific
CD8 T cells in response to virulent VACV-WR. To assess the
potential of targeting OX40 to promote protective tissue-res-
ident virus-specific memory CD8 T cell populations, we fo-
cused on systemic priming so it would not provide a bias to
generating mucosa-associated T cells. Additionally, many vec-
tors that are being used as vaccine vehicles are being tested
systemically because of possible safety concerns regarding mu-
cosal immunization, as well as simple logistical issues associ-
ated with the efficiency of mucosal as opposed to systemic
vaccination. We previously showed that an agonist antibody to
0OX40 enhanced the generation of effector CD8 T cells when
given following infection with an attenuated vaccinia virus
strain (VACV-Lister) that normally elicits a weak CD8 T cell
response that does not involve endogenous OX40/OX40L in-
teractions (42). We then focused on a nonattenuated strain,
VACV-Western Reserve, that elicits much stronger CD8 T cell
priming when dominant and subdominant epitope-specific
populations are taken into account. Although endogenous
0OX40 interactions are required for generating high frequen-
cies of effector CD8 T cells in response to VACV-WR (42, 43),
the agonist antibody strongly promoted many more functional
effector cells making IFN-vy in the spleen after 1 week. This
applied to both the immunodominant population reactive with
the epitope B8R and less dominant populations, so that each
was boosted in number by a minimum of 3-fold (Fig. 1A to C).
Thus, even with a strongly replicating virus that normally re-
sults in engagement of OX40/OX40L to drive CD8 T cell
priming, supplementing endogenous OX40 signals can still fur-
ther enhance the generation of effector T cells.

Next, costaining for intracellular IFN-y and TNF was per-
formed on B8R-specific effector CD8 T cells to determine if
there were entirely different populations of virus-specific T
cells or if there were subsets within the IFN-y-producing pop-
ulation. In general, the majority of BSR-specific CD8 T cells
produced IFN-vy, with a minor population that produced TNF
only (Fig. 1B). The B8R-specific CD8 T cells that produced
IFN-vy could be divided into three subsets based on the TNF
cytokine pattern: IFN-y* only (single producers; gate C),
IFN-y" TNF-medium (double producers; gate B), and IFN-y™
TNF*-high (double producers; gate A). Anti-OX40 treatment
increased the frequency of all three populations (Fig. 1B; top).
Using mean fluorescence intensity (MFI) analysis, Precopio et
al. (36) found an association between the MFI of IFN-y and
the degree of polyfunctionality in VACV-specific CD8 T cells.
Specifically, cells with increasing function (ability to produce
TNF, interleukin 2 [IL-2], and MIP1-«) had higher MFIs of
IFN-v staining and thus produced more cytokine per cell (36).
Analysis of the MFI staining within each gated population
revealed that anti-OX40 treatment increased the MFI of
IFN-y, but not TNF, in the population that produced the
highest levels of both IFN-y and TNF (gated population A).

Lastly, the effect of targeting OX40 on eliciting primary
VACV-specific CD8 T cell populations was not dependent on
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FIG. 1. Enhanced CD8 T cell responses to VACV following anti-OX40 treatment. Wild-type C57BL/6 (A to C) or class-II deficient (Class-
11-Ko) (D and E) mice were infected i.p. with 2 X 10° PFU/mouse of VACV-WR. One day later, the mice were treated with 150 wg of control
rat IgG or anti-OX40 («OX40). Eight days after infection, IFN-y- and TNF-secreting CDS8 cells were assessed in the spleen by intracellular
cytokine staining after ex vivo stimulation with VACV peptides as indicated. The data are either representative plots of IFN-y and TNF staining
in gated CD8 T cells, with the percent positive indicated, or total numbers plus SEM of CD8" IFN-y™ T cells per spleen from four individual mice.
(B) Representative plots for cytokine staining, gating on CD8* CD62L-low cells. The percentages that stained positive for IFN-y (gate C) or TNF
(gate B) and IFN-y/TNF (gate A) are indicated. (B) The MFI for IFN-y (left) and TNF (right) staining in the gated populations are shown. *,
P < 0.05 (IgG versus «OX40 treated) as determined by Student’s ¢ test. Similar results were obtained in three separate experiments.

CD4" T cells, as it occurred equivalently in MHC class II
knockout animals (Fig. 1D and E). Signaling through OX40,
therefore, represents a strong exogenous stimulus for promot-
ing systemic primary effector CD8 T cells regardless of whether
infection is with attenuated or nonattenuated vaccinia virus.
Most significantly, we observed a strong accumulation of
VACV-reactive effector CD8 T cells in the lungs after 8 days,
even though the virus infection and anti-OX40 injection were
in the peritoneal cavity (Fig. 2A and B). This substantiated the
possibility that OX40 signals might promote mucosal memory,
and in line with this, we observed markedly enhanced numbers
of virus-specific CD8 T cells 360 days after infection and anti-
OX40 treatment (Fig. 2C). This correlated with the fact that

very few memory CDS8 T cells were present in the lungs of
VACV-infected OX40-deficient mice at this time (Fig. 2C).
Thus, OX40 signaling is a dominant driving force in generating
long-lived CD8 T cell memory that is located in the lung.
Anti-OX40 treatment enhances the frequency and polyfunc-
tionality of VACV-specific effector CD8 T cells in the lungs and
spleen after peptide vaccination. To pursue this activity of
0X40, we focused on priming CD8 T cells by immunization
with a peptide of VACV, as this does not result in antibody
responses and allows evaluation of the protective capacity of
the elicited T cell populations. MHC class I-restricted VACV
peptide can induce CD8 T cells that prevent mortality after
intranasal infection with live virus, but the level of protection is
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FIG. 2. Anti-OX40 treatment enhances the number of effector and
memory CDS8 T cells in the lung. Wild-type (A to C) or OX40 '~
(C) mice were infected i.p. with 2 X 10° PFU/mouse of VACV-WR.
One day later, mice were treated with 150 pg of control rat IgG or
anti-OX40 («OX40). Eight (A and B) or 360 (C) days after infection,
virus-specific CD8 T cells were assessed in the lungs by tetramer
staining (A) or intracellular cytokine staining (B and C) after ex vivo
stimulation with VACV B8R peptide. The data are either representa-
tive plots of B8R tetramer staining in gated CD8 T cells, with the
percent positive indicated, or total numbers plus SEM of CD8"
IFN-y* T cells per lung from four individual mice. *, P < 0.05 (IgG
versus aOX40 treated) as determined by Student’s ¢ test. Similar re-
sults were obtained in three separate experiments.

variable and dependent on the dose used for immunization
(33, 43, 47). Mice were injected s.c. with the immunodominant
peptide B8R, ,,, given in IFA, and anti-OX40 was given 1 day
later. Memory is the most important feature of any vaccination
protocol, but before focusing on this aspect of the response, we
determined if targeting OX40 with peptide immunization rep-
licated the systemic and peripheral effector responses observed
with whole-virus immunization (Fig. 1 and 2). Correlating with
the prior data, anti-OX40 strongly boosted the number of
VACV-specific primary effector CD8 T cells and, in particular,
the polyfunctional subset that made high levels of TNF and
IFN-v, and this was observed not only in the spleen (Fig. 3A),
but also markedly in the lungs (Fig. 3B).

Anti-OX40 treatment combined with a single CD8 T cell
peptide epitope of VACV protects mice against lethal respira-
tory challenge. To determine if targeting OX40 resulted in
protective mucosal memory, immunized and anti-OX40-
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FIG. 3. Anti-OX40 treatment enhances the frequency and poly-
functionality of VACV-specific effector CD8 T cells in the lungs and
spleen after systemic vaccination. (A) Wild-type mice were immunized
s.c. at the base of the tail with 2 ng of B8R peptide in IFA. One day
later, the mice were treated with 150 pg of control rat IgG or anti-
0X40 («OX40). Eight days postvaccination, spleen (A) and lung
(B) cells were stained with B8R tetramer (left). CD8 T cell polyfunc-
tionality was assessed by intracellular IFN-y and TNF staining after
stimulation with BSR peptide (right). (Top) Representative plots of
tetramer or cytokine staining, gating on CD8™" T cells. The percentages
that stained positive for BSR tetramer, IFN-y alone, or TNF and
IFN-y/TNF are indicated. (Bottom) Total numbers of BSR tetramer-
positive, CD8* IFN-y", CD8" TNF", and CD8" IFN-y" TNF" cells
per tissue. The results are means and SEM (n = 4 mice/group) from
one experiment. *, P < 0.05 (IgG versus «OX40 treated) as deter-
mined by Student’s ¢ test. Similar results were obtained in two separate
experiments.

treated mice were infected intranasally with VACV-WR 3
weeks later (Fig. 4A). Upon infection with a normally lethal
dose of virus, 90% of the anti-OX40-treated mice survived with
only moderate loss of body weight, whereas only 20% survived
when OX40 was not targeted, and loss of body weight was far
more severe (Fig. 4B and C). Correspondingly, at the peak of
the T cell response at day 5, viral titers were reduced only in
mice that had previously received anti-OX40 (Fig. 4D), and the
inflammatory response in the lung that is a consequence of
virus persistence was dramatically reduced (Fig. 4E). Signifi-
cantly, 5- to 8-fold more functional (IFN-y-secreting) memory
CDS8 T cells were present in the lungs 3 weeks after immuni-
zation in mice that received anti-OX40, representing approxi-
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FIG. 4. Anti-OX40 treatment combined with a single CD8 T cell peptide epitope of VACV completely protects mice against lethal mucosal
VACYV infection. (A) Wild-type mice were immunized s.c. at the base of the tail with 2 ug of BSR peptide in IFA. One day later, the mice were
treated with 150 pg of control rat IgG or anti-OX40 («OX40). Some controls received adjuvant but no peptide (PBS) or adjuvant plus anti-OX40
(PBS + «OX40). Three weeks postvaccination, the mice were infected i.n. with a lethal dose of VACV-WR (3.5 X 10° PFU/mouse [300 times the
50% lethal dose {LDs,}]). The animals were weighed daily and euthanized if weight loss was greater than 25% of body weight. (B and C) Mean
percent survival (B) and percentage of initial body weight (C) from the indicated numbers of mice. Mean weight data in some cases were not
plotted beyond the point at which the mice died, and beyond day 7, the data reflect only mice that survived infection. (D) On day 5 post-VACV-WR
challenge, lungs were removed from representative mice in panels C and D, and VACYV titers were determined as described in Materials and
Methods. (E) Lung sections stained with hematoxylin and eosin from representative mice in panel C. Magnification, X100. (F) On the day of (top,
day 0) or 5 days after (bottom) intranasal challenge, the numbers of IFN-y-secreting CD8 cells were assessed in lungs from representative mice
in panels B and C by intracellular cytokine staining after stimulation with B8R peptide. The results are means and SEM for each group (n = 10
mice/group) from two experiments. *, P < 0.05 (B8R versus B8R plus aOX40 treated).

mately 30% of the CD8 T cells being reactive with the priming day 5). Thus, exogenous OX40 signals given at the time of
VACV peptide before virus infection (Fig. 4F, day 0). This activation of naive VACV-specific CD8 T cells promote a large
directly correlated with the total number of VACV peptide- population of CD8 T cells that have the ability to localize at

reactive secondary effector CD8 T cells generated in the lungs, mucosal surfaces and fully protect against subsequent virus
which were at a frequency 10-fold higher than before reinfec- infection via the lungs.
tion. Moreover, the difference in frequency between the groups Anti-OX40 treatment elicits long-lived polyfunctional

that did or did not receive anti-OX40 was maintained (Fig. 4F, VACV-specific CD8 memory T cells in the lung. Lastly, we
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FIG. 5. Anti-OX40 treatment enhances polyfunctionality and persistence of VACV-specific memory CD8 T cells in the lung independently of
CD4 T cells. Wild-type mice were immunized s.c. at the base of the tail with 10 pg of B8R peptide in IFA. One day later, the mice were treated
with 150 pg of control rat IgG or anti-OX40 («OX40). Some controls received adjuvant but no peptide (PBS) or adjuvant plus anti-OX40 (PBS +
a0X40). Three weeks postvaccination, the mice were infected i.n. with a lethal dose of VACV-WR (3.5 X 10° PFU/mouse [300 X the LDs,]). The
animals were weighed daily and euthanized if weight loss was greater than 25% of body weight. (A and B) Mean percentages of initial body weight
from the indicated numbers of mice. The mean weight data in some cases were not plotted beyond the point at which the mice died, and data
beyond day 7 reflect only mice that survived infection. (B) As indicated, groups of mice were depleted of CD4 («CD4) or CD8 (aCD8) T cells
prior to intranasal challenge with VACV. (C to F) eighteen months after intranasal challenge, the numbers of B8R tetramer-positive (C, E, and
F) and B8R-specific IFN-y- and TNF-secreting (D) CDS8 T cells were assessed in lungs and spleens from representative mice in panels A and B.
The results are means and SEM for each group (the numbers of mice per group are shown in panels A and B) from two experiments. *, P < 0.05

(B8R versus B8R plus aOX40 treated).

addressed whether this population of memory CD8 T cells was
long-lived, even after a secondary infection, and if anti-OX40
would be active even if the initial immunization were opti-
mized. Mice were primed with a 5-fold-higher dose of peptide
in adjuvant with or without anti-OX40; 3 weeks later, a nor-
mally lethal intranasal infection was given, and again, targeting
OX40 resulted in essentially full protection with little evidence
of weight loss (Fig. 5A) and no death. Protection was con-
firmed to be mediated by CDS8 T cells, as depletion of these
cells, but not CD4 T cells, resulted in lethal weight loss (Fig.
5B). These animals were left for 18 months, and the frequency
of VACV peptide-reactive CD8 T cells was again determined
in the lungs and spleen. Quite strikingly, the number of CD8 T
cells remained elevated in the anti-OX40-treated mice, and

specifically in the lung, as analyses of the spleen revealed no
difference in the frequency of VACV-specific CD8 T cells
surviving (Fig. 5C). Our previous studies (42, 43), which in-
cluded direct adoptive transfer of memory CDS8 T cells into the
lungs, together with those shown in Fig. 4, demonstrate that
the numbers of CD8 T cells in the lung prior to intranasal
challenge directly correlate with the degree of protection.
These data suggested that minimally 10* CD8 T cells should be
present in the lungs in order to allow the survival of the ma-
jority of animals infected with a normally lethal dose of
VACV-WR. This threshold was clearly achieved in the lung
over an 18-month period following anti-OX40 treatment (Fig.
5C). Furthermore, these cells in the lung retained their poly-
functionality, being capable of making high levels of IFN-y and
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TNF, whereas the long-lived population present in the lung
that resulted from vaccination in the absence of anti-OX40
contained a much lower frequency capable of exhibiting this
phenotype (Fig. 5D). CD4 T cells have variably been shown to
be important for maintenance of effective CD8 T cell memory,
but they were not required for the persistence of the cells
found in virus-challenged mice previously immunized with
anti-OX40 (compare Fig. 5C to E and F). In contrast, the
long-lived CD8 memory populations in the control mice that
were not immunized with anti-OX40 did exhibit some CD4 T
cell dependence (compare Fig. 5C to E and F). Therefore,
targeting OX40 promotes long-lived CD4-independent muco-
sal CD8 T cell memory for vaccinia virus epitopes.

DISCUSSION

Here, we show that stimulating the OX40 receptor during
the initiation of CD8 T cell responses not only can boost the
frequency of memory T cells that are formed, but importantly,
it efficiently boosts T cell memory that is located at mucosal
surfaces, specifically the lung. We demonstrated this when
priming of CD8 T cells was induced by live virus, as well as
when priming was induced with viral peptide. These data sug-
gest that incorporating agonist reagents to OX40 in a vaccine
vehicle may represent an effective way to immunize against
viruses that primarily infect the respiratory tract, where a lack
of pathogenicity or mortality relies on a preexisting population
of effector memory CD8 T cells that can immediately respond
and reduce virus replication.

0X40 was reported to be a costimulatory receptor for
CD4 T cells many years ago and was found to provide signals
to amplify the proliferation, as well as survival, of this subset
(6, 40). This correlated with reports showing that blocking
endogenous OX40/0X40L interactions could suppress the
generation of CD4 T cell memory and that targeting OX40
exogenously with agonist reagents could promote memory
generation in the CD4 compartment. OX40 may promote
these activities by several means, including direct signals via
NF-kB and phosphatidylinositol 3-kinase (PI3K)/Akt that
target cell cycle-related proteins, such as survivin and cyclin
A, and that target antiapoptotic molecules, such as Bcl-xL
and Bcl-2 (37, 48-51). Further indirect activities upregulat-
ing cytokine receptors, such as IL-2R and IL-12R, may am-
plify the effects of ligating OX40 (21, 38, 53). The activity of
0X40 on CDS8 T cells was initially questioned (8, 20). How-
ever, a number of studies have now shown that OX40 sig-
naling can positively impact the generation of CD8 T cell
responses in several situations (3, 10, 22, 23), most notably
in tumor settings (reviewed in reference 6). Moreover, sev-
eral recent publications have demonstrated a role for OX40
in promoting CD8 T cell populations after virus infection
(15, 16, 41, 43). In some cases, the activity of OX40 has been
to augment CD4 help for CD8 priming, depending on the
model system analyzed, whereas in other cases a direct ac-
tivity of OX40 on CD8 T cells has been evident (41).

Collectively, these studies have suggested that OX40 is a
good target for enhancing the generation of T cell memory and
that agonist reagents to OX40, or the gene encoding OX40L,
expressed in a vector, might be useful in vaccination regimens
(41). Although the tumor literature is quite extensive in this
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regard (6), there have been few studies related to vaccination
against viral disease. Furthermore, whether OX40 signaling
simply promotes central memory that resides primarily in the
lymphoid organs or whether it can equally or preferentially
promote peripheral tissue memory (so-called effector memory)
has not been clear. Studies in vitro showed that OX40L in an
adenoviral vector transfected into monocytes could promote
expansion of human flu-specific memory CD8 T cells (46) and
also that an agonist OX40L.Fc construct could augment ex-
pansion of memory CD8 T cells specific for HIV and EBV
(56), but arguably, these studies had very little relevance to
vaccination per se. However, an interesting study in vivo did
show that OX40L in a plasmid vector also encoding hepatitis B
virus surface antigen could boost CD4 and CDS8 T cell re-
sponses to this antigen in the spleen, when used in a vaccina-
tion protocol injecting the plasmid intramuscularly 3 times
over 4 weeks (9). Furthermore, intramuscular vaccination with
a plasmid encoding foot and mouth disease virus (FMDV)
VP1 peptide plus a plasmid encoding OX40L had a moderate
effect on promoting short-term CD4 and CDS8 T cell priming in
spleens of mice and a partial effect in reducing replication of
FMDV in guinea pigs when challenged subcutaneously with
the virus (55). Most relevant to our study are experiments
with an HIV-1 canarypox vaccine vector coadministered with
OX40L-expressing canarypox, also given intramuscularly. This
resulted in enhanced expansion of HIV-specific CD8 T cells
detected after 6 weeks in the spleen, although again no analysis
of memory in other sites was performed (24).

Our experiments strongly extend these reports by first show-
ing that targeting OX40 can promote enhanced CDS8 T cell
memory populations that are maintained for very long periods
(up to 18 months) and that this can be seen following infection
with live virulent virus, as well as with viral peptide vaccination.
Arguably most important, we found that systemic vaccination
and anti-OX40 treatment resulted in memory residing in mu-
cosal tissues. One goal of vaccine development that can be
applied to a variety of pathogens is the induction of mucosal
immunity that can effectively block extensive pathogen repli-
cation and that, critically, is long-lived. Many investigators
have suggested that this can be achieved only by mucosal
vaccination because of trafficking programs of lymphocytes,
possible imprinting dependent on the site of priming, and
potential compartmentalization of immune responses in dis-
tinct niches (4, 5, 11, 29, 30, 34). However, there are studies of
CDS8 T cell vaccination that have argued against this (27, 28),
for example, showing intramuscular or subcutaneous immuni-
zation with virus or vaccine vectors can result in strong re-
sponses at mucosal effector sites (18, 25, 26). Our data effec-
tively support the latter and show that even though CD8 T cell
priming with virus or peptide was in the peritoneal cavity or
subcutaneous and the antibody to OX40 was also injected in
the peritoneal cavity, memory CD8 T cell populations were
induced that were maintained in the lung over many months.
Most notably, these were sufficient to provide strong protec-
tion against intranasal reinfection with high doses of live virus.

It is not clear that promoting mucosal memory is specific to
0OX40 stimulation, nor is it indicative of OX40 promoting a
different migratory pattern in memory cells, and this needs to
be examined in the future. However, interestingly, in our pre-
vious studies of OX40-deficient mice (42, 43) and those here
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(Fig. 2), the lack of endogenous OX40 signals severely re-
stricted the VACV-specific memory CD8 T cell population
that was found in the lungs. This also correlated with a study of
CD4 T cells in which OX40-deficient mice displayed a pro-
found defect in the number of polyclonal memory cells found
in peripheral tissues, including the lung and lamina propria.
Furthermore, in several immunization protocols, a severe de-
fect was observed in generating CD4 T cell populations
displaying an effector memory phenotype that is most com-
monly associated with localization to peripheral tissues (52).
Similarly, it was found during CD8 T cell priming to Listeria
monocytogenes that so-called memory precursor effector cell
development was strongly impaired in OX40-deficient mice,
resulting in very few memory T cells being generated (31).
Therefore, regardless of whether OX40 signaling directly or
specifically promotes T cell memory that can locate in pe-
ripheral tissues, these results, together with our data here on
vaccinia virus-specific memory CD8 T cell populations, sug-
gest that targeting OX40 in vaccines may be highly desirable
to promote protective memory for poxviruses and likely
other viruses that may enter the body through mucosal tis-
sues.
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