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Abstract
Leukotriene B4 (LTB4) receptor, BLT1 is expressed on variety of immune cells and has been
implicated as a mediator of diverse inflammatory diseases. However, whether biological responses
initiated via this receptor generate tumor promoting inflammation or anti-tumor immunity remains
unexplored. In this study, we investigated the role of BLT1 in antitumor immunity using
syngeneic TC-1 cervical cancer model and observed accelerated tumor growth and reduced
survival in BLT1−/− mice compared to BLT1+/+ mice. Analysis of the tumor infiltrates by flow
cytometry and confocal microscopy revealed a significant decrease in effector immune cells, most
notably CD8+-T cells and NK cells in the tumors of the BLT1−/− mice. Gene expression profiling
confirmed the dramatic decrease of IFN-γ, granzyme-B and IL-2 in tumors growing in BLT1−/−

mice. Furthermore, depletion of CD8+ T cells enhanced the tumor growth in BLT1+/+ but not in
BLT1−/− mice. However, similar levels of antigen dependent CD8+ T cell mediated killing activity
were observed in spleens of BLT1+/+ and BLT1−/− mice. Adoptive transfer of CD8+ T cells from
tumor bearing BLT1+/+ but not BLT1−/− mice significantly reduced tumor growth and increased
the survival of Rag2−/− mice. While the homeostatic proliferation and expression profiles of other
chemokine receptors of adoptively transferred BLT1+/+ and BLT1−/− CD8+ T cells appears to be
similar, BLT1+/+ T-lymphocytes entered the tumors in greater numbers. These results suggest that
BLT1 expression on CD8+ T cells plays an important role in their trafficking to tumors.
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Introduction
The immune system plays a dual role in modulating cancer progression. Chronic
inflammation mediated through myeloid cells promotes tumor progression whereas immune
surveillance mediated by the CTLs suppresses tumor growth (1-3). In both cases recruitment
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of diverse immune cell subsets into tumor micro environment is a critical event. Cytotoxic T
lymphocytes (CTLs) that directly kill the tumor cells are essential for generation of
antitumor immunity (4, 5). As a result, most cancer immunotherapy approaches such as
cancer vaccines, cancer gene therapy, dendritic cell based therapy and adoptive T cell
transfer therapy have targeted to augment CTL responses and have shown considerable
efficacy in preclinical and limited clinical settings (6-8). However, a major obstacle
common in these immunotherapies is the poor recruitment of the effector CTLs into the
tumor despite the generation of potent CD8+ T cell responses in the periphery (9). In a
chimeric antigen receptor (CAR) based adoptive T-cell immunotherapy (ACT) settings less
than one to two percent of transferred tumor reactive T cells are recruited to the tumors (9,
10). Given adoptively transferred or vaccine activated tumor reactive T cells must
accumulate and function within the tumors and therefore effector T-cell recruitment and
retention at the tumor site is essential for optimal efficacy (11). In this regard, CCR5 has
been shown to regulate the selective CTL recruitment to tumor site in response to production
of CCL5 in a mouse model (12, 13). In addition, CXCR3 ligands CXCL9 and CXCL10 have
been shown to be mediators of effector immune cell recruitment. High levels of CXCL9 and
CXCL10 have correlated with higher CTL infiltration into tumors, reduced tumor growth
and reduced recurrence after surgery in renal cell carcinoma (14). CXCL9 was also shown to
promote CTL infiltration of malignant melanoma extending the survival (15).

Leukotriene B4 (LTB4), an eicosanoid derivative of arachidonic acid metabolism produced
by the sequential action of 5-lipoxygenase and LTA4-hydrolase, is a potent leukocyte
chemoattractant (16). LTB4 signals through two G-protein coupled seven transmembrane
domain receptors, BLT1 and BLT2 the high and low affinity receptors, respectively (17, 18).
BLT1 is expressed on various immune cells including neutrophils, eosinophils, monocytes,
dendritic cells, and activated T cells (19). BLT1 has been implicated in diverse diseases such
as asthma, atherosclerosis, arthritis, autoimmune uveitis and diet induced obesity as a
mediator of inflammation owing to the protective phenotype of BLT1 knockout mice in
aforementioned pro-inflammatory and autoimmune diseases (20-31). Since BLT1 is
expressed on majority of immune cell subtypes, it is not clear whether it mediates
inflammation promotion or immune surveillance of cancers. Previous studies have outlined
an important role for BLT1 in CTL migration in allergic airway hyper responsiveness and
autoimmune uveitis models (26, 32, 33). As much as BLT1 mediated T-effector cell
recruitment and their pathogenic effects are undesirable in settings of autoimmune and
allergic diseases, these very precise responses are essential for generation of cancer immune
surveillance and anti-tumor immunity.

Here, we examined the requirement for BLT1 expression for trafficking of the activated
CTLs to tumors. The results showed accelerated tumor growth and reduced survival of
BLT1−/− mice in a TC-1 cervical cancer model. Using immune cell profiling of tumors, in
vivo killing assays, T-cell depletion and adoptive transfers of CTLs into Rag2−/− mice, we
demonstrate an important role for BLT1 expression on CD8+ T cells in recruitment of these
cells to tumors for generation of anti-tumor immune response and effective immune
surveillance.

Materials and Methods
Mice and cell lines

C57BL/6 mice (6–8 wk old) were purchased from The Jackson Laboratory or bred in our
animal facility at the University of Louisville. Previously described BLT1−/− mice in
C57BL/6 background were also bred in our animal facility at the University of Louisville
(34). Rag2−/− mice in C57BL/6 background were purchased from Taconic (Germantown,
NY). BLT1−/− Rag2−/− double KO mice were generated by crossing the BLT1−/− with
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Rag2−/− mice. All animals were cared for in accordance with institutional and National
Institute of Health guidelines. TC-1 and B16 cell lines were purchased from American Type
Culture Collection (Manassas, VA).

Reagents
Fluorochrome-conjugated Abs (anti-CD45.2-APC-Cy7, anti-CD3-FITC, anti-CD4-APC,
anti-CD8-PerCP, anti-CD25-PE, NK1.1-PE, CCR5-PE, CXCR3-FITC, CCR9 FITC, SA-
APC) and isotype controls were purchased from BD PharMingen and eBioscience. HPV-16
E7 peptide (E749-57 RAHYNIVTF) was purchased from Peptide 2.O Inc. Anti-mouse BLT1
antibody conjugated to biotin was developed in the lab (unpublished data). RT Primers for
IFN-γ, Granzyme-B and IL-2 genes were obtained from Real Time Primers, LLC.

Tumor model and vaccination
To establish tumors, 1×105 live TC-1 cells were resuspended in 200 μl of PBS and injected
s.c. into the right flank of naive syngenic WT or BLT1−/− C57BL/6 mice as previously
described (7). For sub-lethal dose (survival) experiments, 2×104 TC-1 cells in 200 μl of PBS
were injected s.c. For Rag2−/− and Rag2−/−BLT1−/− comparison experiments, 5×104 live
TC-1 cells were re-suspended in 200 μl of PBS and injected s.c. into the right flank. Tumor
growth was monitored 2-3 times per week and tumor size was measured in mm using a
caliper. Average tumor size was calculated by measuring two perpendicular diameters.
Animals bearing tumors were euthanized when tumors reached a size of 15 mm in one of the
two perpendicular diameters or earlier if tumors ulcerated or animal showed signs of
discomfort. For immunization studies, C57BL/6 WT or BLT1−/− mice were immunized s.c.
with various vaccine formulations containing 100 μg of E749-57 peptide in PBS or PBS
alone as control.

Analysis of tumor infiltrating leukocytes
Tumors were harvested at the end point (15mm) and cut into 2-mm pieces after removal of
connective tissue by dissection. To isolate leukocytes, tumors were incubated in an enzyme
mixture consisting of collagenase-A (2 mg /ml), DNase I (1 mg /ml), penicillin (10 U /ml),
and streptomycin (10 μg /ml) in PBS for 2 hrs at 37°C with occasional vortexing. The
digested tissue was passed through a nylon mesh and the resultant cells were washed twice
in PBS before being stained for flow cytometric analysis. Cells were stained with
appropriate fluorochrome labeled anti-mouse CD3, CD4, CD25, NK1.1, CD11b, and CD8
Abs and PE-conjugated anti-mouse CD45.2 Ab to selectively exclude CD45 negative tumor
cells from the analysis. Two million total tumor cells were stained and analyzed using multi
parameter flow cytometry. Similarly spleens, lymph nodes were processed into single-cell
suspensions, and cells were labeled with saturating concentrations of fluorochrome-
conjugated Abs. Intracellular cytokine staining of CD8+ T cells within tumor were
performed as described previously (35). Briefly, single-cell suspension from the tumors
were stimulated with the cell stimulation cocktail (eBiosciences, 500X used at 1X)
containing PMA (40.5μM), Ionomycin (670μM), and protein transport inhibitors Brefeldin
A (5.3mM) and Monensin (1mM) for 6 hrs and stained for IFN-γ using anti-IFN-γ Ab (BD
Biosciences). In all instances isotype matched Abs with the same fluorochrome were used as
controls. Data was analyzed using CellQuest (BD Biosciences) and FlowJo (Tree Star)
software.

For immunofluorescence analysis, tumors described above were dissected, washed,
embedded in OCT, snap-frozen, and cut into 5.0 μm sections with a cryostat. Sections were
fixed with ice cold acetone followed by blocking with PBS supplemented with 1% BSA and
5% goat serum for 30 min. at room temperature to avoid any nonspecific bindings. To assess
the presence of tumor infiltrating CD8+ T cells, sections were next incubated with rat anti-
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mouse CD8 Ab (PharMingen) for 1 hr at room temperature. After 3 washes with PBS,
sections were incubated with 1/400 dilution of goat anti-rat Alexa 488 (2 mg/ml,
Invitrogen), and counterstained with DAPI, and analyzed using Nikon A1R confocal
microscope at 200X magnification. A minimum of 4 fields for each tumor section were
analyzed to assess the infiltration of T cells.

In vivo cytotoxicity assay
A standard in vivo killing assay was performed by injecting peptide-pulsed target cells into
congenic immunized mice as previously described (7). In brief, a population of C57BL/6
spleen cells were labeled with 2.5 μM fluorescent dye CFSE (CFSEhigh) while a second
population was labeled with 0.25 μM CFSE (CFSElow). CFSEhigh cells were then pulsed
with 2 μg/ml of E749-57 peptide representing the dominant CD8+ T cell epitope for E7 for 90
min at 37°C in a 5% CO incubator. CFSEhigh and CFSElow 2 cells were then extensively
washed to remove free peptide, mixed at 1:1 ratio, and injected i.v. into C57BL/6 WT or
BLT1−/− mice, 7 days after vaccination or in tumor (3-4 mm size) bearing C57BL/6 WT or
BLT1−/− mice. Spleens were harvested 48 hrs later, processed into single cell suspension,
and analyzed by multiparameter flow cytometry to determine the ratio of CFSEhigh/CFSElow

target cells. The percentage of in vivo killing was calculated by the following formula: [1-
((CFSEhigh/CFSElow for experimental) / (CFSEhigh/CFSElow for naive))] × 100.

CD8+ T cell depletion and adoptive transfer studies
Depletion of CD8+ cells were performed by single i.p. injection 500 μg of CD8 depleting
antibodies (BioXCell, NH) a day before tumor challenge in WT and BLT1−/− mice. These
mice were then challenged with 1×105 live TC-1 cells re-suspended in 200 μl of PBS into
the right back flank. Depletion of CD8+ T-cells was monitored at day 3 and 7 (~ 99%
depletion versus 0% depletion with an Isotype control antibody) in the peripheral blood
(data not shown). For adoptive transfer studies, Rag2−/− mice were challenged s.c. with
5×104 live TC-1 cells re-suspended in 200 μl of PBS into the right flank. Two days later,
CD8+ T cells were isolated from spleens and lymph nodes of small tumor bearing WT or
BLT1−/− mice by magnetic sorting using CD8Ly2 beads (Miltenyi Biotec) with >97%
purity. Purified CD8+ T cells (8 × 105) in PBS were injected i.v. in these (Rag2−/−) mice
and vehicle alone was used as control. Tumor growth was monitored 2-3 times per week and
tumor size was measured in mm using a caliper. Average tumor size was calculated by
measuring two perpendicular diameters. Animals bearing tumors were euthanized when
tumors reached a size of 15 mm in one of the two perpendicular diameters or earlier if
tumors ulcerated or animal showed signs of discomfort. At the end point the spleen, tumor
draining lymph node (TDLN) and tumor were harvested and CD8+ T cells were analyzed for
their frequency and chemokine receptor expression including BLT1.

Real time PCR
Total RNA from the excised tumors was isolated using Trizol followed by RNAse mini prep
kit from Qiagen. The RNA was treated with DNAase using Turbo DNAse kit, Ambion Inc.
For quantitative real-time PCR, 1 μg of total RNA was reverse transcribed in 50 μl reaction
using TaqMan reverse transcription reagents (Applied Biosystems) using random hexamer
primers. 2 μl of cDNA and the 1 μM real time PCR primers were used in a final 20 μl qPCR
reaction with ‘power SYBR-green master mix’ (Applied Biosystems). The real time primers
were purchased from Real Time Primers, LLC, Elkins Park, PA. The sequence of the
primers will be provided upon request. Real time qPCR was performed in Bio-Rad CFX-96
Real Time System. Expression of the target genes was normalized to β-actin and displayed
as fold change relative to the wild type sample. Data are representative of tumors isolated
from at least 5 different mice for each genotype.
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Statistical analysis
Statistical analysis was done using the Student’s t-test or ANOVA. The survival assays were
analyzed using long-rank test in Prism Graph pad software. For each test, p value less than
0.05 and 0.001 were considered significant (*) and very significant (**), respectively. Error
bars represent ± SD.

Results
Poor immune-surveillance and antitumor immunity in BLT1−/− mice

To investigate the role of BLT1 in immune surveillance and antitumor-immunity, the TC-1,
a syngeneic tumor model in immune competent C57BL/6 mice was used. Implantation of a
sub lethal dose (2.0 ×104) of TC-1 cells resulted in development of tumors in all of the
BLT1−/− mice leading to 100% mortality by 50 days. However, under these conditions only
50% of WT mice developed relatively slow growing tumors which led to 60% survival of
WT mice over 80 days of observation (Fig. 1A). We also challenged the BLT1−/− and WT
mice with 1×105 cells of TC-1 cells that allowed tumor development in 100% of the mice.
Enhanced tumor growth and reduced survival in BLT1−/− mice compared to WT mice (Figs.
1B and 1C) was observed in this setting as well. Similar phenotype of accelerated tumor
growth was also observed in BLT1−/− mice in a syngenic model of B16 melanoma (data not
shown). These results suggest that BLT1 might be important for mediating antitumor
immunity.

Reduced effector immune cell infiltration into tumors of BLT1−/− mice
To determine the cellular basis for enhanced tumor growth in BLT1−/− mice, tumor
infiltrating leukocyte subpopulations were profiled. Tumors were harvested from WT and
BLT1−/− mice and processed into single cell suspension and stained for CD45.2 antibody for
analyzing total immune infiltrate into tumors. The immune cell subsets were further
analyzed with antibodies specific for CD4+, CD8+ T cells and NK cells using flow
cytometry. A marked decrease in infiltration of overall CD45.2+ immune cells with most
striking drop in CD8+ T and NK cell population in tumors of BLT1−/− mice compared to
WT (Fig. 2A, 2B and 2C) was observed. Since tumors in BLT1−/− mice grew faster
compared to WT, to ensure the observed differences were not related to tumor size, similar
experiments were performed in size matched tumors which also showed reduced CD8 T-cell
infiltration (Fig 2D). However, no differences in the CD8 T-cell numbers were observed in
the spleen and lymph nodes of these tumor bearing WT and BLT1−/− mice (Fig 2E and F).
Immunofluorescence staining and analysis by confocal microscopy also showed a reduction
in the numbers of CD8+ T-cells in the TC-1 tumors derived from BLT1−/− mice compared to
WT mice (Fig. 2G). Gene expression analysis by RTPCR showed a significant reduction in
effector T-cell markers such as interferon-γ, granzyme B and Il-2 in mRNA from tumors of
BLT1−/− mice relative to WT mice (Fig2 H-J).

Similar growth Kinetics of TC-1 tumors in Rag2−/− and BLT1−/− Rag2−/− mice
To understand the relative role of BLT1 expression on the cells of innate vs adaptive
immunity in this accelerated tumor growth phenotype, BLT1−/− mice was crossed with
Rag2−/− mice and Rag2−/−BLT1−/− mice were generated. Comparison of tumor growth
curves between Rag2−/− and BLT1−/−Rag2−/− mice revealed no significant differences in
tumor growth (Fig. 3A) indicating that BLT1 expression on innate cells including NK cells
does not play a dominant role in this model. Moreover, similar numbers of NK cells were
found in Rag2−/− and Rag2−/− BLT1−/− tumors (Fig. 3B).
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CD8+ T cell depletion accelerates tumor growth in WT but not in BLT1−/− mice
To explore the contribution of BLT1 expression on CD8+ T cells in limiting the tumor
growth, CD8+ T cells were depleted in these mice followed by TC-1 tumor challenge.
Depletion of CD8+ T cells resulted in a significant acceleration of tumor growth only in WT
but not in BLT1−/− mice (Fig. 4). The tumor growth in the CD8 depleted WT mice nearly
overlapped with the tumor growth observed in native BLT1−/− mice and/or CD8+ T-cell
depleted BLT1−/− mice. Therefore, elimination of CD8+ T cells alone was sufficient for
complete loss of the observed phenotype implicating a central role for BLT1 expression on
CD8+ T cells (Fig. 4).

BLT1−/− CD8+ T cells display normal cytotoxic function
To test if the function of CD8+ T cells in the BLT1−/− is defective, we assessed the killing
activity of CD8+ T cells in WT and BLT1−/− mice using an in vivo killing assay. As TC-1
cells express the human papillomavirus (HPV) early antigen E7, generation of E7-antigen
specific spontaneous in vivo killing responses were previously shown in animals challenged
with TC-1 cells (7). Similarly, immunization of E749-57 peptide (immunodominant epitope
of E7) also generates CD8 mediated cytotoxic responses in vivo (7). The killing function of
CD8+ T cells in vivo in WT and BLT1−/− mice that were either challenged by TC-1 cells or
immunized by an HPV E749-57 peptide using an in vivo cytotoxicity assays was tested as
described in methods. No significant differences in the killing activities of the CD8+ T cells
in the spleens of WT or BLT1−/− mice either in peptide immunization or in TC-1 challenge
settings were observed (data not shown). We next vaccinated the mice with 10μg MPL-A +
50μg HPV E749-57 peptide and assessed killing responses using in vivo cytotoxicity assays.
Although peptide specific killing were observed to much higher levels there was no
difference in killing activity of CD8+ T cells between BLT1+/+ and BLT1−/− mice (Fig. 5).
Thus, a reduction in cytotoxic killing function of CD8+ T-cells seems unlikely to be
responsible for the enhanced tumor growth in BLT1−/− mice. To examine the activation
profiles of tumor infiltrating CD8+ T cells from the WT or BLT1−/− mice IFN-γ production
was detected by intracellular cytokine staining by Flow cytometry (Fig 6). While there is
reduced CD8+ T cell infiltration in tumors of BLT1−/− mice there was no significant
difference in the percentage of IFN-γ positive cells of the total CD8+ T cells between WT
and BLT1−/− tumors indicating similar activation and functional state of these cells (Fig 6B,
middle panels). As might be expected from the reduced CD8+ T cell numbers in the
BLT1−/− tumors, the total IFN-γ+ CD8+ T cells are also reduced in the BLT1−/− tumors
relative to WT tumors (Fig 6B, right panel). The numbers of CD4+ T cells were not
significantly different between WT and BLT1−/− tumors (Fig 6B, left panel).

Adoptive transfer of CD8+ T cells from WT but not BLT1−/− mice slows tumor growth
To further assess that BLT1 expression on CD8+ T cells is critical; we used a gain of
function approach. The Rag 2−/− mice that lack adaptive immune system were challenged
with 5×104 TC-1 cells and 48 hrs later were adoptively transferred with tumor primed sorted
CD8+ T cells (>97% purity) either from WT or BLT1−/− mice. Tumor primed cells were
derived from mice with low tumor burden as these mice have shown to have enhanced CTL
activity (7). CD8+ T cells from tumor primed WT but not from tumor primed BLT1−/− mice
delayed tumor growth in Rag 2−/−mice (Fig 7A) reinforcing that BLT1 expression on the
CD8+ T cells is crucial for effective antitumor immunity. The adoptive transfer of the naïve
CD8+ T cells from WT or BLT1−/− mice in the Rag2−/− setting displayed a similar increase
in tumor growth in BLT1−/− CD8+ T cell transfer group as compared to WT CD8+ T cells
(data not shown). Analysis of tumor draining lymph nodes (TDLNs) from these mice
revealed no differences in homeostatic proliferation and accumulation of transferred WT or
BLT1−/− CD8+ T cells (Fig 7B). In contrast, WT CD8+ T cells entered Rag2−/− tumors in
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greater numbers as compared to BLT1−/− CD8+ T cells (Fig. 7C). Thus, a major defect in
BLT1−/− CD8+ T-cells appears to be their reduced homing to the tumors.

Chemokine receptor expression profiles in adoptively transferred CD8+ Cells
Chemokine receptor profiling of transferred CD8+ T cells from WT and BLT1−/− mice by
flow cytometry revealed no striking differences beside the significantly enhanced expression
of BLT1 on WT CTLs in TDLNs compared to the absence of its expression in naïve WT
and BLT1−/− CTLs (Fig. 8A). A significant increase in CXCR3 expression was observed in
adoptively transferred WT or BLT1−/− CD8+ T-cells relative to the CD8+ T cells from the
naïve mice (Fig. 8A). Analysis of expression of all these receptors on CD8+ T-cells from the
tumors showed complete down regulation of BLT1 expression on WT CD8+ T-cells.
Similarly, CXCR3 expression was also down regulated on tumor infiltrating CD8+ T-cells
independent of their origin from WT or BLT1−/− mice (Fig 8B). In contrast, CD8+ T-cells
from the spleen showed similar levels of CXCR3 expression but no detectable BLT1
expression (Fig 8C).

Discussion
Leukotriene B4 receptor 1, BLT1 controls the migration of various immune cell types
mediating inflammation in many diseases and host response to infections. Migration of
CD8+ T cells into the tumors is a critical event for effective anti-tumor immunity (11).
Using an implantable cervical cancer model, we herein demonstrated that expression of
BLT1 on CD8+ T cells plays a crucial role in mediating their recruitment to tumors thereby
initiating and sustaining anti-tumor immunity.

Development of cancer is proposed to be the end result of a malignant transformation that
has passed through Elimination, Equilibrium and Escape phases (36). The results with sub
lethal and lethal challenge of TC-1 cells presented here (Fig. 1) suggest an important
function for BLT1 on CD8+ T-cells in controlling both the elimination and equilibrium
phases of tumor development, respectively. The sub-lethal dose (2×104) of TC-1 cells
resulted in tumor only in 50% of the WT mice but in 100% of the BLT1−/− mice showing
that BLT1 mediates immune surveillance and the lethal dose results in more rapidly growing
tumors in BLT1−/− mice indicating its function in antitumor immunity.

Studies on the tumor microenvironment has demonstrated that poor recruitment of CD8+ T
cells into the tumor as a limiting factor to achieving antitumor immunity and clinical
responses (9, 10). In the context of cancer, little is known about the mechanisms controlling
migration of CTLs to the tumor site. CCR5 was the first receptor shown to enhance the
infiltration of CTLs in tumors and local production of CCL5 or CCL3 enhanced recruitment
of these cells to tumors (13). However, the role of CCL5 remains controversial due to its
divergent prognosis/survival outcomes in patents of non-small-cell lung carcinoma
(NSCLC) verses breast and cervical carcinoma (37). The CXC chemokine receptor, CXCR3
and its ligands CXCL9/10 has been demonstrated to facilitate the recruitment of CTLs in a
variety of inflammatory and infectious diseases (38, 39). CXCR3 expression on CTLs is
very important as shown in RCC and melanoma (14, 15). In addition, CX3CL1 and
CXCL16 have also been associated with high frequency of intra-tumoral T cells and better
prognosis in colorectal cancer (40). The results presented here for the first time demonstrate
a critical function for BLT1 expression on CTLs in controlling the progression of syngenic
TC-1 tumor growth as evidenced by greatly reduced CTL infiltration and the intratumoral T-
cell effector molecules (Fig 2). Although BLT1 has been repeatedly shown to be a critical
homing receptor for diverse immune cell types including CTLs to their target organs, the
biological significance of this receptor in antitumor immunity has not been explored.
Majority of work carried out in the context of inflammatory, autoimmune diseases
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demonstrated that CD8+ T cells inducibly express BLT1 upon activation and the receptor
expression is essential for their recruitment to target organs and disease development (41).
In a model of auto reactive T cell induced uveitis, BLT1 expression on both T cells and
innate immune cells was found critical for full disease development and absence of BLT1 is
highly protective in ocular inflammation (32). However, in the context of cancer, lack or
delay in recruitment of effector immune cells such as T cells may delay generation of
immune response to tumor antigens that can lead to breach of immune surveillance and poor
antitumor immunity.

While BLT1 is expressed on a variety of immune cells, selective immune cell subsets are
preferentially recruited under different inflammatory conditions such as neutrophils in the
joints of arthritis, T cells in uveitis and pulmonary hypersensitivity, M2 Macrophages in diet
induced obesity and atherosclerosis (26, 32, 42, 43). The current studies demonstrate that
absence of BLT1 leads to reduced CTL infiltration in to TC-1 tumors. Comparison of tumor
growth curves between Rag2−/− and BLT1−/−Rag2−/− mice revealed no significant
differences in tumor growth (Fig. 3) indicating that BLT1 expression on innate cells
including NK cells does not play a dominant role in this model. Furthermore, given all other
cell types still harbor the BLT1 in CD8 depleted WT mice, complete overlap of WT
phenotype to BLT1−/− phenotype demonstrate that BLT1 expression on the CD8+ T cells
accounts for the entire enhancement of TC-1 tumor growth (Fig. 4). Interestingly, Rag2−/−

and BLT1−/−Rag2−/− mice revealed no significant differences in intra-tumoral NK cell
numbers. While NK-cells by themselves may not hinder tumor growth in this model, it is
still possible through CD8-NK cross talk (44) they contribute to effective antitumor
immunity.

Although the recruitment of the CD8+ T cells into the tumors was significantly impaired in
BLT1−/− mice, the cytolytic function of the BLT1−/− CD8+ T cells was intact as
demonstrated by the killing ability in the spleen (Fig 5) and also by the IFN-γ staining of the
CD8+ T cells in the tumors from WT and BLT1−/− mice (Fig 6). Moreover, the in vivo
killing experiments suggest that the contribution of BLT1 expression on antigen presenting
cells in generating effective CTL responses is very limited, if at all. Our previous studies
with bone marrow derived dendritic cells (BMDCs) from BLT1−/− mice showed reduced
levels of CCR7 and transient delay in migration of DCs into draining lymph nodes (DLNs)
for antigen presentation (45). While we cannot rule out a delay of antigen presentation in the
context of tumor development in the BLT1−/− mice, it does not appear to influence the
generation of a peripheral CTL response. Instead, the failure of these T-cells in reaching the
tumor appears to play a dominant role in the end phenotype.

In Rag2−/− mice, the CTLs from WT mice are capable of entering tumors in greater numbers
compared to CTLs from BLT1−/− mice despite their similar frequency in TDLNs. Given the
recruitment of BLT1+/+ cells are LTB4 dependent; it is likely that tumors have higher
gradient of LTB4 than TDLN. Due to rapid growth, tumor cells undergo apoptosis that
might lead to the recruitment myeloid cells including neutrophils and macrophages. This
might set up a cascade where leukocytes in the tumor micro environment produce LTB4 for
preferential recruitment of CTLs in this model. In this regard, recent studies have shown that
LTB4/BLT1 axis plays a critical role in amplifying local cell death signals by neutrophil
recruitment to the sites of sterile inflammation (46). It is not known which factors in the
context of tumor environment contribute to selectively recruit CD8+ T cells to tumors
compared to other immune cell types. The enhanced expression of BLT1 in TDLN was
anticipated as activated antigen specific T cells are proposed to express the BLT1 for their
migration to inflamed tissues (23, 26, 41). In this context the tumor is the inflamed site that
attracts antigen primed CTLs through BLT1/LTB4 axis. The loss of BLT1, CCR5, and
CXCR3 expression within tumor is consistent with our previous studies and many others
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showing that chemokine receptors are down regulated due to receptor internalization upon
ligand binding at the target organ (42, 47). Future studies will be required to address the
cooperative interactions between BLT1 and other chemokine receptors in orchestrating CTL
migration into tumors. Indeed, such interactions between BLT1 and chemokine receptors
CCR1 and CXCR2 were recently demonstrated in recruitment of neutrophils into arthritic
joints (42).

A recent article by Yokota et al (2012; Ref) used GM-CSF-based tumor vaccine setting in
BALB/c leukemia model to evaluate the vaccine and secondary/recall immune responses. In
contrast to the current study, their results showed similar or better primary and recall
immune responses in the BLT1−/− mice. Several differences that might account for the
divergent results include 1) different mouse strains (BALB/c) 2) different cancer type
(leukemia) and 3) GM-CSF transformed cancer cell lines. In addition, Yokota et al study
found differences WT and BLT1−/− mice only in the recall responses with CD4+ T-cells
playing a dominant role. In our studies (Fig 6, lower left panel) the numbers of tumor
infiltrating CD4+ T cells in WT and BLT1−/− mice were similar indicating limited if any
direct role of CD4+ T cells in controlling the tumor growth. Furthermore, the depletion of
CD8+ T-cells alone completely accounts for the observed phenotypic differences between
WT and BLT1−/− mice eliminating a direct role of BLT1 on CD4+ T cells. It is possible that
in tumors of epithelial origin where CTL responses play major role in controlling the disease
outcome, BLT1 expression on CD8+ T cells might facilitate the anti-tumor immunity. In this
regard, we have confirmed that lack of BLT1 on CD8+ T cells causes defective migration
and antitumor immunity in B16 melanoma and spontaneous APCMin+ intestinal tumor
models (unpublished results). In human cervical cancers, melanoma and intestinal cancers
CTL numbers correlate with better prognosis and survival (48-50) suggesting that BLT1
expression on CTLs might have significant therapeutic relevance.

These findings have important implications in the context of adoptive T cell therapies (ACT)
where recruitment of T cells to the tumor site is the primary requirement and a major hurdle
for achieving clinical efficacy (9, 51). It is conceivable that perhaps forced expression of
BLT1 on tumor reactive T cells in chimeric antigen receptor (CAR) or adoptive transfer T
cell therapies may enhance the tumor infiltration of T cells and thus the efficacy of such
treatment regimens. Furthermore, selective and high affinity agonists of BLT1 released at
the tumor site in conjunction with immunotherapies and cancer vaccines may facilitate the
tumor infiltration of CTLs for better therapeutic outcome.
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FIGURE 1. Decreased survival and increased tumor growth in BLT1−/− mice
(A-B) Kaplan-Meier survival plots of BLT1+/+ and BLT1−/− mice. (A) The mice were
injected s.c. with a sub-lethal dose (2.0 ×104) of TC-1 cells and monitored their survival up
to 80 days. (B) BLT1+/+ and BLT1−/− mice were injected s.c. with a lethal dose (1.0 ×105)
of TC-1 cells and survival was followed as described in materials and methods section. (C)
Tumor size in lethal dose challenged group was measured and calculated by multiplication
of two perpendicular diameters (LxW). Log Rank test were performed for statistical analysis
of survival and one-way Anova was used for tumor sizes. The experiment shown is
representative of three independent experiments.
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FIGURE 2. Reduced infiltration of effector anti-tumor immune cells into TC-1 tumors growing
in BLT1−/− mice
(A-C) BLT1+/+ and BLT1−/− mice were injected s.c. with 1.0 ×105 of TC-1 cells and tumors
were harvested at 29 days of post tumor challenge for both groups for analysis of tumor
infiltrating leukocytes. Absolute numbers of tumor infiltrating total CD45+ immune cells
(A), CD8+ T cells (B) and NK cells (C) per million of total tumor cells were analyzed from
WT and BLT1−/− mice using standard flow cytometry methods as described. (D-F) CD8+ T
cell staining in size matched tumors showing % CD8+ T cells of CD45+ cells within tumor
(D), % CD8+ T cells of total cells obtained from DLNs (E) and % CD8+ T cells of total cells
obtained from spleen (F) from WT and BLT1−/− mice. (G) Representative images of
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immunofluorescence staining of CD8+ T cells. Immunofluorescence analysis of CD8+ T-
cells in TC-1 tumors harvested from BLT1+/+ and BLT1−/− mice were carried out as
described in methods. The images were captured using Nikon A1R confocal at 200X
magnification. The scale represents 100 μm. (H-J). Quantitative real time PCR: The levels
of IFN-γ (H), granzyme-B (I) and IL-2 (J) mRNA expression in BLT1−/− tumors as
compared to WT tumors by RT-PCR were determined as described in methods. The data are
representative of 2-3 independent experiments involving at least n=4 mice/group in each
experiment.

Sharma et al. Page 15

J Immunol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3. Unaltered tumor growth and intra-tumoral NK cell numbers in Rag2−/− and
Rag2−/−BLT1−/−

(A). Rag2−/− mice and Rag2−/− BLT1−/− mice were challenged s.c. with 5 × 104 TC-1 cells
on the right flank and observed for the rate of tumor growth as described in materials and
methods section. (B). Absolute numbers of tumor infiltrating NK cells per million of total
tumor cells were analyzed from Rag2−/− mice and Rag2−/−BLT1−/− mice using standard
flow cytometry methods as described. The data shown are representative of three
independent experiments.
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FIGURE 4. Depletion of CD8+ T cells accelerates TC-1 tumor growth in BLT1+/+ but not in
BLT1−/− mice
A single dose of 500 μg CD8 depleting antibody was injected i.p. in WT and BLT1−/− mice.
The next day 1×105 TC-1 tumor cells were inoculated s.c in the right flank in WT and
BLT1−/− mice and the tumor growth was monitored. The data shown are representative of
three independent experiments.

Sharma et al. Page 17

J Immunol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5. Similar CTL mediated killing responses in spleens of vaccinated BLT1+/+ or
BLT1−/− animals
The CTL in vivo killing assay was performed in groups of WT and BLT1−/−mice as
described in methods. The mice were vaccinated with 50 μg of E749-57 peptide + 10 μg of
MPL-A in 200 μl of PBS. A group of naïve mice was also used as control. (A).
Representative histograms of CFSE labeled targets. The killing levels of target cells in WT
and BLT1−/− mice immunized with the E749-57 peptide+ MPL-A vaccine as described in
methods. Cumulative levels of killing activity (n=4) of peptide immunized (B). No
functional defect was observed in killing activity of CTLs in BLT1−/− mice.
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FIGURE 6. Tumor Infiltrating CD8+ T cells from BLT1+/+ and BLT1−/− mice showed similar
fraction of IFN-γ+ cells
WT and BLT1−/− mice were challenged with TC-1 cells and the tumors were harvested at
6-8mm diameter and analyzed for IFN-γ as described in methods. (A) Representative image
of flow cytometry analysis of IFN-γ positive cells gated on tumor resident total CD8+ cells
from WT, BLT1−/− mice. Left panel represents isotype control. (B) Cumulative graphical
representation (n=4) of tumor infiltrating CD4+ cells (left), tumor infiltrating CD8+ cells, the
percentage of IFN-γ producing cells of total CD8+ cells and total number of CD8+ and IFN-
γ+ double positive cells from the WT and BLT1−/− mice. The data shown are representative
of two independent experiments.
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FIGURE 7. Adoptive transfer of tumor primed CD8+ T cells from BLT1+/+ but not from
BLT1−/− mice retards tumor growth
Rag2−/− mice were challenged with 5×104 TC-1 tumor cells in the right flank. Two days
later CD8+ T cells were isolated from the spleens and LN of tumor bearing (3-5mm) WT or
BLT1−/− mice by magnetic sorting. 8×105 CD8 T cells (>97% purity) or PBS were injected
i.v. in the tumor inoculated Rag2−/− mice. (A) Tumor growth curve of Rag2−/−, Rag2−/−

transferred either with BLT1+/+ or BLT1−/− CD8+ cells. (B-C) The percentage of CD8+ T-
cells of total cells recovered from tumor draining lymph nodes (B) and % CD8+ T cells of
total CD45+ cells within tumors (C) are shown. The data shown are representative of three
independent experiments (n=5 each time).
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FIGURE 8. Chemokine receptor expression on the adoptively transferred CD8+ T cells from
spleen, draining lymph nodes and tumors
Adoptively transferred CD8+ T cells from WT and BLT1−/− mice into Rag2−/− mice were
analyzed the for the expression levels of chemokine receptors as described in methods.
Naïve WT and BLT1−/− CD8+ T cells were used as controls. Chemokine receptors CCR5,
CCR9, CXCR3 and BLT1 were stained and analyzed on the transferred CD8+ WT or
BLT1−/− CD8+ T cells from TDLNs (A), Tumor (B) and Spleen (C). The data shown are
representative of two independent experiments.
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