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Introduction

Effective bacterial anticancer immunotherapies stimulate the 
proliferation of tumor-associated antigen specific T cells that are 
capable of overcoming peripheral tolerance. While these cells are 
indispensable for tumor regression, they are not necessarily suf-
ficient for the therapeutic efficacy of bacterial vaccines.1 Efforts 
to establish immune correlates of vaccine efficacy have focused 
on the function and distribution of lymphocytes within tumors. 
Using TC-1 cells that express type 16 human papillomavirus 
(HPV-16) E7, Listeria monocytogenes-based vaccines were shown 
to induce the secretion of pro-inflammatory cytokines, includ-
ing interleukin (IL)-12 and tumor necrosis factor α (TNFα),2 
rely on interferon γ (IFNγ)3,4 and induce tumor regression.4 Such 
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responses correlate with the induction of T
H
1-promoting, mature 

dendritic cells,2 the presence of CD4+ and CD8+ T cells and the 
production of IFNγ.4 Loss of IFNγ sensitivity by malignant cells 
results in defects in the migration and infiltration of T cells into 
tumors and renders treatment ineffective.3 Based on these stud-
ies, it was proposed that TC-1 derived, IFNγ-driven chemokines 
play a critical role in vaccine-induced T-cell infiltration into the 
tumor and effective T

H
1 responses.3

As discussed in a recent review, chemokine (C-X-C motif) 
receptor 3 (CXCR3) is typically absent on naïve T  cells while 
it is upregulated during the course of T

H
1 responses on effec-

tor T cells.5 CXCR3 ligands induce tumor regression by inhibit-
ing angiogenesis6,7 and by orchestrating T

H
1 responses. Several 

studies have demonstrated a role for chemokine (C-X-C motif) 

The ability of Listeria monocytogenes-based anticancer vaccines to induce tumor regression depends on the responsiveness 
of malignant cells to interferon γ (IFNγ). Inhibition of IFNγ limits the recruitment of T cells to the tumors of vaccinated 
mice. We hypothesized that vaccination with immunotherapeutic L. monocytogenes induces the IFNγ-dependent 
production of chemokines that regulate the migration of tumor-infiltrating T cells. To gain further insights into this issue, 
we examined the chemokine responses of a transplantable, human papillomavirus (HPV)-immortalized murine tumor 
model (TC-1) following the administration of a L. monocytogenes-based immunotherapeutic agent that expresses E7 from 
HPV-16. Here, we report that the administration of L. monocytogenes-based anticancer vaccines increases the secretion of 
chemokine (C-X-C motif) ligand 9 (CXCL9), and CXCL10 by tumor cells, hence favoring the recruitment of T cells bearing 
the cognate chemokine (C-X-C motif) receptor 3 (CXCR3). Furthermore, the expression of CXCL9, but not CXCL10, in TC-1 
tumors was significantly reduced upon anti-IFNγ antibody treatment. CXCL9 was highly expressed by TC-1 cells following 
the administration of IFNγ and tumor necrosis factor α (TNFα), in vitro. Moreover, the inhibition of CXCL9 in TC-1 cells 
reduced the proportion of CD8+ T cells infiltrating tumors in vaccinated mice, while increasing that of CD4+ T cells, thus 
altering T-cell subset distribution. We conclude that the administration of L. monocytogenes-based anticancer vaccines 
regulates TH1 chemokine responses and that malignant cells are an important source of these chemokines.
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ligand 9 (CXCL9)8-11 and CXCL106,10,12,13 in models of tumor 
suppression. Indeed, therapeutic strategies that induce anti-
tumor chemokine activity have been examined.12 Groom and 
Luster have recently reviewed the functions of CXCR3 ligands, 
noting that while whole-organ studies of chemokine expression 
during inflammatory episodes have frequently been performed, 
most often these studies did not focus on the identity of the cells 
responsible for chemokine secretion within the inflammatory 
environment.14 Recently, Muthuswamy et al. have addressed the 
roles of fibroblasts and other tumor-infiltrating inflammatory 
cells in the production of chemokines that recruit effector T cells 
to malignant lesions.15 Earlier studies conducted in our labora-
tory indicated that transformed cells initiating oncogenesis also 
play a significant role in regulating T-cell migration, putatively 
through IFNγ-dependent chemokine responses.3

Using the transplantable HPV immortalized murine tumor 
model, TC-1, and a Listeria monocytogenes based immunothera-
peutic, Lm-LLO-E7, that expresses a hly-E7 fusion gene that is 
transcribed and secreted as a truncated form of LLO (first 442 
residues) fused to E7,4 we investigated the contribution of che-
mokines secreted by malignant cells to the intratumoral distribu-
tion of T cells upon vaccination, finding that Listeria-vaccines 
can upregulate TC-1 derived CXCR3 ligands that are known to 
facilitate tumor regression. We also identified and further charac-
terized T cells that migrate to and infiltrate tumors in vaccinated 
mice. Herein, we show that Lm-LLO-E7 upregulates the produc-
tion of CXCL9 and CXCL10 by tumor cells and induces tumor 
antigen-specific T cells bearing CXCR3, their cognate receptor. 
CXCL9 expression by TC-1 cells was stimulated by pro-inflam-
matory cytokines and was selectively inhibited by anti-IFNγ 
treatment.  Finally, we show that CXCL9 derived from TC-1 
cells regulates the distribution of CD4+ and CD8+ T cells within 
the tumor microenvironment.

We conclude that the administration of L. monocytogenes-
based anticancer vaccines not only induces antitumor effector 
T cells but can also remodel the tumor microenvironment from 
an immunosuppressive to an immunostimulatory state through 
IFNγ-dependent, chemokine-mediated mechanisms.

Results

Lm-LLO-E7 upregulates T
H
1-associated chemokines in TC-1 

tumors. Listerial vaccines have previously been shown to stim-
ulate the production of IFNγ as well as TNFα,2,3 two cyto-
kines that in turn synergize to promote the secretion of T

H
1 

chemokines.14 Thus, we hypothesized that the vaccination of 
mice bearing TC-1 tumors with Lm-LLO-E7 upregulates the 
cytokine-dependent production of T

H
1 chemokines by malig-

nant cells. To gain further insights into this issue, we per-
formed qPCR chemokine arrays and individual primer assays 
as well as ELISAs on TC-1 tumors harvested from Dulbecco’s 
PBS (DPBS)- and Lm-LLO-E7-treated mice. To this aim, 
TC-1 tumor-bearing mice were treated twice with DPBS or 
Lm-LLO-E7 and tumors were harvested 5 d after the sec-
ond vaccination, as previously described.16 Chemokine arrays 
revealed that Lm-LLO-E7 upregulates chemokines that attract 

myeloid and lymphoid cells, notably CXCL2 (also known as 
macrophage inflammatory protein 2, MIP2) and CXCL9 
respectively (Fig. 1A). Among other T

H
1 chemokines, CXCL10, 

CXCL11, CCL4 and CCL5 were also moderately increased in 
TC-1 tumors after vaccination with Lm-LLO-E7 (Fig. 1A). We 
corroborated these observations using individual primer assays 
(Fig. 1B). Of note, elevations in the abundance of transcripts 
reflected increases in the protein levels of multiple T

H
1 che-

mokines, notably CXCL9, CXCL10, chemokine (C-C motif ) 
ligand 4 (CCL4) and CCL5 (Fig. 1C). Given the expected lack 
of CXCL11 expression in C57BL/6 mice,17 CXCL11 was not 
further considered in our study.

Next, we determined which cognate chemokine receptors 
were expressed by CD4+ and CD8+ T cells present in the  lymph 
nodes of tumor bearing, vaccinated mice. CXCR3, but not che-
mokine (C-C motif) receptor 5 (CCR5), was the predominant 
receptor expressed on CD4+ and CD8+ T cells (Fig. 2A and B). 
A greater proportion of CD8+ T cells expressed CXCR3 when 
compared to CD4+ T  cells (Fig. 2A). Moreover, the major-
ity of E7-specific CD8+ T  cells maintained similar chemokine 
receptor distribution profiles (Fig. S1A). Taken together, these 
data suggest that CXCR3, as opposed to CCR5, ligands play a 
dominant role in regulating CD8+ T-cell migration in the tumor 
microenvironment.

CXCL9, but not CXCL10, CCL4 or CCL5, production by 
malignant cells relies on intact IFNγ signaling induced by 
Lm-LLO-E7 vaccination. The administration of anti-IFNγ 
antibodies has previously been shown to inhibit CD4+ and CD8+ 
T-cell infiltration into TC-1 tumors upon vaccination,3 perhaps 
owing to the absence of IFNγ-inducible chemokines. Given the 
profound increases in T

H
1 chemokines that we observed follow-

ing the administration of Lm-LLO-E7 to TC-1 tumor-bearing 
mice, we asked which T

H
1 chemokines of the tumor microen-

vironment relies on systemic IFNγ signaling. To address this 
question, we treated tumor-bearing mice with anti-IFNγ anti-
bodies or control IgG, as previously described.3 Both groups of 
mice were then vaccinated with Lm-LLO-E7 and TC-1 tumors 
were harvested 7 d later. Anti-IFNγ treatment had no effect on 
the expression of CCL4, CCL5 or CXCL10 transcripts (Fig. 3), 
suggesting that these chemokines–at least in the TC-1 tumor 
microenvironment–are regulated in an IFNγ-independent man-
ner. Conversely, anti-IFNγ antibody treatments significantly 
decreased levels of both CXCL9 mRNA and protein (Fig. 3). 
Thus, IFNγ is critical for the Lm-LLO-E7-mediated induction of 
CXCL9, but not other T

H
1 chemokines, consistent with observa-

tions made in other experimental models.14

IFNγ upregulates TC-1 cells-derived chemokines. 
Chemokines that are found in the tumor microenvironment are 
likely derived from immune cells as well as non-immune cells. 
Previous studies have demonstrated that IFNγ signaling within 
implanted TC-1 cells is important for T-cell infiltration into 
TC-1 tumors and required for the efficacy of listerial vaccines.3 
We thus asked whether or not TC-1 tumor cells themselves 
could respond to IFNγ by upregulating and secreting IFNγ-
dependent T cell chemoattractants. To gain further insights into 
this issue, we stimulated TC-1 tumor cells with IFNγ alone or in 
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combination with TNFα. We included TNFα in these assays 
as (1) it is also produced in response to vaccination,2 and (2) it 
is known to regulate IFNγ signaling.18,19 Stimulation of TC-1 
cells with both IFNγ and TNFα upregulates a multitude of 
chemokines, especially CXCL9 (Fig. 4A). The production of 
CXCL9 by TC-1 tumor cells appeared to be primarily regulated 
by IFNγ, since IFNγ alone induced a 100-fold increase in the 
abundance of CXCL9 transcripts whereas TNFα alone had neg-
ligible effects (Fig. 4B). However, the administration of both 
cytokines amplified the response by another 10-fold over that 
seen with IFNγ alone (Fig. 4B). TNFα also synergized with 
IFNγ at inducing detectable levels of CXCL9 protein (Fig. 4C). 
These data suggest that TC-1 cells are capable of producing T

H
1 

chemokines, especially CXCL9. TC-1 cells are not unique in 
their capacity to produce CXCL9 in response to pro-inflamma-
tory cytokines, as several malignant cell lines stimulated with 
IFNγ plus TNFα did so as well (Fig. S2). These observations 
suggest that our findings regarding TC-1 tumors may be broadly 
applicable to other tumor models.

TC1 cell derived CXCL9 alters the distribution of various 
T-cell subsets within tumors. Given that the administration 
of a listerial vaccine to TC-1 tumor-bearing mice induces the 

production of CXCL9 in the tumor microenvironment in an 
IFNγ-dependent manner and that TC-1 cells produce CXCL9 
in response to IFNγ, we investigated the contribution of TC-1 
cell-derived CXCL9 to the intratumoral distribution of T cells 
in vivo. To address this aim, we inhibited the ability of TC-1 
cells to express CXCL9 by means of a short hairpin RNA 
(shRNA). We also generated TC-1 cells containing a control 
plasmid. We implanted TC-1 cells bearing the control vector 
or CXCL9-shRNA in basement membrane extract (BME) in 
order to form tumor plugs (TC-1-BME). We then analyzed 
the distribution of T cell subsets that bear the CXCL9 recep-
tor CXCR3 seven days after a single dose of Lm-LLO-E7, in 
keeping with a previously established protocol.3 Surprisingly, 
the proportions of total CXCR3+ T lymphocytes infiltrating 
TC-1-BME plugs, which were generated with cells expressing 
a control plasmid or a CXCL9-silencing plasmid, were simi-
lar (Fig. 5A). However,  a deficiency in CXCL9 expression led 
to a significant decrease in the proportion of CXCR3+CD8+ 
T  cells along with a concomitant increase in the proportion 
of CXCR3+CD4+ T cells (Fig. 5B and C), thus resulting in a 
significant increase in the CD4+:CD8+ T-cell ratio (Fig. 5C). 
Thus, we conclude that CXCL9 produced by implanted TC-1 

Figure 1. Vaccination with Lm-LLO-E7 induces the expression of chemokines by TC-1 tumors. (A) cDNA from three mice that were treated twice with 
either Dulbecco’s PBS (DPBS) or Lm-LLO-E7 bacteria were pooled and applied to chemokine PCR arrays. Data are reported as fold changes in the 
expression of the indicated mRNA species in TC-1 tumors isolated from Lm-LLO-E7-treated mice relative to DPBS-treated animals. Data are from a 
single experiment conducted once. (B and C) Conventional quantitative RT-PCR assays were conducted on tumor RNA samples (n = 3) (B) and tumor 
lysates were analyzed using chemokine ELISAs in order to confirm the presence of vaccine-induced TH1 chemokines (CXCL9 and CXCL10, n = 8, pooled 
from 2 experiments; CCL4 and CCL5, n = 3) (C). Mean RQ (B) or protein concentration values (C) ± SEM are reported (*P ≤ 0.05, ** P ≤ 0.01, ***P < 0.001). 
Conventional quantitative RT-PCR primer assays and ELISAs were conducted twice with similar results.
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cells regulates the migration of CXCR3-bearing CD8+ T cells in 
the tumor microenvironment.

Lm-LLO-E7 elicits E7-specific CXCR3+CD8+ T cells as well 
as L. monocytogenes antigen-specific CD4+ T cells. The efficacy 
of listerial vaccines has previously been shown to rely on the pres-
ence of tumor-associated antigen-specific CD8+ T cells.4 Given 
that CXCR3 is upregulated on activated effector T cells during 
T

H
1 responses,5 we hypothesized that vaccine-induced E7-specific 

CD8+ T cells would express CXCR3. Of note, although only a 
minority of total CD8+ T cells expressed CXCR3, the majority 
of E7-specific CD8+ T cells expressed CXCR3 upon vaccination 
(Fig. S1A, bottom left panel). Such E7-specific CD8+ T cells did 
not express CCR5 (Fig. S1A, top left panel), lending further sup-
port to the limited role of tumor-derived CCR5 ligands in the 
elevation of intratumoral E7-specific CD8+ T cells upon vaccina-
tion. The knock down of CXCL9 in TC-1 cells resulted in > 30% 
decrease in the proportion of CXCR3+CD8+ T cells infiltrating 
TC-1-BME plugs. This reduction was a statistically signifi-
cant, albeit minor, decrease in the proportion of CXCR3+CD8+ 
T cells; however, given the percentages of tumor antigen specific 
cells that typically develop following treatment, such reductions 
may exert a profound impact on tumor regression. Our data also 
point to a concomitant increase in the proportion of CD4+ T cells 
(Fig. 5). Additional analyses subdivided the CXCR3+CD4+ 

T-cell population into FoxP3+ and FoxP3− subsets (Fig. S1A, 
bottom right panel) that are likely to respond to CXCR3 gradi-
ents established by tumors in vaccinated animals. CCR5 was also 
expressed to lesser extents by a minor percentage of both FoxP3+ 
and FoxP3− CD4+ T cells (Fig. S1A, top right panel). Subsequent 
studies of effector CD4+ T cells showed them to be largely LLO- 
(and not E7-) specific as LLO-sensitive CD4+ T  cells secreted 
IFNγ upon re-stimulation with a MHC class II-restricted LLO-
derived peptide (Fig. S1B). Additional studies are underway to 
characterize the impact of the chemokine milieu on effector cell 
populations as well as the physiological relevance of LLO-specific 
CD4+ T cells.

Discussion

L. monocytogenes-based anticancer vaccines promote the genera-
tion of tumor-specific cytotoxic T lymphocytes that are necessary 
for their therapeutic activity.4 Moreover, both the infiltration of 
tumors by T cells and the efficacy of listerial vaccines are depen-
dent on the production of IFNγ as well as on the sensitivity of 
malignant cells to its effects, at least in the TC-1 tumor model.3 
The accumulation of lymphocytes in inflamed tissues and tumors 
is governed by temporally and spatially regulated CXCR3-ligand 
responses14 that may be generated by transformed cells. CXCR3 
is upregulated during the course of T

H
1 responses on effector 

T cells following activation,5 and CXCR3 ligands are known to 
contribute to T-cell migration in models of renal cancer,20 mela-
noma,21 and colorectal cancer.22 In the current study, we inves-
tigated IFNγ-dependent chemokine responses that are induced 
by Lm-LLO-E7. We hypothesized that such a listerial vaccine 
elicits the IFNγ-dependent production of T-cell chemoattrac-
tants required for the optimal infiltration of tumors by CD8+ 
T  cells. We have shown that the same vaccination protocol 
used in previous studies to induce tumor regression3,4 also alters 
the proportion of intratumoral T-cell subsets and induces the 
secretion of chemoattractants for effector T cells. The ability of 
TC-1 cells to secrete CXCL9, but not other chemokines elicited 
by Lm-LLO-E7, appeared to be regulated by IFNγ as it was (1) 
highly upregulated by pro-inflammatory cytokines, in vitro, (2) 
upregulated within tumor in response to vaccination and (3) sig-
nificantly inhibited in vaccinated mice treated with anti-IFNγ 
antibodies.

CXCL9 inhibits tumor growth by inducing vascular damage7 
and by recruiting effector T cells to tumors.10 In a recent study, 
CXCL9-deficient cancer cells were shown to grow more aggres-
sively as compared with their CXCL9-sufficient counterparts, 
and the reintroduction of CXCL9 into these cells led to T-cell 
dependent tumor rejection,8 suggesting that CXCL9 is critical for 
antitumor T-cell functions, at least in some tumor models. We 
hypothesized that TC-1 cell-derived CXCL9 is necessary for the 
optimal infiltration of tumors by CD8+ T lymphocytes. In previ-
ous studies, the inhibition of IFNγ signaling in TC-1 cells has 
been shown to reduce the amount of intratumoral T cells.3 Our 
results suggest that the effects of inhibiting a single chemokine, 
namely CXCL9, are more subtle than completley blocking T-cell 
infiltration. In our study, a CXCL9 deficiency in TC-1 cells 

Figure 2. CD4+ and CD8+ T cells express CXCR3. (A and B) Lymph node 
(LN) cells were isolated from 3–5 tumor bearing mice that were vacci-
nated with live Lm-LLO-E7 bacteria, pooled and labeled with a panel of 
antibodies to identify multiple T-subsets. Labeled cells were analyzed 
by flow cytometry for the expression of CXCR3 and CCR5. Representa-
tive density plots are shown. CXCR3+ (A) and CCR5+ (B) T cells were 
identified among live, single TCRβ+ cells.
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manifested as an increase in the overall CD4+:CD8+ T-cell ratio, 
reflecting a combined decrease in CXCR3+CD8+ T  cells and 
increase in CXCR3+CD4+ T  cells. The expression of CXCR3 
by these cells would suggest an activated state, allowing us to 
propose that transformed cell-derived CXCL9 is important for 
the migration of activated CD8+ T cells to the tumor. Additional 
studies are underway to determine the antigen specificity of these 
cells at later time points. Observations from the current study 
suggest that these cells also recognize E7.

The alterations in the intratumoral distribution of T-cell sub-
sets observed in our studies presumably originate from an imbal-
ance in the otherwise finely orchestrated chemokine response 
that normally arises during immunotherapy. Our listerial vac-
cine also induced CXCL10 as well as CCR5 ligands, two groups 
of chemokines that, together with CXCL9, may work in concert 
to position distinct T-cell subsets within tumors, hence facili-
tating tumor regression. These chemokines are produced by a 
variety of cells that compose tumors,15 which may explain the 
limited—albeit significant—impact on CD8+ T-cell infiltration 
observed in our studies. Inhibition of TC-1-cell derived CXCL9 
significantly altered the composition of CXCR3+ T cells in BME 
plugs (Fig. 5). However, these effects were not complete, indicat-
ing that either another source of CXCL9 in the tumor or intact 
CXCL10 responses may offset, at least in part, deficits associated 
with the silencing of CXCL9 in implanted cells. Many chemo-
kines synergize, cooperate or antagonize each other in a non-
redundant, context dependent manner14,23 and a deficiency or 

imbalance in this system may alter the recruitment of T  cells 
to tumors. In our model, altered chemokine expression patterns 
resulting from the silencing of CXCL9 in implanted cells led to 
an increase in the CD4+:CD8+ T-cell ratio in TC-1 tumor plugs 
upon vaccination. These alterations may cause reductions in anti-
gen specific CTL as well as proportional increases in regulatory 
and conventional CD4+ T cells. Additional studies are underway 
to further characterize the impact of the chemokine balance on 
effector cell populations.

The ability of tumor-initiating cells to respond to inflamma-
tory cues may dictate therapeutic outcome and should be care-
fully considered during the design of novel therapeutic regimens. 
Furthermore, effective cancer immunotherapy should not only 
elicit antitumor T cells but should also drive critical cytokine and 
chemokine responses. Strategies involving chemokine-inducing 
chemotherapeutic approaches have been shown to synergize with 
immunotherapy at inducing tumor regression.24 L. monocytogenes-
based immunotherapeutic vaccines are under clinical develop-
ment for the treatment of cancer.25 The present work, coupled 
with earlier studies,1-4 highlight multiple benefits stemming from 
the use of multifunctional listerial anticancer vaccines. These 
agents promote robust antitumor cellular responses as they elicit 
(1) beneficial pro-inflammatory responses, (2) antigen-specific 
T lymphoctyes and (3) chemokine gradients that these cells 
require to migrate. Such chemokine responses should add useful 
immune correlates of vaccine efficacy in several tumor types and 
across a variety of tissues.

Figure 3. Vaccine-induced chemokine expression is affected by anti-interferon γ antibody administration. TC-1 tumor-bearing mice (n = 3-5 mice per 
group) were treated with anti-interferon γ (IFNγ) or IgG control antibodies and vaccinated with Lm-LLO-E7 bacteria. CCL4, CCL5, CXCL9 and CXCL10 ex-
pression levels were quantified by quantitative RT-PCR or ELISA, as indicated. Mean RQ or protein concentration values ± SEM are reported (*P ≤ 0.05). 
These experiments were conducted twice with similar results.
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Materials and Methods

Tumor cell lines. TC-1 cells (ATCC, CRL-2785), which have 
been derived from a murine lung cell,26 were cultured as previ-
ously described.16 CXCL9 knock down TC-1 cells were prepared 
by means of a specific shRNA according to the manufacturer’s 
protocol (SABiosciences, KM02973P). Briefly, TC-1 cells were 
transfected with a negative control or a CXCL9-specific shRNA-
coding plasmid and initially selected using 4 μg/mL puromy-
cin. Following selection, plasmid-bearing cells were maintained 
in 1.5 μg/mL puromycin prior to implantation. Inhibition of 
CXCL9 expression at the mRNA level (~70%) was confirmed 
by qPCR analyses, as described below.

Murine colorectal carcinoma CT26 cells27 and renal cell car-
cinoma Renca cells28 are derived from BALB/c mice. CT26mugR 
cells is a variant of the CT26 cell line that was rendered insensi-
tive to IFNγ.29 The FVB/N syngeneic NT-2 mammary tumor 
cell line was developed as previously described.30 4T1 cells are 
derived from a mouse mammary tumor virus (MMTV)-induced 
mammary carcinoma.31,32 All cell lines were maintained in stan-
dard culture conditions.

Animal experiments. Two-hundred and fifty thousand TC-1 
cells were implanted s.c. in the flank of 6–8-wk-old, female 
C57BL/6 mice (Jackson Laboratories, 000664). Mice were 
injected i.p. with 1 × 108 colony forming units (CFU) of live 
Lm-LLO-E7 or DPBS when tumors reached a size of 3–4 mm. 

Tumor growth was quantified as previously described.4 
Mice were treated with a single dose or 2 equivalent 
doses of Lm-LLO-E7, at 1 week intervals. When appro-
priate, TC-1 tumor-bearing mice were vaccinated with 
Lm-LLO-E7 combined with the administration of 1.2 
mg anti-IFNγ XMG1.2 antibodies (BioXcell, BE0055) 
or control antibodies (anti-β-galactosidase or anti-
HRPN; BioXcell, BE0088) on days −1, 0, +1 and +4 
(relative to vaccination). Five-to-seven days following 
the first or second immunization, animals were sacrificed 
and lymph nodes (axillary and brachial), tumors and/or 
spleens were harvested and processed, or frozen at −80°C 
for further evaluation.

Three million control or CXCL9 knock down TC-1 
cells were co-implanted with 400 μL BME (Cultrex 
PathClear® HC20+, Trevigen, 3444–005–02) s.c. in 
the flanks of 6–8-week old, female C57BL/6 mice, a 
strategy that facilitates the analyses of tumor infiltrates.33 
TC-1 cells were allowed to form tumor plugs with BME 
(TC-1-BME) for 1 week. Mice were then immunized 
with 1 × 108 Lm-LLO-E7 or treated with DPBS once 
i.p. TC-1 BME plugs were removed and processed for 
cytofluorometric analyses one week later, as described 
below. All mouse experiments were performed accord-
ing to the regulations of the Institutional Animal Care 
and Use Committee of the University of Pennsylvania.

RNA isolation, chemokine mRNA expression and 
quantitative PCR. The expression of chemokine-coding 
mRNA by the aforementioned cell lines maintained in 
control conditions or stimulated with 10 ng/mL IFNγ 
and/or 10 ng/mL TNFα was measured by quantitative 

RT-PCR. To this end, total RNA was isolated from cryopulver-
ized TC-1 tumors or cultured tumor cells using a commercial 
kit (Qiagen Inc., 74134), according to the manufacturer’s pro-
tocol, and converted into cDNA using reverse transcription kits 
(SABiosciences, C-03 or ABI Applied Biosystems, 4375575). 
cDNA was amplified using gene specific primers (SABiosciences, 
CCL4: PPM02948F-200, CCL5: PPM02960E-200, CXCL9: 
PPM02973A-200, CXCL10: PPM02978D-200) or applied 
to chemokine PCR arrays following manufacturer’s instruc-
tions (SABiosciences, PAMM-022C). Quantitative PCR (ABI 
Applied Biosystems, StepOne Plus) was conducted using SYBR 
Green Master Mix (SABiosciences, PA-012 or ABI systems, 
4309155). Data were analyzed using the ABI StepOne software 
(ABI Applied Biosystems) or SABiosciences online analysis pro-
grams (SABiosciences). Individual primer assays and PCR arrays 
were analyzed using the comparative CT method and individual 
primer assays were normalized based on HSP90AB1 expression 
levels (SABiosciences, HSP90AB1: PPM04803E-200).

ELISA. TC-1 tumors were frozen, cryopulverized and resus-
pended in tissue lysis buffer34 in the presence of protease inhibi-
tors (Roche Diagnostics, 11 836 170 001). Tumor lysates were 
freeze-thawed twice, disrupted with a tissue homogenizer and 
centrifuged to collect supernatants. Protein content was deter-
mined and normalized using the Bio-Rad Protein Assay Reagent 
according to the manufacturer’s protocol (Bio-Rad, 500–0006). 

Figure 4. Interferon γ induces the expression of chemokines by TC-1 cells. 
(A–C) Samples from TC-1 cells that were maintained under control conditions or 
cultured with tumor necrosis factor α (TNFα) and interferon γ (IFNγ), were col-
lected and then processed for chemokine PCR arrays (A), CXCL9-specific quantita-
tive RT-PCR assays (B) or CXCL9-specific ELISAs (C). In (A and B) data are reported 
as fold changes in mRNA expression relative to cells maintained in control condi-
tions. Mean RQ or protein concentration values ± SEM (of 2 independent experi-
ments) are reported in (B and C) respectively. nd, not detected.
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Supernatants were collected from TC-1 cells stimulated with 
IFNγ and/or TNFα, centrifuged to remove cells and debris and 
stored at −80°C until analysis. Tumor lysates were equilibrated 
for total protein content using bovine serum albumin (BSA) and 
50 μg per sample were used in sandwich ELISAs for chemokine 
detection (overnight incubation, 4°C). Equal volumes of TC-1 
supernatants from experimental and control conditions were 
similarly incubated at 4°C, overnight. All samples were analyzed 
for the presence of chemokines according to the manufacturer’s 
protocol (R&D Systems: CCL4/MIP-1β: MMB00, CCL5/
RANTES: MMR00, CXCL9/MIG: MCX900, CXCL10/IP-10: 
MCX100). Background optical density (OD) values recorded at 
570 nm were subtracted from OD values recorded at 450 nm and 
adjusted for protein concentration based on standard curves.

Cell isolation and cytofluorometric analyses. The lymph 
nodes, spleens, tumors and TC-1-BME plugs were dissected from 
DPBS- or Lm-LLO-E7 treated mice. Spleens and lymph nodes 
were mechanically dissociated in cold FACS buffer (1× DPBS 
supplemented with 0.5% heat inactivated fetal bovine serum). 
TC-1-BME tumor plugs were ground and filtered through a 100 
μm mesh filter. Red blood cells were removed by lysis in ACK 
buffer (Lonza, 10–548E). Tumors were dissected and subjected 
to enzymatic digestion in cRPMI medium containing 2 mg/mL 
collagenase P (Roche Diagnostics, 11 249 002 001), 1 mg/mL 

DNase I (Roche Diagnostics, 10 104 159 001) and 50 μg/mL 
protease inhibitors (Sigma, T9253) for 30 min at 37°C. Upon 
digestion, tumor samples were ground and filtered through a 100 
μm mesh filter, the enzymatic buffer was removed by centrifuga-
tion, and red blood cells were lysed in ACK buffer. Lymph node 
cells and tumor cells were incubated with an Fc-blocking reagent 
(CD16/CD32 Fcγ II/III, clone 93) (eBiosciences, 16–0161–82) 
followed by biotin-conjugated or fluorochrome-conjugated pri-
mary antibodies. Cells were labeled with antibodies specific for 
TCRβ, clone H57–597 (eBiosciences, 47–5961); CD8a, clone 
53–6.7 (eBiosciences, 48–0081); CD8b, clone eBioH35–17.2 
(eBiosciences, 53–0083); CD4, clone GK1.5, (eBiosciences, 
53–0041–82); FoxP3, cloneFJK-16s (eBiosciences, 12–5773); 
CCR5, clone CTC5 (R&D Systems, FAB1802F); CXCR3, 
clone CXCR3–173 (Biolegend, 126512) and/or MHC class I 
E7-specific tetramers (NIH Tetramer Core Facility, Atlanta, 
GA or Beckman Coulter, Inc., T03012) in Fc block. Dead cells 
were identified using the Aqua Blue Dead Cell Exclusion Dye 
(Invitrogen, L34957). Cells were fixed with fixation/permea-
bilization buffer (eBiosciences, 00–5521–00) and washed with 
FACS buffer or permeabilization buffer (eBiosciences, 00–8333). 
Cells analyzed for FoxP3 were fixed and permeabilized over-
night according to the manufacturer’s protocol, and only there-
after incubated with anti-FoxP3 antibodies. Cells were washed 

Figure 5. Knockdown of CXCL9 in TC-1 cells alters T-cell subset distribution in the tumor plugs of vaccinated mice. (A–C) TC-1 cells bearing a control 
plasmid or a shRNA plasmid for the downregulation of CXCL9 were co-injected with basement membrane extract (BME) and allowed to form plugs 
for 7 d. On day 7, mice were vaccinated with Lm-LLO-E7 bacteria and, 7 d later, tumor plugs were removed and processed for the cytofluorometric 
measurement of the percentages of CXCR3+TCRβ+ as well as CD8+CXCR3+TCRβ+ and CD4+CXCR3+TCRβ+ T lymphocytes (among live single cells). The 
percentage of CXCR3+TCRβ+ cells is reported in panel (A) whereas representative density plots of the relative abundance of CD8+CXCR3+TCRβ+ and 
CD4+CXCR3+TCRβ+ T lymphocytes is depicted in (B). In (C) quantitative data on the percentages of CD8+CXCR3+TCRβ+ cells and CD4+CXCR3+TCRβ+ 
T cells as well as on their ratio are reported. In (A and C) columns represent mean values ± SEM of pooled data (n = 7) from two independent experi-
ments (2–5 mice per group) (*P ≤ 0.05, **P ≤ 0.01, ***P < 0.001).
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prior to cytofluorometric acquisition. Regulatory T cells (Tregs) 
were defined as TCRβ+CD4+FoxP3+ cells. Conventional T cells 
(Tconvs) were defined as TCRβ+CD4+FoxP3− cells. E7-CD8+ 
cells were defined as TCRβ+ CD8b+ E7 tetramer-binding cells. 
Acquisition was performed using a flowcytometer and FACSDiva 
software (LSRII BD Biosciences). Cytofluorometric data was pro-
cessed and analyzed using the FLOWJO software (Tree Star Inc., 
Ashland, OR).

IFNγ-specific ELISPOT assays. Splenocytes from DPBS- or 
Lm-LLO-E7-treated mice were isolated as described above. One 
hundred thousand CD4+ cells, isolated using a CD4+ isolation kit 
(Miltenyi Biotec, 130–095–248), were incubated with antigen-
presenting cells in the presence of 50 U/mL recombinant human 
IL-2 (R&D Systems, 202-IL-010) and Listerial MHC II epitope 
LLO

190–201
 (NEKYAQAYPNVS)35 or a MHC class II-restricted 

E7 epitope (DRAHYNI)36 (GenWay Biotech, Inc.) at 37°C in 
7% CO

2
. On day 4, cells were collected and added to an ELISpot 

plate coated with anti-IFNγ capture antibody (Mabtech, Inc., 
mAb AN18, 3321–3-1000) for 4 h at 37°C in 7% CO

2
. Cells 

were then removed and plates were processed according to the 
manufacturer’s protocol, using a specific detection antibody 
(Mabtech, Inc., mAb R4–6A2-Biotin, 3321–6-1000). The 
plates were developed with ExtrAvidin-Alkaline Phosphatase 
(Sigma-Aldrich, E2636-.2ML, 120M4789) using nitro-blue 
tetrazolium chloride/5-bromo-4-chloro-3’-indoly phosphate 

phosphate-toluidine salt (NBT/BCIP) as substrate (Sigma-
Aldrich, 72091). The colorimetric reaction was terminated with 
1 M NaH

2
PO

4
. Spots were enumerated on a CTL-ImmunoSpot 

Reader (Cellular Technology Limited).
Statistical analyses. Data obtained from control groups and 

treatment groups were subjected to t tests with significant dif-
ferences reported as follows: *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001. 
Differences among multiple groups were statistically analyzed 
using ANOVA and means were compared using the Bonferroni 
post-hoc test only when ANOVA P was < 0.05 (GraphPad Prism 
v.4.0, GraphPad Software Inc.).
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