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Abstract

Metastatic disease is the major cause of morbidity and mortality in cancer. Although surgery,
chemotherapy, or radiation can often control primary tumor growth, successful eradication of
disseminated metastases remains rare. We have now tested whether direct targeting tumor tissues to
generate antitumor immune response before surgical excision produces sufficient CTL against
micrometastases. One unsolved problem is whether such response allows coming CTL to be educated
and then exit the tumor site. Another unsolved problem is whether these CTL can then patrol and
effectively eliminate spontaneously metastasized tumor cells in the periphery. In this study, we have
shown that adenovirus-expressing TNFSF14 [LIGHT (name derived from homologous to
lymphotoxins, shows inducible expression, and competes with herpes simplex virus glycoprotein D
for herpes virus entry mediator, a receptor expressed by T lymphocytes); Ad-LIGHT] inoculated
directly into primary 4T1 tumor, a highly aggressive, spontaneously metastasizing mammary
carcinoma, followed by surgical removal of the primary tumor can eradicate established and
disseminated metastatic tumor cells in the peripheral tissues. Furthermore, we clearly show with a
fibrosarcoma model Ag104L9 that local treatment can generate plenty of tumor-specific CTL that
exit the primary tumor and infiltrate distal tumors to completely eradicate distal tumors. Therefore,
targeting the primary tumor with Ad-LIGHT before surgical excision is a new strategy to elicit better
immune response for the eradication of spontaneous metastases.

Micrometastases can establish early in heterogeneous primary tumor development and seed
into distal tissue sites before clinical detection (1). In many cases, metastases from primary
cancer can occur when the primary tumor size is very small (2,3). Therefore, at the time of
diagnosis, many cancer patients already have microscopic metastases, an observation that has
led to the development of postsurgical adjuvant therapy for patients with solid tumors. Despite
advances in early detection and modifications to treatment regimens, success has been limited
and optimal treatment of metastatic disease continues to pose a major challenge in cancer
therapy.
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A variety of human and murine cancers have been proven to be antigenic and recognizable by
T cells (4-6). However, the naturally occurring T cell responses against malignancies in
humans are often not sufficient to cause regression of tumors, primary or metastatic.
Immunotherapy would potentially elicit tumor-reactive T cells that can seek and destroy
disseminated tumor Ag-positive cancer cells while sparing the surrounding healthy tissues, but
active vaccination for tumor-bearing hosts only shows limited benefit so far (7). Adoptive
transfer of autologous antitumor T cells expanded ex vivo with defined Ags has shown promise,
but only in a small subset of highly selected melanoma patients (7,8). Furthermore, lack of
well-defined Ags in most tumors limits either active vaccination or adoptive transfer therapy.
Immunotherapy that is effective even without determination of specific tumor Ags would be
more applicable and more therapeutically feasible. Current immunotherapy often follows
conventional surgery, radiation, and chemotherapy. Surgery can reduce tumor burden but also
remove the major source of tumor Ags, which may signal to retract the immune response while
radiation and chemotherapy would further damage the existing immune response. It is still
unclear when and how to boost active immune responses against tumor.

LIGHT (name derived from homologous to lymphotoxins, shows inducible expression, and
competes with herpes simplex virus glycoprotein D for herpes virus entry mediator, a receptor
expressed by T lymphocytes; Genome Database designation, TN FSF14) is a TNF family
member that interacts with lymphotoxin g receptor (LTﬂR)3 and herpesvirus entry mediator
(HVEM) mainly expressed on stromal cells and T cells, respectively (9). LIGHT is able to
interact with LTAR to regulate chemokine expression (10). In addition, LIGHT also exhibits
potent, CD28-independent co-stimulatory activity for T cell priming and expansion leading to
enhanced T cell immunity against tumors and/or increased auto-immunity (11-13). We have
recently shown that the expression of LIGHT in the tumor environment induces LTSR-
associated chemokines and adhesion molecules that attract and prime naive T cells leading to
the rejection of established, highly progressive tumors in mice (14). It raises the possibility
that we can target tumor tissues with LIGHT to generate more CTL that might be sufficient to
clear metastases.

Recent studies have revealed that naive or effector-memory T cells can leave the periphery and
enter the draining lymph nodes (DLNSs) through an active process (15,16). It is not yet known
whether sufficient numbers of tumor-specific CTL recruited to the primary tumor can survive
and exit the tumor environment to patrol peripheral tissues and eradicate disseminated
metastases. In the current study, we were able to show that delivery of LIGHT, using a
recombinant adenovirus, into the primary tumor can generate enough CTL to leave local tumor
and patrol periphery tissues and eradicate spontaneous metastases. The simplicity of this
strategy, aiming to use the tumor tissues as a source of training sites for the generation of CTL
in situ, provides the means to effectively mount an antitumor-specific immune response against
not only the primary tumor, but also disseminated metastases. As such, this model reveals
therapeutic possibilities that may be attractive for future clinical translation.

Materials and Methods

Mice and cell line

Female C3H x C57BL/6F1 (C3B6F1), C57BL/6, BALB/c, and FVB mice, 4 — 8 wk old, were
purchased from The Jackson Laboratory. 2C TCR-transgenic mice, OT-1 TCR-transgenic
mice, both on RAG-17/B6 background (2C, OT-1 mice), RAG-1"7/B6, and P14 TCR-
transgenic mice (P14 mice) were bred and maintained in the specific pathogen-free facility at

3Abbreviations used in this paper: LTAR, lymphotoxin S receptor; HVEM, herpes-virus entry mediatior; Ad-LIGHT, adenovirus-
expressing LIGHT; mmLIGHT, mutant murine LIGHT; LN, lymph node; DLN, draining LN; NDLN, nondraining LN; SPL, spleen.
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the University of Chicago. Animal care and experiments were done in accordance with
institutional and National Institutes of Health guidelines and were approved by an animal use
committee at the University of Chicago. Fibrosarcoma Ag104L9 was described previously
(14,17). The B16-SIY melanoma cell line was generated as described (18). 4T1 is a 6-
thioguanine-resistant cell line derived from a spontaneous mammary carcinoma (19). The
MC38 colon cancer cell line was provided by Y. Liu (Ohio State University, Columbus, OH).
Ag104L% and 4T1 tumor cells were grown in DMEM (Invitrogen Life Technologies)
supplemented with 10% FCS (HyClone). B16, B16-S1Y, and MC38 tumor cells were grown
in RPMI 1640 (Invitrogen Life Technologies) supplemented with 10% FCS.

The generation of adenovirus-expressing LIGHT (Ad-LIGHT)

The mutant murine LIGHT (mmLIGHT) was generated previously (14). To construct
recombinant mmLIGHT-adenovirus, a BamHI/Notl fragment containing murine LIGHT
cDNA cut from pcDNA3.1-mmLIGHT was cloned into the BamHI/Notl sites of the first
parental plasmid, pLEP-ubp (left-end plasmid, Tetr) after human ubiquitin promoter (ubp).
Subsequently, the pLEP-mmLIGHT was ligated to a second plasmid, pREP (right-end plasmid,
Ampr) at a unique intron-encoded Clal site. The ligation product was packaged with A phage
packaging extracts. The pLEP/pREP hybrid cosmids were selected grown on Amp/Tet LB agar
plate. Bglll digestion was used to further identify recombinant cosmid containing insert
mmLIGHT. The Ad-mmLIGHT DNA fragment was liberated from its recombinant cosmid by
I-Ceul digestion, and the mixture of 1-Ceul digestion without further purification was
transfected into 293 cells for recombinant adenovirus production. The Ad-mmLIGHT is
referred to as Ad-LIGHT in this study.

Tumor injection, treatments, and evaluation of metastases by colonogenic assay

Ag104L9, B16-SIY, MC38, and 4T1 tumors were inoculated s.c. into the area around the tail
base on syngeneic C3B6F1, B6, or BALB/c mice. The tumor nodules were inoculated with
indicated amount of Ad-LIGHT or Ad-control virus intratumorally in 50 I of PBS. For surgical
excision of primary 4T1 tumors, mice were anesthetized, and tumors were resected with
sterilized instruments. Wounds were closed with metallic clips. All mice survived surgery.
Mice in which primary tumors recurred at the site of the surgical excision were eliminated from
the experiments. A colonogenic assay was used to evaluate metastases by 4T1 tumors as
previously described (20). Briefly, lungs were collected and chopped before being dissociated
in DMEM supplemented with 10% FCS containing 1.5 mg/ml collagenase type D (Sigma-
Aldrich) (collagenase D solution) for 30 min in 37°C shaking incubator at 178 rpm speed.
Organs were then plated at various dilutions in the DMEM supplemented with 10% FCS and
60 1M 6-thioguanine. Individual colonies representing micrometastases were counted after 5—
10 days.

Measurement of cytokines in the spleen (SPL) and tumor

We prepared tumor and SPL homogenates as described (21). The amount of cytokines in the
supernatants was quantified using the cytometric bead array kit (BD Biosciences) on a
FACSCalibur cytometer equipped with CellQuestPro and CBA software (BD Biosciences)
according to manufacturer’s instruction.

Adoptive transfer of 2C or P14 T cells and analysis of cells by FACS

LN cells and splenocytes were isolated from 2C or P14 mice and CD8* T cells were negatively
selected with a CD8* T cell enrichment kit (Miltenyi Biotec). A total of 3 x 108 2C or P14 T
cells were transferred into OT-1 mice. To transfer CFSE-labeled T cells, T cells were labeled
with CFSE as described previously (14,22), and 3 x 108 CFSE-labeled T cells were injected
into mouse. Cells were isolated from the inguinal LNs (DLNs), other LNs (non-DLNs
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(NDLN)), SPL, or tumors at the time indicated. CFSE dilution was evaluated as described
before (14,21,22).

Evaluation of the presence of Ag104L9 tumor cells in the lymphoid tissues after s.c.

inoculation

Peripheral, mesenteric LNs, and SPL were collected 1, 6, 10, 14 days after s.c. inoculation of
tumor cells, chopped, and dissociated in collagenase D solution for 20 min in a 37°C shaking
incubator at 178 rpm speed and single-cell suspension was collected after 20 min and plated
in DMEM supplemented with 10% FCS and 0.5 mg/ml G418. Plates were examined every
week for 4 wk to detect colonies, which indicate the presence of live tumor cells. As a positive
control, cultured tumor cells were added to the wild-type lymphoid organ before the procedure
to obtain single-cell suspension begins. Only experiments that were sensitive enough to detect
one tumor cell among at least 10% LN or SPL cells were counted.

In vivo cytotoxicity assay

The in vivo cytotoxicity assay was performed similarly as described by Barber et al. (23). In
brief, splenocytes from L9-positive BALB/c mice or control L%-negative FVB mice were
labeled with 10 «M cytosolic dye CFSE, referred to as highly labeled targets. And splenocytes
from C3B6F1 mice were labeled with 1 uM CFSE, referred to as lowly labeled targets. The
highly and lowly labeled cells were mixed with 1:1 ratio and transferred retro-orbitally (50 —
100 million cells totally for each mouse, equal amount of cells transferred for each mouse in
each individual experiment) into the indicated groups of recipient mice. After 18 h of in vivo
killing, lymphocytes were isolated from the SPLs and analyzed by flow cytometry for target
cell clearance. Target cells were differentiated from recipient cells based on CFSE staining and
from each other based on different intensity of the staining. Gated on CFSE™ cells, the
percentage of specific killing was calculated as the following: 100 — (% CFSEN9" cells in
tumor challenged mice/% CFSE!OW cells in tumor challenged mice)/(% CFSEN cells in naive
mice/% CFSE!OW cells in naive mice)) x 100.

Statistical analysis

Results

For analysis of the difference in tumor growth, the random effect models for longitudinal data
were used to analyze such data because tumor growth was observed repeatedly over time on
the same mouse. For each experiment, the tumor growth was assumed to depend on treatment
and to follow a linear growth rate over time. The model gave an overall estimate of the intercept
and slope of the linear growth for each group. We were interested mainly in comparing whether
the slope, i.e., the growth rate, was different among different treatment groups. Both the
intercept and slope were allowed to vary among individual mice. The actual tumor growth may
not follow a linear growth trend over the entire follow-up period. The increase of tumor growth
was slow at the early stage and became rapid at the later stage in some experiments. We also
investigated this by adding a quadratic term of the follow-up time in the above random effect
models. All other statistics were done using an unpaired Student two-tailed t test. Error bars
represent SD.

Ad-LIGHT controls spontaneous tumor metastases

The poorly immunogenic 4T1 mammary carcinoma closely mimics human breast cancer in its
anatomical site, immunogenicity, growth characteristics, and more importantly, metastatic

properties (19,24,25). 4T1 can metastasize to various organs, such as lung, as early as day 10
after inoculation of 10° 4T1 tumor cells. To develop a clinically relevant therapeutic strategy
to deliver LIGHT into established 4T1 to study its potential effect on metastasis, we generated
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a recombinant, replication-deficient Ad-LIGHT. We first infected the mammary carcinoma
4T1 tumor cells in vitro with Ad-LIGHT or adenovirus expressing LacZ as control reagent
(Ad-control). The 4T1 tumor cells infected with Ad-LIGHT, but not Ad-control, expressed a
high level of LIGHT 24 h after infection (Fig. 1). To determine whether Ad-LIGHT can induce
expression of LIGHT in other tumor cells, we infected several tumor cell lines, including
fibrosarcoma Ag104L9 and melanoma B16 in vitro for 24 h. Detection of LIGHT expression
was evaluated using a soluble LTSR, one of the receptors for LIGHT. In fact, Ad-LIGHT was
able to confer LIGHT expression on all three tumor cell lines we tested (Fig. 1). The 4T1 tumor
cells were then harvested and 10° of LIGHT-expressing or Ad-control-infected 4T1 tumor cells
were inoculated s.c. into BALB/c mice. Primary tumor growing s.c. was monitored for 35 days
before the mice were sacrificed for the evaluation of metastases in the lung using a colonogenic
assay. We found that the growth of the primary tumor was retarded but not completely rejected
(Fig. 2A). Impressively, no colonies of metastatic cells were detected in the lungs of mice
inoculated with LIGHT-expressing 4T1 tumor cells while a high number of metastases were
detected in the lungs of mice bearing control tumors (Fig. 2B). These results indicated that
LIGHT expression by the 4T1 tumor was sufficient to control metastases even in the presence
of a growing primary tumor.

We next wanted to test the therapeutic effects of Ad-LIGHT on the established primary tumor.
We investigated whether Ad-LIGHT delivered directly into an established tumor would control
cancer metastases. The s.c. growth of 10° 4T1 tumor cells in BALB/c mice was established
for 7 days, followed by the intra-tumor injection of 2.5 x 10° PFU of Ad-LIGHT or Ad-control.
We observed that the growth of the primary tumor was somewhat suppressed after Ad-LIGHT
treatment but continued to grow (Fig. 2C). To mimic the clinical therapeutic setting, the primary
tumor was surgically removed 18 days after the tumor inoculation. Mice were then sacrificed
to evaluate the metastases in the lung using the colonogenic assay 35 days postprimary tumor
inoculation. Interestingly, we detected no metastases in the lung of the mice that had been given
Ad-LIGHT treatment while large numbers of metastatic cancer cells were found in the lung of
the control mice (Fig. 2D). These results demonstrate that LIGHT delivered by adenoviral gene
transfer into an established primary tumor induced significant antitumor effects to control the
occurrence of spontaneous metastases.

Ad-LIGHT mediates the rejection of established spontaneous lung metastases

There are two possible general mechanisms by which Ad-LIGHT treatment could inhibit the
number of metastatic cancer cells present in the lung. One is that Ad-LIGHT-induced antitumor
immunity suppresses the growth of the primary tumor which then prevents the tumor cells to
metastasize to other sites. The other is that Ad-LIGHT triggers a potent antitumor immunity
to cause rejection of already seeded distal tumors. Given the potent antimetastatic activity of
Ad-LIGHT treatment, we wanted to examine whether Ad-LIGHT treatment would possibly
be effective to treat hosts already bearing detectable metastases. Because s.c. injection of
10° 4T1 tumor cells consistently results in detectable metastases in the lung 11 days posttumor
inoculation, Ad-LIGHT treatment after the 11-day time point would indicate the effectiveness
of the treatment on already seeded metastatic cancer cells. We inoculated 10° 4T1 tumor cells
s.c. to BALB/c mice, provided intratumoral injection of 1 x 10° PFU of Ad-LIGHT or Ad-
control 14 and 17 days later, and then surgically removed the primary tumor 24 days after
initial tumor inoculation. The mice were sacrificed and the metastases in the lung were analyzed
35 days postinoculation of primary tumor. Although we found a large number of metastatic
colonies in the lung of the Ad-control-treated mice, a dramatic decrease in the number of
metastatic cancer cells was detected in Ad-LIGHT-treated mice (Fig. 3A). More importantly,
treatments with Ad-LIGHT in combination with surgery significantly reduced lung metastases
compared with surgery alone even in the event that surgery was performed early on day 14
when Ad-LIGHT treatment started (Fig. 3A and Table I). The antimetastatic effect of Ad-
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LIGHT was dependent on CD8* T cells as depletion of CD8" T cells starting at the time of
Ad-LIGHT treatment completely abolished the protective effects (Fig. 3A and Table 1).
Furthermore, the combination treatment of surgery and Ad-LIGHT, starting on day 14 after
primary tumor inoculation resulted in a substantial increase of mice free of any detectable
cancer cells in the lung, from 13.6% to 51.6%, while surgery alone showed 100% metastases
(Table I). Together, these results strongly suggest that local treatment of cancer with Ad-
LIGHT is effective at eradicating pre-existing metastases. With this combination therapy of
Ad-LIGHT and surgery, 50% of mice consistently survived long term while 100% of mice in
the control group died of metastases shortly after surgery (Fig. 3B). Therefore, local treatment
with Ad-LIGHT generated a strong antitumor immunity that was dependent on CD8* T cells
to eradicate pre-existing metastases in the periphery, conferring long-term protection and
eventual cure.

LIGHT delivered by adenovirus mediates host resistance to various tumor lines

Next, to demonstrate the versatility of the Ad-LIGHT treatment in other tumor models also
defined as aggressive and/or poorly immunogenic, we inoculated a fibrosarcoma line,
Ag104L% a melanoma line B16-SIY; and a colon cancer line MC38. Ag104L tumor cells
grow aggressively in vivo and extremely difficult to treat. Inoculation of only 10% tumor cells
is sufficient to kill an immunocompetent host in 30 days, without a detectable immune response
(14,17). High dose of Ag104L4 tumor cells (106) was injected s.c. into C3B6F1 mice. Ad-
LIGHT (2.5 x 10° PFU) or Ad-control was injected intratumorly 14 days after tumor challenge
when the tumor mass was well-established. Following Ad-LIGHT treatment, the Ag104L¢
tumors persisted for a few days before being completely rejected, while those treated with Ad-
control continued to grow progressively (Fig. 4A). Tumor rejection mediated by Ad-LIGHT
was CD8* T cell-dependent and led to strong memory protection against the rechallenge of
Ag104L9 at doses as high as 107 tumor cells (data not shown). The therapeutic effect of Ad-
LIGHT is not limited to 4T1 and Ag104L9. Melanoma B16s and colon cancer MC38 are known
to be aggressive and poorly responsive to various treatments (26,27). The growth of B16-SI'Y
and MC38 was also inhibited by intratumor injection of Ad-LIGHT (Fig. 4, B and C). These
results demonstrate that local treatment of Ad-LIGHT can mediate partial or complete control
of various large established tumors.

Ad-LIGHT treatment at local site enhances T cell-mediated responses at local and distal site

We have demonstrated that Ad-LIGHT-mediated rejection of metastases was CD8" T cell
dependent in 4T1 tumor model. Next, we would like to trace Ag-specific T cell responses and
visualize T cell trafficking in the process of local Ad-LIGHT treatment leading to the
eradication of a distal tumor. 4T1 tumor model lacks a traceable tumor Ag. We decided to use
Ag104L9 tumor system to examine the antitumor T cell responses because it bears a defined
dominant model tumor Ag LY, which can be recognized by 2C TCR-transgenic T cells through
direct Ag-presentation pathway (28). We inoculated C3B6F1 mice with two s.c. Ag104L4
tumors 6 days apart to mimic a s.c. metastatic model. The intratumoral Ad-LIGHT treatment
of the primary tumor was given 5 days after the secondary tumor inoculation. We found that
both the primary and secondary tumors were rejected in the mice treated with Ad-LIGHT only
at the primary tumor, but not in the mice treated with Ad-control (Fig. 5A). Because the effect
of Ad-LIGHT is CD8-mediated, we examined the percentage of CD8* T cells among the
Ly5.2* leukocytes, and IFN-y-producing effectors among all the CD8* T cells in the DLNSs,
SPL, primary and secondary tumors. The number of CD8* T cells and IFN-y-producing effector
CD8™ T cells did not change significantly in the lymphoid organs, yet it increased dramatically
in both the primary and the secondary tumors after Ad-LIGHT treatment (Fig. 5, B and C).
The development of antitumor immunity can be associated with a change of the cytokine
environment (21). To examine the cytokine milieu in the lymphoid organs, and inside the tumor
itself, we harvested the SPL and tumor tissues 7 days after Ad-LIGHT or Ad-control treatment
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for cytokine measurement. Interestingly, we found that the levels of proinflammatory
cytokines, TNF-a and IFN-y, were increased considerably in the primary and the secondary
tumors of Ad-LIGHT-treated mice comparing to the Ad-control-treated ones (Fig. 5D). TNF-
a was also found increased in the SPL of Ad-LIGHT-treated mice (Fig. 5D). Other cytokines
such as IL-2, IL-4, IL-5, or IL-6 were not significantly different between the two groups of
mice in the lymphoid organ or inside the tumor microenvironments. Thus, tumor rejection
mediated by Ad-LIGHT was accompanied by an obvious increase of CD8* T cells, IFN-y
producing effector T cells, and the augmentation of inflammatory cytokines, TNF-a and IFN-
v, inside both the primary and secondary tumors.

Ad-LIGHT targeting the primary tumor generates more CTL

We next performed adoptive transfer experiments to test whether Ad-LIGHT can drive the
primary tumor to generate more antitumor CTL, which can subsequently circulate systemically
and facilitate rejection of the distal tumor. To investigate whether the T cells from lymphoid
organs of treated mice are capable of mediating the rejection of established tumors, we
inoculated 10° Ag104L9 tumor cells into C3B6F1 mice, then treated with 2.5 x 10° PFU of
Ad-LIGHT or Ad-control 14 days posttumor inoculation. At 21 days, we collected the SPL
and LNs from the treated mice and purified the T cells and adoptively transferred 107 of these
T cells to C3B6F1 mice bearing an Ag104L9 tumor that had been established for 7 days. We
found the mice that received T cells from Ad-LIGHT-treated mice all rejected their tumors
while the ones that received T cells from Ad-control-treated mice died of tumor burden the
same as the mice received no treatments (Fig. 6A). This result suggests that activated Ag-
specific T cells present in circulation after Ad-LIGHT treatment, but not control virus, are
sufficient to reject established tumors. Next, we would like to directly visualize in vivo whether
Ad-LIGHT treatment at the primary tumor would generate more CTL thatare able to kill targets
systemically in an Ag-specific manner. We performed in vivo Killing assays to compare the
abilities of CTL from Ad-LIGHT or Ad-control-treated Ag104LY9 tumor-bearing mice to kill
the L9-positive vs L9-negative targets. Our results showed that CFSE-labeled BALB/c (L-
positive) splenocytes as targets were killed significantly more in the Ad-LIGHT-treated tumor-
bearing hosts than in the Ad-control-treated mice, which killed L9-positive targets similarly as
L9-negative Ag104 tumor-bearing mice (Fig. 6, B and C). The CTL functions were specific
against Ag L9 because FVB (LY-negative) splenocytes as targets were not killed in both groups
of tumor-bearing mice comparing to the naive mice (Fig. 6, B and C). Therefore, it is possible
that targeting primary tumor tissue may generate tumor Ag-specific CTL that exit to circulation,
which then patrol peripheral tissues for eradication of distal tumors.

Activated tumor Ag-specific T cells generated from the primary tumor move to the distal

tumor

Although tumor-specific effector cells have been detected in tumors of mice and humans (4—
6), it remains to be shown whether these T cells possess the ability to leave the tumor site and
home to distant metastases. To demonstrate that the tumor Ag-specific effector T cells
generated in the LIGHT-expressing primary tumor could patrol the peripheral tissues to
infiltrate a distal secondary tumor mass that is not expressing LIGHT, we used a tumor cell
line, Ag104LY transfected with LIGHT. It is difficult to confirm whether the population of
activated tumor-specific T cells detected in DLN originated from the tumor or were generated
in lymphoid tissue, because cross-presentation of tumor Ags can occur in both compartments.
To circumvent this caveat, we used a system in which reactive T cells recognize Ag only
through direct presentation on tumor cells. We have previously reported that in OT-1 hosts
(H-2b), adoptively transferred 2C TCR-transgenic T cells recognizing Ag104L9 tumors, cannot
be activated by indirect presentation, but can only be activated by direct presentation of L9 by
the tumor cells (14,22). These host mice lack endogenous T cells reactive to the Ag104LY
tumor, and 2C T cells are the only T cells mediating the antitumor responses. We found no
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homeostatic expansion of these 2C cells upon transfer into these mice in the presence of
CD8* OT-1T cells. To demonstrate whether effector T cells leave the primary tumor to traffic
to the distal tumor, we used this model system in which 2C T cells were adoptively transferred
to tumor-bearing OT-1 mice. The primary tumor was either 108 Ag104L9 or Ag104L9-LIGHT,
while the secondary tumor was 10° Ag104L9. CFSE-labeled 2C T cells were transferred 10—
14 days posttumor challenge. Proliferation of the 2C T cells inside the tumor environment was
evaluated on days 3, 5, and 10 after the adoptive transfer. Even only 3 days after transfer,
CFSEN9" non-proliferating 2C cells were present in the LIGHT-expressing Ag104L9 primary
tumor and lymphoid tissues. Subsequent proliferation of these 2C T cells was well-observed
inside tumor but not DLN 5 days after transfer, as indicated by the in situ dilution of CFSE.
By day 10, a larger number of proliferated 2C T cells were found in Ag104L9-LIGHT tumors.
In the secondary Ag104L9 tumor, the presence of diluted CFSE-labeled 2C T cells was detected
in mice bearing Ag104L9-LIGHT tumor (Fig. 6, D and E). 2C T cells were barely detectable
in either the primary or the secondary tumors in mice bearing Ag104L4 as primary tumor (data
not shown).

To determine whether this influx of 2C T cells into the Ag104L9 tumor of these mice was due
to Ag-specific infiltration or by passive circulation, we transferred P14 T cells, which are
lymphocytic choriomeningitis virus gp33-specific TCR transgenic T cells and are
nonresponsive to Ag104L9 tumors, in equivalent numbers with our Ag-specific 2C T cells. We
found that 2C and P14 T cells were present at a comparable level in the DLN, NDLN, SPL as
well as tumors on the mice bearing two Ag104L9 tumors (data not shown). In contrast, there
were much more 2C than P14 T cells in the secondary Ag104L9 tumor in the mice bearing a
LIGHT-expressing Ag104L9 primary tumor (Fig. 6E). Although the number of tumor Ag-
irrelevant P14 T cells in the secondary tumors was comparable, 2C T cells were 5-100 times
more abundant in the secondary tumor in the presence of a LIGHT-positive primary tumor
than a parental primary tumor (Fig. 6E). We failed to detect any live tumor cells in the LNs 1,
6, 10, and 14 days after tumor challenge using a sensitive colonogenic assay that is capable of
identifying one live tumor cell among 108 cells from lymphoid organs after s.c. tumor challenge
(data not shown). This ruled out that s.c. Ag104L9 tumor cells migrate in a significant amount
to the lymphoid tissues to prime 2C T cells. Thus, priming by the Ag104L9 tumors is dependent
primarily on the direct presentation to 2C T cells inside the tumor. The result of these
experiments strongly suggests that some activated Ag-specific T cells are capable of migrating
out of the tumor and into systemic circulation following activation and expansion by LIGHT
inside the tumor. Using Ag104ALY and 2C system allows us to conclude this while other
systems with potential cross-priming could not address this issue clearly. Taken together, these
results demonstrated that LIGHT expression on tumor cells mediated by the Ad-LIGHT
treatment can generate large numbers of effector cells from the primary tumor to efficiently
survey peripheral tissues and direct proinflammatory changes within distal tumors, leading to
its regression.

Discussion

Metastasis is frequently a fatal step in the progression of solid malignancies. Disseminated
metastatic tumor cells can remain dormant and clinically undetectable for months or even years
following surgical resection of the primary tumor, leading to subsequent clinical disease
recurrence. Metastases are difficult to be completely eradicated by surgery, chemotherapy, and
radiation. In this study, we have demonstrated that local delivery of LIGHT into the primary
tumor not only prevents the formation of metastases, but also eradicates established metastases
in peripheral tissues. Conventional treatments that surgically remove tumor first to be followed
by chemotherapy, or radiation often fail to clear metastases. Our study shows that primary
tumor can be used as a major site to generate better CTL that then leave the primary tumor,
patrol, detect, and eradicate established metastatic tumors. Therefore, strategically planned
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immunotherapy, using primary tumor tissue as the site for generating and sustaining a tumor-
specific immune response, can in fact bypass current therapeutic limitations that rely on
determination of specific tumor Ags and often fail to clear metastastic tumor.

An advantage of intratumor treatment with LIGHT is that anti-tumor CTL can be effectively
and rapidly generated inside tumor without the knowledge of tumor Ags. The following four
experiments we conducted support the notion that the clearance of the distal metastases may
largely be attributable to the effects of LIGHT in the primary tumor, rather than a general
systemic immune stimulation by the adenovirus expressing LIGHT: 1) highly progressive
tumor cells stably transfected with LIGHT mediated rejection of distal tumors completely. 2)
4T1 tumor cells infected with Ad-LIGHT in vitro resulted in no metastasis. In this model, any
remaining viral excess was washed out before inoculation of LIGHT-infected tumor cells, thus
rendering systemic stimulation by Ad-LIGHT impossible. 3) 4T1 tumor cells infected with
Ad-LIGHT as a therapeutic vaccine led to the eradication of metastases (data not shown). 4)
Our preliminary data showed that inoculation of Ad-LIGHT outside of the primary tumor failed
to prevent lung metastasis. There are additional advantages of intratumor treatment over
systemic treatment, one of which is to limit auto-immunity: 1) there are more tumor-specific
T cells and fewer autoreactive T cells inside the tumor tissues; 2) there are more unique tumor
Ags inside tumor; 3) suppressive environment inside the tumor prevents nonspecific activation
or bystander activation of autoreactive T cells inside tumor; 4) T cells will be more readily
activated when first signal (tumor Ags) and second single (LIGHT) are closely provided.
Intratumor injection of LIGHT provides second signal inside tumor tissues so that the tumor-
specific T cells have more chance to be activated by tumor Ags in the same environment. We
have not observed any signs of autoimmunity on mice that were treated with Ad-LIGHT and
survived long term (over 100 days postsurgery) so far. This suggested that intratumor Ad-
LIGHT treatment mainly promotes immune responses against unique tumor Ag(s) rather than
shared ones, at least in Ag104L% and 4T1, the two models we have observed for long term.
Taken together, our data strongly suggest that targeting the primary tumor with Ad-LIGHT
effectively breaks tolerance of T cells and promotes Ag-specific CTL to clear metastases or
distal tumors.

4T1 mouse mammary carcinoma is a poorly immunogenic tumor model that shares many
characteristics with human breast cancers, and is an established model for metastatic cancers
(19,24,25). When 10° tumor cells are inoculated s.c., the tumor begins to metastasize to the
DLN, lung, liver, and other organs only 10 days postinoculation. Mice succumb to lung
metastases within 5-7 wk. Our study demonstrates that local treatment of 4T1 with Ad-LIGHT
on day 14 can eradicate established metastatic cells in the peripheral tissues. With surgical
excision of the primary tumor a week subsequent to dissemination of cancer cells, treatment
with Ad-LIGHT becomes even more effective. Although the generation of CTL by intratumor
treatment with Ad-LIGHT could not eradicate the primary tumor, it was sufficient to eradicate
metastatic tumors, which is more difficult to manage by conventional treatments. In fact,
immunotherapies have greater potential for treating micrometastases while conventional
treatments using surgery and local radiation may be more effective in removing primary
tumors. A combination of conventional treatment and immunotherapy is likely to be necessary
for a cure of malignancies for most patients. It remains to be determined whether Ad-LIGHT
in combination with other treatments can augment the immune response to completely
eradicate more established metastases in the periphery.

Before our study, it had not been clearly demonstrated whether effector T cells that had
infiltrated the tumor exit and enter the draining lymphoid organs for systemic circulation to
eradicate distal tumors. This has been in part due to the lack of an appropriate model system
to trace the path of tumor-specific CTL from the tumor to lymphoid structures and to distinguish
the site of T cell activation due to the possible Ag cross-presentation in both compartments.
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To this end, we used a unique tumor model, the 2C-Ag104LY system, to trace Ag-specific T
cells inside the primary tumor, the DLN, and secondary tumor sites. The uniqueness of the
model system is that the Ag LY expressed by the tumor cells can only be seen by 2C T cells
directly because the L9 processed and presented by the APCs from a H-2° host cannot be
recognized by 2C T cells (14,17). Because earlier kinetic and genetic studies have clearly
demonstrated that T cell priming normally initiates in the lymphoid organ regardless of direct
or cross-priming (29,30), it is possible that tumor cells injected s.c. migrate to the lymphoid
organ to prime T cells there via direct presentation. To exclude this possibility, we have also
verified the lack of any Ag104L9 tumor cells inside DLN that could directly prime 2C T cells
in the lymphoid tissues. Therefore, no naive 2C T cells are activated in the DLNSs in this setting.
Rather, 2C T cells must move into the tumor site for direct encounter with the L9-expressing
tumor cells for initial activation, after which they circulate back to the lymphoid tissues. In the
presence of LIGHT inside the tumor, our study clearly shows that CTL are efficiently primed
and subsequently circulate to infiltrate LIGHT-negative distal tumors. Without LIGHT
expression in the primary tumor, few activated T cells were detected in DLNSs or at a secondary
tumor site. It is likely that these effector/memory T cells generated in the local tumor site in
the presence of LIGHT are able to leave the tumor and patrol the periphery and target the
metastatic tumor cells.

It has been shown that LIGHT can mediate tumor cell apoptosis via signaling through tumor-
expressed HVEM and LT/R, leading to suppression of tumor growth in Ragl~~ mice (31,
32). Although in the presence of a large amount of IFN-y, LTAR signaling may directly lead
to tumor cell apoptosis in the absence of T cells (33), our data here indicate that CD8* T cells
may be essential for LIGHT-mediated rejection of distal tumors or metastases in the
Ag104L9 and 4T1 tumor models. It will be interesting to investigate whether intratumor Ad-
LIGHT induces LTSR or HVEM-expressing tumor cell apoptosis which also contributes to an
enhanced immune response for rejecting distal or metastatic tumor cells.

Overall, our study has addressed a few key issues in treating metastatic tumors. The uniqueness
of our model system allows us to clearly distinguish between tumor Ag-specific T cells that
are activated in lymphoid tissues before tumor encounter, vs those activated directly within the
tumor microenvironment. Our model system allows us to be among the very few who carefully
examine the trafficking of tumor Ag-specific CD8* T cells within the primary tumor after local
Ad-LIGHT immunotherapy, and to demonstrate that the exiting CTL can circulate in the
periphery while maintaining effector function. Furthermore, such CTL could accumulate in
the distal tumor, leading to eradication of preexisting metastases. Therefore, this strategy has
the potential for translation to clinical application toward the treatment of systemic metastases.
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FIGURE 1.

Expression of LIGHT by various tumor cell lines upon infection with Ad-LIGHT. A total of
1 x 10° tumor cells were plated in a 100-mm cell culture dish for 24 h then infected with Ad-
LIGHT at 2 x 108 PFU/ml for 24 h. Cells were harvested and checked for LIGHT expression
by FACS staining with LTSR-1g at 0.02 mg/ml followed by second step Ab PE-coupled donkey
anti-human IgG (white), or with second step Ab alone as control (gray). The experiments were
repeated for three times. A representative graph was presented.
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FIGURE 2.

Ad-LIGHT treatment controls spontaneous metastases. A and B, Expression of LIGHT on 4T1
tumor cells prevents the development of spontaneous metastases. In vitro-cultured 4T1
mammary carcinoma (1 x 106 cells) were infected with Ad-LIGHT or Ad-control (2 x 108
PFU/mlI) for 24 h and then 1 x 10° cells were injected s.c. into the flank of BALB/c mice.
Tumor growth was monitored (A) until mice were sacrificed on day 35 posttumor inoculation
for analysis of lung metastases with colonogenic assay (B). C and D, The effect of Ad-LIGHT
on tumor growth and metastases when given 7 days after tumor implantation. 4T1 tumor cells
(1 x 10°) were injected s.c. into the flank of BALB/C mice on day 0. Seven days later, 2.5 x
10° PFU of Ad-LIGHT (m) or Ad-control (o) was intratumorally administered and tumor
growth was continually monitored (C). Data are given as tumor volume (mean + SD). D, Using
the same protocol, primary tumor was surgically removed on day 18 and mice were sacrificed
on day 35 posttumor inoculation for analysis of lung metastases with colonogenic assay. Data
are a representative of two independent experiments and five mice in each group.
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FIGURE 3.

Ad-LIGHT treatment eradicates established metastases. A, 4T1 mammary carcinoma cells
injected s.c. into the flank of BALB/c mice were treated intratumorally with 1 x 10° PFU Ad-
LIGHT (black) or Ad-control (white) on days 14 and 17 posttumor inoculation. One group of
mice was treated with surgery alone on day 14 posttumor challenge (dotted). Other 4T1 tumor-
bearing mice were treated with Ad-LIGHT in the same way, with the addition of CD8 depletion
by anti-CD8 Ab (YTS. 169.4.2), starting day 14 after primary tumor inoculation (gray). Anti-
CD8 Ab was given to mice i.p., 125 ug/mouse once every week until the mice were sacrificed
for analysis. More than 90% of CD8" T cells were depleted by this regimen, as confirmed by
FACS staining of peripheral blood. Except for the mice that were treated with surgery alone,
the primary tumors (~150 mm?3) on other mice were surgically resected on day 24 and mice
were sacrificed for analysis of lung metastases with colonogenic assay on day 35. Data are a
pool of multiple independent experiments. B, Fifty percent of mice treated with Ad-LIGHT in
combination with surgery survive long term. 4T1 mammary carcinoma cells injected s.c. into
the flank of BALB/c mice were treated intratumorally with 1 x 10 PFU Ad-LIGHT (pink),
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Ad-control (blue) on days 14 and 17 posttumor inoculation. Primary tumors on mice were
surgically resected on day 24. The mice were checked for survival over 100 days postsurgery.
Similar data have been generated in two independent facilities (University of Chicago and
Biogen). A representative of two experiments, 10 mice in each group, was shown.
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FIGURE 4.

Intratumoral Ad-LIGHT treatment inhibits the growth of various established tumors. A,
Antitumor effects of Ad-LIGHT on Ag104L9 tumors. A total of 106 Ag104L9 tumor cells were
injected s.c. into the C3B6F1 mice. A total of 2.5 x 109 PFU Ad-LIGHT (4p) or Ad-control
(<>) was injected intratumorly 14 days after tumor challenge. Tumor growth was recorded.
One representative of three experiments was shown. B, Antitumor effects of Ad-LIGHT on
B16-SIY tumors. B6 wild-type (WT) mice were injected s.c. with 1 x 106 cells near the base
of the tail. Ten days later, 1 x 109 PFU of either Ad-LIGHT (4p) or Ad-control (<) was injected
intratumorly. The treatment was repeated 4 days later followed by continued monitoring for
tumor growth. One representative of two experiments is shown. C, Antitumor effects of Ad-
LIGHT on MC38 tumors. B6 WT mice were injected subcutaneously with 1 x 10° cells near
the base of the tail. Ten days later, 1 x 10° PFU of either Ad-LIGHT (4) or Ad-control ()
was injected intratumorly. The treatment was repeated twice, 3 days apart, followed by
continued monitoring for tumor growth. One representative of three experiments was shown.
Arrow indicates the time of injection. Tumor volume was calculated as length x width x height/
2.
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FIGURE 5.

Ad-LIGHT treatment on the primary tumor induces strong antitumor immune responses in the
secondary tumor. Each of the C3B6F1 mice was inoculated with 10° Ag104L9 and 105
Ag104L9 tumor cells 6 days after primary tumor challenge. The intratumor Ad-LIGHT
treatment (2.5 x 10% PFU) on the primary tumor was given 5 days after the secondary tumor
inoculation. The growth of both of the primary and secondary tumors was monitored (A). The
percentage of CD8" T cells among Ly5.2* cells, and IFN-y-producing CD8* T cells among
CD8* T cells in the DLN, SPL, primary and secondary tumors were examined (B) and the
statistics was calculated (C). The SPL and tumor tissues were harvested 7 days after Ad-LIGHT
or Ad-control treatment, ground the tissues and collected the supernatant for cytokine
measurement (D). Representative or pooled data from two experiments, five mice each group
for each, were shown.
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FIGURE 6.

Ag-specific T cells stimulated by LIGHT inside the primary tumor traffic to the distal sites.
A, T cells from the lymphoid organs of Ad-LIGHT-treated mice mediate the rejection of
established tumors upon adoptive transfer. A total of 105 Ag104L% tumor cells were inoculated
into the C3B6F1 mice. The mice were then treated with 2.5 x 10° PFU of Ad-LIGHT or Ad-
control 14 days posttumor challenge. Seven days after the treatment, we collected the SPL and
LNs from the treated mice and purified the T cells and adoptively transferred 107 of these T
cells to C3B6F1 mice bearing an Ag104L9 tumor that has been established for 7 days. The
tumor growth on these mice was monitored. B and C, Intratumor Ad-LIGHT treatment
promotes Ag-specific CTL. A total of 10° Ag104L9 or Ag104 tumor cells were inoculated into
the C3B6F1 mice. The mice bearing Ag104L9 tumor were then treated with 2.5 x 10° PFU of
Ad-LIGHT or Ad-control 14 days posttumor challenge. Seven days after treatment, in vivo
killings were tested in the mice as described in Materials and Methods. Gated on CFSE™ cells,
the representative percentage of highly labeled targets, BALB/c (LY target) or FVB (control
target) splenocytes, and lowly labeled C3B6F1 splenocytes in dedicated groups of recipient
mice were shown (B). The statistics of percentage of specific killing from pooled experiments
including total five mice from Ad-LIGHT treated group and eight mice from Ad control-treated
group were shown (C). D and E, Each of the OT-1 mice was inoculated with two tumors. The
primary tumor was either 108 Ag104L% or Ag104L9-LIGHT, while the secondary one was
10° Ag104LY tumor cells. Ten and 14 days posttumor challenge 3 x 106 CFSE-labeled 2C T
cells, or 3 x 106 2C T cells and equal numbers of P14 T cells were infused into mice. Presence
and CFSE dilution of the 2C T cells were evaluated at days 3, 5, and 10 after adoptive transfer
inside the primary Ag104L9-LIGHT tumor and the secondary Ag104Ld tumors, one
representative of three mice for each time points were shown (B). The percentage of 2C T cells
identified by V8-positive and anti-2C-specific TCR Ab 1B2-positive cells, and P14 T cells
identified by V8-positive and 1B2-negative cells in the DLN, non-DLN, SPL, primary and
secondary tumors in the hosts bearing a LIGHT-expressing Ag104L9 or parental Ag104L% was
monitored and the ratios of 2C or P14 T cells in the secondary tumors with a LIGHT-positive
Ag104L9 primary tumor vs a parental Ag104L9 primary tumor were compared (C).
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Table |
Ad-LIGHT eradicates metastases and promotes long-term survival
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Treatments and Time? Time of Sacrifice, In Number of Mice Free of Tumor Cells
Daysa in the Lung/All Mice (%)b

None 14 3/22 (13.6%)

Surgery on day 14 35 0/10 (0%)

Ad-control® on day 14+ Surgery on day 24 35 0/35 (0%)

Ad-LIGHT® on day 14+ Surgegl on day 24 35 18/35 (51.4%)

Ad-LIGHT and CD8 depletion™ on day 14+ Surgery on day 24 35 0/35 (0%)

a . . .
Days after primary tumor inoculation.

bPooled from several independent experiments.

CTotal of 2.5 x 109 PFU Ad-control (LacZ) or Ad-LIGHT was injected intratumorly per mouse.

d . . -
A total of 125 mg of depleting anti-CD8 Ab was injected on day 14 and once every week.
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