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ABSTRACT
T cell trafficking into tumors depends on a “match” between chemokine receptors on effector cells (e.g.,
CXCR3 and CCR5) and tumor-secreted chemokines. There is often a chemokine/chemokine receptor
“mismatch”, with tumors producing minute amounts of chemokines, resulting in inefficient targeting of
effectors to tumors. We aimed to alter tumors to produce higher levels of CXCL11, a CXCR3 ligand, to
attract more effector cells following immunotherapy. Mice bearing established subcutaneous tumors were
studied. In our first approach, we used modified chimeric antigen receptor (CAR)-transduced human T
cells to deliver CXCL11 (CAR/CXCL11) into tumors. In our second approach, we intravenously (iv)
administered a modified oncolytic vaccinia virus (VV) engineered to produce CXCL11 (VV.CXCL11). The
effect of these treatments on T cell trafficking into the tumors and anti-tumor efficacy after subsequent
CAR T cell injections or anti-tumor vaccines was determined. CAR/CXCL11 and VV.CXCL11 significantly
increased CXCL11 protein levels within tumors. For CAR/CXCL11, injection of a subsequent dose of CAR T
cells did not result in increased intra-tumoral trafficking, and appeared to decrease the function of the
injected CAR T cells. In contrast, VV.CXCL11 increased the number of total and antigen-specific T cells
within tumors after CAR T cell injection or vaccination and significantly enhanced anti-tumor efficacy. Both
approaches were successful in increasing CXCL11 levels within the tumors; however, only the vaccinia
approach was successful in recruiting T cells and augmenting anti-tumor efficacy. VV.CXCL11 should be
considered as a potential approach to augment adoptive T cell transfer or vaccine immunotherapy.
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Introduction

Breaking tolerance to self-antigens has recently been achieved
in some cancers with the use of antibodies to checkpoint inhibi-
tors such as CTLA4 and PD-1.1-3 Unfortunately, only a small
subset of patients respond to checkpoint inhibitors, and many
who initially respond eventually relapse. Additional tactics are
thus needed, especially strategies to generate, rather than just
revitalize, anti-tumor T cells. Two approaches that are being
actively pursued are vaccines and adoptive cell immunotherapy
(ACT). ACT is the transfer of immune cells for the treatment
of cancer or infectious disease. It is now possible to genetically
engineer T cells to express chimeric antigen receptors (CARs)
or T cell receptors (TCRs) that target specific tumor cell surface
antigens.4

Although the adoptive transfer of CAR T cells has demon-
strated remarkable success in treating hematologic tumors,
prominently, the use of CD19 CARs in leukemias,5-8 success in
solid tumors has been much more limited. The reason for this

difference is not yet known, and is likely multifactorial,9,10 but
one major limitation appears to be limited “trafficking”; that is,
once an effector T cell or CAR T cell is infused into a patient or
generated endogenously by a vaccine, an immediate obstacle is
the ability of the T cells to successfully infiltrate the tumor.

T cell trafficking into tumors is dependent on the appropri-
ate expression of adhesion receptors on both T cells and the
tumor endothelium and on a “match” between the chemokine
receptors on the effector T cells and the chemokines secreted
by the tumors.11 The chemokine receptors expressed at the
highest levels on central or effector memory cells (which
includes CAR T cells or vaccine-induced T cells) are CXCR3
and CCR5.12,13 Effector T cells would thus be attracted to
tumors expressing chemokines such as IFN-induced CXCR3
ligands (i.e., CXCL9 [MIG], CXCL10 [IP10], or CXCL11
[ITAC]) or a CCR5 ligand (i.e., CCL5 [RANTES]). Unfortu-
nately, there is often a chemokine/chemokine receptor “mis-
match”, with tumors producing very small amounts of
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RANTES or CXCR3 ligands, thus resulting in inefficient target-
ing of CXCR3high CD8C effectors to tumor sites.14 For example,
using a human CAR T cell model, we found that less than 1%
of injected T cells entered subcutaneous tumors by 5 days.9

One proposed approach to overcome this problem in geneti-
cally engineered T cells is to design cells that co-express “better-
matched” chemokine receptors. For example, using mesotheli-
oma tumors that make large amounts of CCL2, we demon-
strated enhanced intratumoral migration of CAR T cells when
they were engineered to co-express the CCR2 gene, thus leading
to subsequent tumor eradication.12 Similarly, others have
shown that the use of GD2-CAR T cells co-expressing CCR2b
exhibited improved trafficking and tumor control compared to
GD2-CAR alone.15 We have also recently found that the
genetic inhibition of protein kinase A (PKA) activation in CAR
T cells increased their ability to infiltrate tumors in vivo, in part
due to higher baseline expression of CXCR3.10

There are some potential limitations of this approach, how-
ever. First, although tumors may secrete chemokines like CCL2
or IL-8, these chemokines are not tumor-specific. Second, some
preliminary data suggest that chronic stimulation of T cells
through a chemokine receptor like CCR2 leads to the continu-
ous production of high levels of intracellular calcium which can
result in accelerated T cell hypofunction.16,17 Third, genetic
manipulation is not possible in immunotherapy approaches
that do not use adoptive T cell transfer, such as vaccines.

An alternative approach to enhancing the chemokine/che-
mokine receptor “match” would be to alter the tumors to enable
them to secrete chemokines like CCL5 or one of the IFN-
induced CXCR3 ligands so that they could potentially attract
effector T cells generated by vaccines or adoptive T cell
transfer.13 In this study, we explored two approaches to induce
tumor secretion of the chemokine CXCL11 with the goal of
augmenting immunotherapy. We chose CXCL11 since it
potently attracts T cells into tumor sites, thereby enhancing
anti-tumor effects via association with the receptor CXCR3.18-20

CXCL11 expression is also strongly induced by interferons and
CXCL11 has been shown to bind CXCR3 with a higher affinity
than other ligands such as CXCL9 or CXCL10.21

In our first approach, we used modified CAR T cells to serve
as vehicles to deliver CXCL11 into the tumor. We have previ-
ously characterized a model in which human CAR T cells

targeted to the tumor antigen mesothelin (mesoCAR T cells)
injected intravenously into immunodeficient mice bearing treat-
ment-resistant human tumors expressing mesothelin enter the
tumors in only very small numbers.9,12 Once there, they prolifer-
ate and slow tumor growth. However, the tumors are not eradi-
cated, largely due to the loss of antitumor activity of the T cells
over time. We reasoned that CAR T cells that produced CXCL11
could accumulate within the tumors and “reprogram” the tumor
microenvironment, even if they became hypofunctional with
regard to tumor cell killing. This could potentially attract more T
cells sequestered in other organs from the original CAR T cell
injection or enhance trafficking from a second injection of meso-
CAR T cells, given 2 weeks after the first dose.

In our second approach, we utilized a modified oncolytic
vaccinia virus (VV) that was engineered to produce CXCL11.
Oncolytic vaccinia viruses (VVs) have been shown to success-
fully and specifically infect tumor cells and lyse them.22,23 How-
ever, VVs “armed” with cytokines or chemokines have been
shown to be even more effective by inducing anti-tumor
immune responses.24-27 As an example, we reported enhanced
anti-tumor efficacy with a VV expressing b.28,29 A VV express-
ing CCL5 has been used to enhance the efficacy of vaccines and
cytokine-superactivated T cells.30 Similarly, the use of an onco-
lytic adenoviral vector expressing CCL5 combined with GD2-
CAR T cells robustly controlled neuroblastoma progression in
mice and improved CAR T cell influx.31 Recently, a VV
expressing CXCL11 was shown to increase the numbers of
endogenous CD8 T cells in specific murine tumors.32,33

Accordingly, we combined the use of a VV producing CXCL11
with mesoCAR T cells and with an anti-tumor vaccine.

Results

CAR/CXCL11 T cell studies

Human T cells expressing either a CAR targeting mesothelin
(mesoCAR) or the CAR plus the human CXCL11 gene (meso-
CAR/CXCL11) were generated (Suppl. Fig. 1). After 10 days,
expression of the CAR by flow cytometry was 40–50% for both
of the T cell types (Suppl Fig. 2).

Supernatant from the T cell cultures were analyzed for
CXCL11 concentrations by ELISA and showed high levels of
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Figure 1. Effects of CXCL11 transduction into Human CAR T cells. A) CXCL11 secretion: Human CAR T cells were transduced with the CXCL11 gene and placed into culture
for 24 hours. As measured by ELISA assay, the CXCL11 transduced T cells secreted significantly (p < 0.001) more CXCL11. B) Chemotaxis: Activated human T cells
were placed in the top of a Boyden chamber. In the lower well was placed cell media (R10) as a negative control, 10 ng/ml of recombinant human CXCL11 protein as a
positive control, or conditioned media from the CAR/CXCL11 cells. Both recombinant CXCL11 and the CXCL11-conditioned media significantly (p<0.001) enhanced migra-
tion of human T cells compared to media control. C) CAR T cell Killing: Equal numbers of CAR or CAR/CXCL11 T cells were added to mesothelioma cells not expressing
mesothelin (EMParental) or to mesothelioma cells expressing human mesothelin (EMMeso) at various T cell to tumor ratios. After overnight incubation, their ability to kill
the target cells was determined.
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secretion of CXCL11 by the CAR/CXCL11 T cells (Fig. 1A).
Supernatant from the T cells was also used to test the chemoat-
traction of activated human T cells in a migration assay. Com-
pared to cell media as a negative control, conditioned media
from the CAR/CXCL11 cells significantly enhanced migration
of human T cells to a degree similar to that of 10 ng/ml of
recombinant human CXCL11 protein used as a positive control
(Fig. 1B).

To evaluate the effect of CXCL11 expression on the function
of the CAR T cells, equal numbers of mesoCAR or mesoCAR/
CXCL11 T cells were added to parental, non-mesothelin-
expressing cells (EMP) or to mesothelioma cells expressing
human mesothelin (EMMeso) at various E:T ratios. After over-
night incubation, their ability to kill the target cells was deter-
mined. As shown in Fig. 1C, there was minimal killing of EMP
cells by CAR T cells. In contrast, both types of CAR T cells
were able to kill the EMMeso cells in a dose-responsive fashion.
However, the killing efficiency of the same number of meso-
CAR/CXCL11 T cells was significantly (P < 0.05 at all E:T
ratios) reduced by 30–50% compared to MesoCAR T cells.

To test the efficacy of CAR T cells in vivo, EMMeso tumors
were injected into the flanks of NSG mice and allowed to grow
to »150 mm3. At this time point (Day 0), mice were injected
intravenously with 10 million activated CAR T-positive cells
that were either non-transduced (NTD), mesothelin CAR T
cells (CAR/GFP), or CAR/CXCL11 T cells. As shown in
Fig. 2A, after 22 days, the tumors on CAR/GFP-treated mice
were 28% smaller than NTD-treated mice (P < 0.05). In con-
trast, the tumors in the CAR/CXCL11-treated mice were not

significantly different in size than the tumors in the NTD
group. To confirm the effect of the transgene, we measured the
levels of human CXCL11 in the serum and homogenized
tumors from each group (Fig. 2B). Mice receiving NTD T cells
showed no detectable CXCL11 in either serum or tumor. Inter-
estingly, clearly detectable levels of CXCL11 were seen in the
serum and tumor of the mice receiving CAR T cells, suggesting
that activated CAR T cells (perhaps through secretion of g)
stimulated the production of some CXCL11. However, both the
serum and tumor levels were significantly (P < 0.05) higher in
CAR/CXCL11-treated mice.

Despite their inability to effectively kill tumors, we hypothe-
sized that since the CAR/CXCL11 T cells were producing
CXCL11, they could potentially be used to alter the tumor
microenvironment to attract other effector T cells. We there-
fore designed an experiment in which EMMeso tumor-bearing
mice (n D 6 per group) received two intravenous doses of T
cells (Fig. 2C). Mice in Group 1 received one dose of 10 million
NTD T cells on Day 0 and another dose on Day 11. Mice
in Group 2 received one dose of 10 million mesoCAR T cells
on Day 0 and another dose on Day 11. Mice in Group 3
received 10 million mesoCAR/CXCL11 CAR T cells on Day 0
and a dose of 10 million mesoCAR T cells on Day 11. The
growth of the tumors was followed until Day 24. At this time
point, the tumors in Group 2 that received two doses of CAR T
cells were 68% smaller than the tumors in Group 1 that
received NTD T cells (P < 0.001). The tumors in Group 3 that
received CAR/CXCL11 followed by CAR T cells were 36%
smaller than the tumors in Group 1 (P < 0.01). However,

Figure 2. In vivo studies using CAR T cells. A) Tumor-bearing NSG mice were injected intravenously once with 10 million activated T cells that were either non-transduced
(NTD), mesothelin-targeted CAR T cells (CAR-GFP), or CAR-CXCL11 T cells. Tumor size was followed over time. Data shown are means § SEM, n D 5 mice per group. CAR-
GFP T cells were significantly smaller than the mice receiving the NTD T cells (� D p < 0.05), with no effect elicited by he CAR-CXCL11 cells. B) On Day 22, tumors were
harvested, homogenized and the amount of CXCL11 determined using an ELISA assay. C) In a second experiment, Group 1 animals received one dose of 10 million NTD T
cells on Day 0 (arrow) and one dose on Day 11 (arrow). Group 2 mice received one dose of 10 million Meso-CAR T cells on Day 0 and one dose of Meso-CAR T cells on
Day 11. Group 3 mice received 10 million CAR-CXCL11 CAR T cells on Day 0 and one dose of 10 million CAR T cells on Day 11. The growth of the tumors was followed until
Day 24. Data shown are means § SEM, n D 7 mice per group. The tumors in the Group 2 mice receiving of two doses of CAR T cells were significantly smaller than the
NTD Group 1 mice (p< 0.001). The tumors in the Group 3 mice were significantly smaller than the NTD tumors (p< 0.01), however, the Group 3 tumors were significantly
larger than the Group 2 tumors (p< 0.05). D). Tumors were harvested at the end of the study, digested, and the % of live human CD3 T cells measured by flow cytometry.
E) Average percent of human CD3 T cells within the CAR vs CAR/CXCL11 groups is plotted. There were significantly more T cells in the CAR group (p < 0.001).
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tumors in Group 3 tumors were significantly larger than the
tumors in Group 2 (P < 0.05). On Day 24, tumors and spleens
were harvested and analyzed by flow cytometry. The materials
from 2 mice were pooled, therefore yielding three samples for
each group for analysis. In the tumors from the mice receiving
two doses of mesoCAR T cells (Fig. 2D and 2E), 36.2% of the
digested cells were human CD3C T cells. Surprisingly, in mice
that received mesoCAR/CXCL11 followed by mesoCAR T cells,
only 3.9% of the tumor digest was human CD3 T cells (P <

0.01). However, the percent of human T cells in the spleens of
mice receiving two doses of CAR T cells was 80.3% versus
50.5% in the CAR/CXCL11 spleens (P < 0.02) (Suppl. Fig. 3).

VV.CXCL11 Studies

Given the lack of enhanced anti-tumor efficacy by delivering
CXCL11 via CAR T cells, we studied a second delivery
approach using a recombinant oncolytic vaccinia virus (VV)
modified to secrete CXCL11. We hypothesized that this
approach might have some efficacy due to direct oncolytic
effects, but would also serve to augment trafficking of adoptive
transfer of T cells or endogenous generation of anti-tumor T
cells using a vaccine. Thus, in these studies, we utilized a fully
murine system and a VV that secreted murine CXCL11.

VV.CXCL11 particles are able to replicate and kill lung cancer
cells in vitro while producing high levels of CXCL11
To evaluate the replicative potential and killing ability (and
therefore, oncolytic capability) of VV.CXCL11 in culture, we

infected murine TC1 lung cancer cells at a MOI of 1. Cell
supernatants and lysates were collected at various time points,
and titered using a standard plaque protocol. VV.CXCL11 rep-
licated and killed TC1 cells efficiently in a time-dependent
manner (Suppl. Fig 4A). The in vitro cytolytic effect of our
control (VV.luc) and CXCL11-producing vaccinia vectors
48 hours post-TC1 infection was identical (Suppl. Fig. 4B).
Since this virus vector expresses CXCL11, we performed ELISA
assays to detect CXCL11 secretion at differing MOIs. As
expected, CXCL11 secretion intensified with increasing MOI
(Suppl. Fig. 4C). The proliferation of two viruses in TC1 cells
was also very similar (Suppl. Fig. 4D).

Intravenous administration of VV.CXCL11 induces
generation of CXCL11 in vivo and results in modest anti-
tumor control
We next determined if VV.CXCL11 was able to control tumor
progression in vivo. Wild type C57 Bl/6 mice were inoculated
with TC1 murine lung cancer cells and when tumors were
approximately 200 mm3, 108 pfu of VV.luc or VV.CXCL11
were administered intravenously. Tumors were subsequently
monitored for the next 2 weeks. At endpoint, we observed that
both vectors slowed tumor progression modestly, but equally
well, compared to untreated tumors (Fig. 3A). Our group previ-
ously showed that TC1 tumors are generally sensitive to the
oncolytic effect29 and are thus susceptible to both vaccinia vec-
tors in this study. We then performed ex vivo analysis of
tumors and analyzed the number of CD8 tumor-infiltrating
lymphocytes (TILs) by flow cytometry. Compared to the

Figure 3. VV.CXCL11 administration into tumor-bearing mice led to robust CXCL11 generation, and tumor control. Wild type C57 Bl/6 mice were subcutaneously inocu-
lated with TC1 murine lung cancer cells on the right flanks, and when tumors were established (approximately 200 mm3), they were treated with 108 pfu of VV.luc and
VV.CXCL11, administered intravenously. A) Tumors were then monitored for the following 10–14 days. Data shown are means § SEM, n D 5 mice per group. Tumors
treated with both VV’s were significantly smaller than control tumors (p < 0.05) but not different from one another. B) At Day 25, mice were euthanized, and tumors
were excised for ex vivo analysis. Flow cytometry indicated a significant (�� D p < 0.01) influx of CD8 tumor-infiltrating lymphocytes (TILs) in the VV.CXCL11-treated mice.
C) Tumor tissues were processed and analyzed for CXCL11 production via ELISA. Values are reported in nanogram CXCL11 detected per gram of tumor tissue. CXCL11 lev-
els were significantly (�� D p < 0.01) higher in the VV.CXCL11 treated mice. D) The presence of other cytokines were also evaluated by ELISA to assess the specificity of
CXCL11 production, and others that may be induced in this model. Values are reported in picogram of cytokines detected per gram of tumor tissue. There were no signif-
icant differences.

e1395997-4 E. K. MOON ET AL.



untreated and VV.luc-treated tumors, VV.CXCL11 tumors had
significantly more CD8 TIL infiltration (Fig. 3B) and signifi-
cantly higher levels of CXCL11 in homogenized tumor tissue
(Fig. 3C). However, we did not detect differences in the levels
of other chemokines in treated TC1 tumors, indicating that
CXCL11 was specifically produced in this model (Fig. 3D).

The combinatorial administration of intravenous VV.CXCL11
and the E7 cancer vaccine elicits robust anti-tumor control
and heightened influx of T cells into tumor sites
Although the intravenous administration of these vaccinia vec-
tors had only a modest effect on tumor growth, presumably
due largely to their oncolytic effects, we did observe a two-fold
increase in endogenous CD8 TIL influx (Fig. 3B). With this in
mind, we next sought to augment the VV.CXCL11 effect by
combining its use with an HPV-E7 cancer vaccine as delivered
by an adenoviral vector (Ad.E7). Mice bearing established TC1
tumors (which expressed HPV-E7 antigen) were vaccinated
subcutaneously twice, five days apart, with 109 pfu of the Ad.E7
vaccine. Two days after the first vaccination, 108 VV.luc or VV.
CXCL11 viruses were intravenously administered. Each treat-
ment had a small effect by itself, however the combinatorial
therapy utilizing Ad.E7 vaccination and VV.CXCL11 con-
trolled tumor progression to a superior and statistically signifi-
cant (P < 0.05) extent compared to the other treatment
groups (Fig. 4A). Survival was also significantly longer in the
animals treated with the combination (Fig. 4B). Ex vivo TIL
analysis using flow cytometry revealed a significantly higher
influx of CD3C T cells (Fig. 4C). We also examined the % of T

cells that were antigen specific by staining the CD8 T cells with
an HPV-E7-specific tetramer. In tumors from mice that were
untreated or treated with VV.luc or VV.CXCL11, the percent
of tetramerC cells was less than 2% (Suppl. Fig. 5). Treatment
with the vaccine alone or with VV.luc and vaccine resulted in
an increase of intra-tumoral tetramerC cells to about 4%, how-
ever, the percent of tetramerC cells was significantly higher
(12.4%; P < 0.05) in the tumors from mice treated with vaccine
plus VV.CXCL11 (Fig. 4D).

Intravenous VV.CXCL11 significantly augments mesoCAR
immunotherapy
We next examined the ability of VV.CXCL11 to enhance the
efficacy of mesoCAR adoptive immunotherapy in mice bearing
mesothelin-transduced TC1 tumors (TC1-meso). Mice (n D 5
per group) bearing TC1-meso tumors were left untreated,
intravenously injected with 108 pfu VV.CXCL11 on Day 6,
intravenously injected with 107 mesothelin CAR-expressing T
cells on day 8, or given both the VV.CXCL11 on Day 6 and
mesoCAR T cells intravenously on Day 8. As shown in Fig. 5A,
both single treatments significantly (P < 0.05) reduced tumor
size compared to control mice, however the combination was
significantly (P < 0.05) more effective than either treatment
alone. Tumors were digested and analyzed by flow cytometry
on Day 22. Consistent with Fig. 3B, the % of digested tumor
cells that were CD3C T cells was significantly higher in both
groups receiving VV.CXCL11 (Fig. 5B). Because the numbers
of adoptively transferred mouse T cells peak at day 7 and then
rapidly decline, we did not expect to detect mesoCAR T cells
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intratumorally at Day 22. However, we did observe a low, but
detectable number of adoptively transferred mesoCAR T cells
present in the VV.CXCL1- treated tumors that was more than
double than that seen in the tumors treated with mesoCAR T
cells alone (P < 0.05) (Fig. 5C).

To demonstrate the specificity of the CXCL11 transgene in
this effect, we repeated the animal experiment, but added
groups that received iv VV.luc alone and iv VV.luc plus iv mes-
oCAR T cells. Whereas the combination of mesoCAR T cells
plus VV.CXCL11 was again significantly better (P < 0.05) than
all other treatments, administration of VV.luc did not augment
the efficacy of mesoCAR T cells (Fig. 5D).

Discussion

After intravenous injection, oncolytic VVs can enter tumors
where they directly kill a proportion of tumor cells, and at the
same time, alter the tumor microenvironment, inducing the
production of many types of inflammatory cytokines.24-26,28,29

Although this induction of inflammation is usually detrimental
to viral spreading, it has become increasingly recognized that
this activation of the immune system can also trigger anti-
tumor immunologic responses.22,27 This VV-induced inflam-
mation can be further manipulated by the introduction of spe-
cific cytokine genes into the VV genome. The most successful
of the vaccinia vectors in clinical trials expresses the cytokine
GM-CSF which is thought to attract dendritic cells and trigger

anti-tumor immunity.24-26 Our group has introduced the type
1 interferon, b, into the vaccinia vector for reasons of safety
and increased efficacy.28,29

It is also possible to engineer VV’s to express specific che-
mokine genes, such as CCL5 and CCL19.30,39,40 The VV.CCL5
vector was able to increase attraction of lymphocytes and inter-
estingly, for unclear reasons, also enhanced the persistence of
the VV, raising potential safety concerns.30 However, the virus
enhanced the efficacy of a dendritic cell vaccine. A VV express-
ing CCL19 was produced with the goal of attracting dendritic
cells and cytokine-induced killer cells (which unlike CARs,
express the receptor of CCL19, CCR7).40 The VV.CCL19 did
not cause enhanced persistence of the virus and did appear to
be more efficacious. It also augmented the efficacy of infused
cytokine killer cells.

More recently, an oncolytic vaccinia virus that secreted
CXCL11 was produced by the same group.32,33 As discussed
above, CXCL11 was chosen as a ligand for CXCR3, the CCR
most highly expressed on effector T cells. The effects of VV.
CXCL11 in an intraperitoneal model of mesothelioma were
studied. The results showed that compared to a control VV,
endogenous T cells were attracted into intraperitoneal mesothe-
lioma tumors in higher numbers and this was accompanied by
enhanced anti-tumor efficacy.32

In our study, which used intravenous injection of VV.
CXCL11, we could also demonstrate marked increases in
intratumoral levels of CXCL11 (Fig. 3C) along with

Figure 5. VV.CXCL11 significantly augmented mesoCAR immunotherapy. A) Mice bearing TC1-meso tumors were left untreated, injected iv with 108 pfu VV.CXCL11 on
Day 5, injected iv with 107 mesothelin CAR-expressing T cells (iv) on day 8, or given both the iv VV.CXCL11 on Day 5 and the iv Meso-CAR T cells on Day 8. Tumor size
was followed. Data is expressed as means § SEM, n D 5 mice per group (� D p < 0.05). Both single treatments significantly (� D p < 0.05) reduced tumor size compared
to control mice, however the combination was significantly (� D p < 0.05) more effective than either treatment alone. B) Tumors were digested and analyzed by flow
cytometry on Day 22. The % of digested tumor cells that were CD3C T cells was significantly higher in both groups receiving VV.CXCL11 (� D p < 0.05)). C) The % of
adoptively transferred meso-CAR T cells present in the VV.CXCL11 treated tumors was more than double than that seen in the tumors treated with mesoCAR T cells alone
(� D p < 0.05). D) In a separate experiment, groups received iv VV.luc alone and iv VV.luc plus iv Meso-CAR T cells in addition to the groups describe above in (A). Data is
expressed as means § SEM, n D 5 mice per group (� D p < 0.05). The combination of meso-CAR T cells plus VV.CXCL11 was again significantly better (p < 0.05) than all
other treatments, however, administration of VV.luc did not augment the efficacy of Meso-CAR T cells. One way ANOVA with the appropriate post hoc testing, with � (P �
0.05), �� (P � 0.01). All experiments were replicated at least twice in an independent manner.
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increased number of total T cells (Fig. 3B). In our subcuta-
neous model, the VV.CXCL11 was not more efficacious
than the control VV (Fig. 3A). The reasons for this differ-
ence with previous studies is not known for certain, how-
ever, since the two studies used different tumor lines, there
are possible differences in the levels of endogenous immuno-
genicity of the tumors, the strains of mice used, and likely in
the degree of replication of the virus. In the Liu paper,32 the
authors used the AB12 mesothelioma tumor which grows in
Balb/C mice and is quite an immunogenic tumor. It appears
that in that model that the tumors generate strong endoge-
nous immunogenicity. By augmenting the trafficking of
endogenously active anti-tumor T cells, they saw an increase
in anti-tumor efficacy. We used a different cell line (TC1
lung cancer model) and a different mouse strain (C57B6).
Since our study shows that the VV-CXCL11 induces an
increase in the number of TILs, but no increase in efficacy,
our data suggest the inherent immunogenicity in this line is
likely lower- thus, increasing the number of T cells infiltrat-
ing the tumor has little effect. However, when the VV.
CXCL11 vector was combined with immunotherapy, we did
increase the trafficking of tumor-specific T cells into tumors
that were generated endogenously by a vaccine or exoge-
nously by infusion of CAR T cells targeted to the tumor.
Importantly, this increased trafficking was accompanied by
significantly augmented anti-tumor efficacy in both models
(Figs. 4 and 5).

Our other approach was based on the idea of using CAR T
cells as vehicles to deliver a chemokine into the tumor.41 This
idea was pioneered in studies where production of the cyto-
kine interleukin-12 (IL12) by CAR T cells appeared to
enhance their efficacy in murine models.41,42 This approach
resulted in some toxicity in the first human trial using TILs,
but additional studies using CD19-IL-12 CARs are underway.8

We postulated that secretion of CXCL11 by CAR T cells
might also enhance efficacy. However, in contrast to our stud-
ies using VV.CXCL11, we were not able to enhance T cell
trafficking or anti-tumor efficacy, and, in fact, when compared
in a “head-to-head” fashion after one injection, the CAR/
CXCL11 T cells performed much more poorly than the con-
trol CAR T cells (Fig. 2A). We have not comprehensively
explored the reasons for this, but have a number of possible
explanations. It appears that the CAR-CXCL11 T cells were
able to make relatively large amounts of CXCL11 (Fig. 1).
Although that did not affect our ability to expand the cells
after transduction (data not shown), when we studied the abil-
ity of the CAR-CXCL11 T cells in vitro, we noted a clear dec-
rement (»30%) in their ability to kill tumor cells compared to
control CAR T cells (Fig. 1D). Whereas normal chemokine/
chemokine receptor signaling is relatively transient and
accompanied by rapid downregulation of the CCR, we think
we may have perturbed this situation by the unabated secre-
tion of chemokine. Since CCR signaling involves increases in
intracellular calcium and chronic calcium signaling can lead
to T cell anergy,16,17 we think it is likely that the presence of
chronic chemokine stimulation (or high levels of transduced
CCRs (see above)) leads to enhanced T cell hypofunction,
explaining their poor killing ability in vivo. It is possible that a

lower level of CXCL11 secretion might have led to less hypo-
function, however, since the expression of the CAR was linked
to that of CXCL11, we did not have an easy way to “titrate”
the level of CXCL11 secretion in our T cells.

We had hoped that the first “wave” of injected CAR T cells
would start to produce CXCL11 which would then help to
attract CAR T cells that were injected subsequently. Unfortu-
nately, the opposite occurred, with fewer CAR T cells visualized
in the mice that received CAR-CXCL11 followed by CAR T
cells. In addition to inducing T cell hypofunction, another pos-
sible problem with having chronic, relatively high levels of
CXCL11 in the tumor is the known ability of CXCL11 to inhibit
angiogenesis.43 Alterations in the tumor blood vessels might
have inhibited the trafficking of the second dose of injected T
cells explaining the low numbers of T cells we observed in the
tumors (but not spleens).

Regardless of the reasons, our data clearly favor the
approach using the vaccinia virus to deliver CXCL11. Our
study suggests that the transient intra-tumoral pulse of
CXCL11 as delivered by a vaccinia virus might avoid negative
effects, like induction of T cell hypofunction or loss of blood
vessels that might been seen with the chronic production of
CXCL11 in the CAR T cells. Although we focused primarily on
lung cancer tumor lines in this study, other murine tumor lines
also appear to be similarly affected by the VV-CXCL11.32,33 It
is also possible that vaccinia virus can work in other ways to
alter the tumor microenvironment.39

It may also be possible to use other viral vectors to deliver
intratumoral chemokines or cytokines to enhance T cell ther-
apy. Prior studies have shown that intratumoral injection of an
adenovirus expressing CXCL10 can enhance adoptive T cell
transfer44 or a vaccine therapy.45 A recent study described the
use of an intratumoral injection of oncolytic adenovirus pro-
ducing CCL5 and IL15 that augmented the efficacy in intrave-
nously injected GD2-directed CAR T cells to attack
neuroblastoma.46,47 Other groups have proposed using onco-
lytic adenovirus enhance to secrete cytokines to enhance
immunotherapy.48 In our opinion, however, vaccinia has a
major advantage over adenovirus in that can be delivered intra-
venously versus intra-tumorally and thus can target the multi-
ple areas of tumor likely to be present in a patient with
metastatic cancer.

This study may have important translational implications.
Neither CAR T cell therapy nor cancer vaccines have shown
significant effects in the treatment of solid tumors yet.10

There are many possible reasons, but in both approaches,
large number of anti-tumor T cells have been detected in
blood, without effective trafficking to tumors. Oncolytic
VV’s have been tested in clinical trials and shown safety and
some efficacy.26 The VV-GM-CSF virus is in Phase 3 testing
and may soon receive regulatory approval.49 We propose
that combining VV-CXCL11 with a vaccine or with adoptive
T cell transfer could take advantage of the strengths of each
approach with the exciting possibility of enhancing efficacy
with tolerable toxicity. Enhancing T cell tumor trafficking
with a VV-CXCL11 could also be used in other types of
immunotherapies (dendritic cell vaccines, checkpoint inhibi-
tors, etc.) to enhance efficacy.
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Materials and methods

Creation of the CXCL11-expressing CAR

The CXCL11 gene was ordered from Integrated DNA Technol-
ogies with 50 XbaI and 30 BspeI flanking restriction enzyme
sites. The CXCL11 gene was subcloned into a bicistronic lenti-
viral expression plasmid driven by the EF1a (eukaryotic trans-
lation elongation factor 1 alpha) promoter to be co-expressed
with our mesoCAR (Suppl Fig 1). The SS1BBz mesoCAR
design has been previously described.34 Human CD4 and CD8
T cells acquired from the healthy donors were activated in vitro
with anti-CD3/CD28 microbeads and were transduced with
high-titer lentivirus encoding SS1BBz or SS1BBz/CXCL11.
After 10 days, expression of SS1BBz by flow cytometry was
40–50% for each of the T cell types (Suppl Fig. 2).

Cell lines and animals

The EMMeso human malignant mesothelioma cell line was
generated from a mesothelioma pleurectomy specimen. Loss of
mesothelin expression on the parental cell line (EMP) occurred
in culture. Thus, EMP was transduced to stably express high
levels of mesothelin to produce the EMMeso cell line. These
lines were also transduced to stably express green fluorescent
protein (GFP) and firefly luciferase (ff-luc).12 TC1 murine lung
cancer cells were established from murine lung epithelial cells
immortalized with human papillomavirus-16 E6 and E7 pro-
teins, and subsequently transformed with c-Ha-Ras.35 TC1 cells
stably transduced with human mesothelin (TC1-meso)36 were
used for immunotherapy studies. All animal protocols were
approved and carried out in compliance with the Institutional
Animal Care and Use Committee (IACUC) at the University of
Pennsylvania. Pathogen-free wild-type C57 Bl/6 (strain
CD45.2) mice were obtained from Charles River Laboratories.
All test animals used were females used at 10–12 weeks of age.

Viruses

The vaccinia virus vector background is vvDD which as dele-
tions in the VGF and TK viral genes.32 The VV expressing fire-
fly luciferase (VV.luc), or firefly luciferase and murine CXCL11
(VV.CXCL11) were generated as previously described.32 The
replicative potential of these viruses in vitro using TC1 murine
lung cancer cells was assessed as using a standard plaque assay
protocol.29,32 In vivo, TC1 tumors were dissected from mice
treated with these virus vectors, and processed as described.29

The generation of CXCL11 and other cytokines was measured
using standard ELISA assays.29 The use of the E7 cancer vac-
cine, as delivered by an adenoviral vector (Ad.E7) was previ-
ously established by our group.37

Generation of CAR T cells

Human T cells were transduced with lentiviruses expressing the
mesothelin CAR or mesothelin-CXCL11 CAR as previously
described.9,12 Expression levels averaged between 40–70%
(Supp. Figure 2). To produce murine cells expressing CAR con-
struct targeting human mesothelin (mesoCAR), the mesothe-
lin-CAR construct was subcloned into the retroviral MigR1

backbone also expressing GFP; primary murine T cells were
isolated and transduced with these retroviral particles as previ-
ously described.36 Expression levels averaged between 50–70%.

ELISA assays

Measurement of antigen-induced T cell IFN-g secretion and
transgene-induced CXCL11 secretion were measured by the
Biolegend ELISA assay using the manufacturer’s protocol. For
IFNg measurements, T cells were cocultured with target tumor
cells at specified effector-to-target (E:T) ratios for 18 hours at
37oC and 5% CO2. For CXCL11 measurements, serum or
homogenized tumor lysates were used. Supernatant was col-
lected and analyzed for CXCL11 or IFNg levels by ELISA.

Flow cytometry analysis

After harvesting, tumors were digested as previously described.29,37

Single cell suspensions were stained for surface and intracellular
markers using fluorescently-labeled antibodies purchased from
BD Biosciences based on the manufacturer’s recommendations.
The allophycocyanin-labelled H-2Db tetramer loaded with E7
peptide (RAHYNIVTF) was obtained from the National Institute
of Allergy and Infectious Diseases Tetramer Core. Acquisition
was performed on a CyAn-ADP Analyzer (Beckman Coulter) or
a BD LSRFortessa (BD Biosciences). Data was analyzed using
FlowJo (TreeStar).

MTT assays

5000 TC1 cells were plated per well in a 96-well tissue culture
plate and infected with virus vectors of varying multiplicity of
infection (MOI). Cell viability was assessed at several time
points post-infection using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay per the manufac-
turer’s instructions (Promega). Optical density was read at
570 nm and corrected against background control values.

In vivo tumor studies in immunodeficient mice

Animal studies were performed using NOD/SCID/g -chain
Knockout (NSG) mice that were bred at the University of
Pennsylvania as described.9,12 Five million EMMeso tumor
cells in a solution of X-Vivo media (Lonza) and Matrigel (BD
Biosciences) were injected in the flanks of NSG mice. After
moderately-sized tumors (150mm3) were established, the
mice were grouped to receive one of three treatments via
intravenous tail-vein administration: 1) 10 million non-trans-
duced (NTD) Dynabead�-activated T cells, 2) 10 million
Dynabead�-activated T cells transduced with mesoCAR and
GFP or 3) 10 million Dynabead�-activated T cells transduced
with mesoCAR and CXCL11. Tumors were harvested
22–24 days after T cell administration and digested per a pre-
viously published protocol.38 Digested tumor was then filtered
through 70 um nylon mesh cell strainers and washed twice
with PBS C 1% fetal bovine serum (FBS). If the digested
tumor appeared contaminated with blood, red blood cell lysis
with PharmLyse (BD Biosciences) was also performed. Three
million cells were placed in standard flow cytometry (FACS)
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tubes and were stained with fluorochrome-conjugated anti-
human antibodies.

In vivo tumor studies in immunocompetent mice

1.2 million TC1 or TC1-meso cells were subcutaneously inocu-
lated on the right flanks of wild type mice, and after tumors
were established (around 200 mm3), a single (unless otherwise
indicated) intravenous dose of 108 pfu (100 ml) of viral vectors
(VV.luc and VV.CXCL11) was administered. Tumors and mice
were then monitored 2–3 times weekly, and tumor volumes
were measured using digital calipers. Mice bearing tumors that
exceeded 2000 mm3 and sickly mice were euthanized. For com-
binatorial studies with the Ad.E7 cancer vaccine, TC1-bearing
mice were vaccinated subcutaneously on the left flanks (contra-
lateral to the tumor site) with 109 pfu Ad.E7 after tumors were
established (approximately 200 mm3). 2 days after vaccination,
108 pfu of VV.luc and VV.CXCL11 were intravenously admin-
istered. For combinatorial studies with mesoCAR T cells, 107

murine CAR-expressing T cells were intravenously injected
2 days after intratumoral VV.luc or VV.CXCL11 administra-
tion. At endpoint, tumors were harvested from mice and
digested as described.10,29,36,37 Flow cytometry was conducted
as described above.

Statistical analyses

All results were reported as means § SEM. For studies compar-
ing 2 groups, the Student’s t test was used, while for studies
comparing more than 2 groups, one- or two- way ANOVA
with the appropriate post hoc testing, with � (P � 0.05), �� (P �
0.01). All experiments were replicated at least twice in an inde-
pendent manner.
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