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Abstract
Background & Aims—Toll-like receptor (TLR)-dependent signaling pathways have been
proposed as immunotherapeutic targets against invading pathogens and tumorigenesis. Here we
investigated whether TLR5-dependent signaling modulates colonic tumor development in a mouse
xenograft model of human colon cancer.

Methods—The expression of MyD88 or TLR5 was stably knocked down in human colon cancer
cells (DLD-1). Nude mice were subcutaneously implanted with MyD88-KD, TLR5-KD, or control
cells (n=16) to examine the pathophysiology of tumor xenografts. Protein micro-array assessed the
differential expression of cytokines in these tumors. Leukocyte infiltration and tumor angiogenesis
were assessed by immunohistochemistry with antibodies against neutrophil (Gr-1, 7/4) or
macrophage specific antigens (CD68, F4-80), and the vascular endothelial cell marker PECAM-1/
CD31, respectively. Tumor xenografts from DLD-1 cells were treated with flagellin (5.0 µg/kg, one
injection/every 2 days for 3 weeks) and tumor regression and histopathology of these tumors were
examined.

Results—Lack of MyD88 or TLR5 expression dramatically enhanced tumor growth and inhibited
tumor necrosis in mouse xenograft of human colon cancer. In contrast, TLR5 activation by
peritumoral flagellin treatment substantially increased tumor necrosis, leading to significant tumor
regression. Tumors from MyD88- or TLR5-KD cells revealed the reduced production of neutrophil
attracting chemokines (ENA-78, MIP3α, and IL-8). Consequently, neutrophil infiltration was
dramatically diminished in MyD88 or TLR5 deficient tumor xenografts, while tumor-associated
macrophage infiltration or angiogenesis was not changed.

Conclusions—TLR5 engagement by flagellin mediates innate immunity and elicits potent anti-
tumor activity, indicating that TLR5-dependent signaling could be a potential immunotherapeutic
target to modulate colonic tumors.
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The immune defense system detects various foreign antigens to protect and maintain the
integrity of the host from invading microorganisms. The immune system also participates in
recognizing and modulating tumorigenesis and tumor growth, while tumors are also able to
evade immune surveillance by debilitating the host-immune system1, 2. Therefore, molecular
mechanisms enhancing host immunity against tumors have been proposed as possible
immunotherapeutic approaches against cancer3, 4.

Toll-like receptors recognize microbe-associated molecular patterns (MAMP) such as
lipopolysaccharide (LPS), bacterial lipoprotein, bacterial CpG DNA, flagellin and others
produced by both pathogenic and commensal microorganisms5, 6, triggering inflammatory
and innate immune responses against pathogens7. Innate immune responses initiated by TLR
activation not only elicit immediate and non-specific defense responses, but also regulate
adaptive immunity characterized with the delayed immune responses (e.g. cytotoxic T
lymphocytes and specific antibody production from B cells). Therefore, pathogen recognition
in the host by TLRs is a critical step for triggering immune responses.

Large collection of commensal microbiota resides in the human gut and releases various
microbial products8, 9. Although Medzhitov et al suggested that TLR4-dependent signaling
in the gut regulates intestinal protection from injury10 and MyD88-associated response
regulates tumorigenesis in the intestine11, a role of host-commensal interaction by TLRs in
the intestinal tumor remains to be investigated. Moreover, among various TLR family
members, LPS in moderate concentrations does not induce TLR4-mediated responses at least
in several human colonic epithelial cell lines, such as HT-29, Caco-1, and non-transformed
colonocytes NCM460 (our unpublished data)12, 13, while a few studies suggested that mouse
intestinal crypt epithelial m-ICcl2 cells harbor TLR4 at the Golgi apparatus and consequently
are responsive to internalized LPS14, 15. Intestinal epithelial cells highly express TLR5 and
are responsive to bacterial flagellin in TLR5 specific manner. In the intestine, TLR5 appears
to be localized at the basolateral, not apical, side of the intestinal mucosa16, 17. In addition,
among lamina propria cells (LPC) present in submucosa, CD11c-positive cells express TLR5
and produce proinflammatory cytokines in response to bacterial flagellin18, while LPC are
anergic to TLR4 activation by LPS18, 19. In the intestine, therefore, TLR5 is an important
pattern recognition receptor and plays an important role in host-commensal interaction.

In this study, we investigated whether engagement of TLR5 by bacterial flagellin elicits innate
immune responses regulating anti-tumor activity in a mouse xenograft model of human colon
cancer. Our data demonstrate that blocking TLR5-dependent signaling substantially inhibits
tumor necrosis and promotes tumor growth, whereas activation of TLR5 with bacterial flagellin
significantly regresses tumor growth, suggesting that TLR5 engagement with bacterial flagellin
elicits potent anti-tumor activity against human colon carcinoma.

Materials and Methods
Mice and reagents

8-week-old female CD-1 nude mice were from Jackson Laboratory (Bar Harbor, ME) and
housed in a pathogen free facility. The Institutional Animal Care and Use Committee of Beth
Israel Deaconess Medical Center approved all animal procedures. Purified flagellin from
Salmonella typhimurium from InvivoGen (San Diego, CA) was dissolved in LPS-free water
(Sigma-Aldrich). The colonic cancer cell line DLD-1 was obtained from ATCC and cultivated
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as described previously20. Rat anti-mouse 7/4 antibody, rat anti-mouse CD68 antibody, rat
anti-mouse F4/80 antibody, and rat anti-mouse Gr-1 antibody were purchased from AbD
Serotec (Raleigh, NC). Rat anti-mouse PECAM-1/CD31 was purchased from BD Pharmingen
(San Diego, CA).

Generating TLR5 or MyD88 knocked down DLD-1 cells
The silencing vector expressing shRNA targeting human TLR5 or MyD88 and the control
vector (psiRNA-GL3Luc) encoding shRNA targeting luciferase gene were obtained from
InvivoGen (San Diego, CA)13. These vectors encode GFP fusion protein for tracking the
transfected cells. DLD-1 cells were transfected with the construct using Superfect reagent
(Qiagen, Valencia, CA) and stably transfected cells were isolated in selection media containing
zeocin. Silencing the target molecule was confirmed in isolated colonies, as described before
13.

Xenograft model of human colon cancer
We subcutaneously injected cells into the flanks of 8-week-old female CD-1 nude mice (16
per group), followed by measuring tumors with calipers and calculating volume as (length ×
width2) × 0.5 20. Tumors were excised from euthanized mice and tumor size and weight were
measured. For peritumoral flagellin treatment, two days after injecting cells into the flank of
nude mice, we administered flagellin solution (5.0 µg/kg in 150µl) around the tumor site (one
injection/every 2 days for 3–4 weeks).

Histology
The tumors were fixed in 10% buffered formalin. Paraffin-embedded sections (6µm thickness)
were prepared and stained with Hematoxylin & Eosin. Images were analyzed with Zeiss
Axioskop-2 microscope. The area of tumor necrosis was evaluated by Image-J software to
calculate the percent of necrotic area in the cross-sectional surface of tumors.

Immunohistochemistry
Dissected tumors were embedded and frozen immediately. Six-micrometer sections were cut
and then fixed in acetone for 15 min at 4 °C. After rehydration, sections were blocked in 2%
bovine serum albumin (BSA) solution for 10 min, and incubated overnight with primary
antibodies [rat anti-mouse 7/4 antibody (, 1:100), rat anti-mouse CD68 (1:100), rat anti-mouse
F4/80 (1:200), rat anti-mouse Gr-1 (1:200), and rat anti-mouse PECAM/CD31 (1:100)] diluted
in 2% BSA solution with 0.3% Triton X-100 at 4 °C. The negative controls received an
equivalent concentration of non-immune rat IgG. After washing with PBS, sections were
incubated with biotinylated anti-rat secondary antibody (Vector Laboratories, Burlingame,
CA) diluted 1:200 in 2% BSA solution with 0.3% Triton X-100 for 45 min at room temperature.
After inactivating endogenous peroxidase, sections were processed for peroxidase
immunohistochemistry. 0.2% light green (Sigma) solution was used for counterstaining.
Negative control images with isotype control IgG were separately presented in Supplementary
Figure 3.

Micro-array analysis
The human cytokine array 5.1 was purchased from Ray Biotech (Norcross, GA). Membranes
immobilized with various capture antibodies against 79 different cytokines were used. Briefly,
we prepared total protein extracts by homogenizing tumor xenografts (n=4/group) in lysis
buffer. Equal amounts of total protein were subjected to human cytokine array, as we previously
described12, 13. The expression of each cytokine was visualized in X-ray films and cytokine
expression was determined by measuring the density of each spot using Image-J software.
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Multi-spectral fluorescence imaging
At 18 days after subcutaneously injecting the cells into nude mice, tumors were visualized in
vivo using ‘CRI Maestro multi-spectral fluorescence imager’.

Cytokine measurement, Immunoblotting analysis, and luciferase reporter assays
described elsewhere 5, 6.

Statistical analysis
A two-tailed, unpaired Student t-test was used for all statistical analyses.

Results
Blocking TLR5-dependent signaling substantially enhances tumor growth in vivo

Commensal microbiota resides in the intestinal lumen in continuous contact to the intestinal
mucosa composed mainly of epithelial cells8, 17. Intestinal epithelial cells highly express
TLR5 which is a specific receptor for flagellin12, 13. Oncogenic mutations in epithelial cells
transform normal epithelial cells into neoplastic epithelium, resulting in adenocarcinoma in
the intestine21, represented by colon cancer. Virtually all colon cancer cell lines such as Caco-2
or HT-29 or DLD-1 and non-transformed colonocytes are strongly responsive to flagellin12,
13, 16. Clinical studies recently showed that imiquimod, TLR7 ligand, suppresses certain types
of tumors4, 22. Moreover, Sfondrini et al recently suggested that co-administration of CpG
DNA and flagellin suppressed the growth of tumors implanted in mouse with mouse mammary
tumor cells, indicating a synergistic anti-tumor activity between flagellin and CpG DNA23.
Based on these considerations, we hypothesized that host-microbial interactions by TLR5
elicits anti-tumor activity.

MyD88 is an adaptor molecule mediating signaling pathways from most of TLRs (except
TLR3)7. To inhibit the TLR-mediated signaling, we knocked down the expression of MyD88
(MyD88-KD) in DLD-1 colon cancer cells by stably transfecting the vector encoding shRNA
for human MyD88. The control vector expressing shRNA targeting luciferase gene was
transfected for control DLD-1 cells (MyD88-WT) (Figure 1A and B)13. MyD88-KD cells
showed no NFκB activation by IL-1R or TLR5 activation that shares MyD88 as a common
adaptor molecule. In contrast, TNFα, mediating MyD88-independent pathways, strongly
induced NFκB activation in MyD88-KD cells (Figure 1C). In addition, MyD88-KD cells
showed diminished MIP3α and IL-8 expression by flagellin, while MyD88-WT cells strongly
produced these cytokines upon flagellin exposure (Figure 1D). We did not observe a difference
in cell proliferation of MyD88-KD and MyD88-WT cells (data not shown). These results
suggest that endogenous MyD88 expression is specifically knocked down in these cells.

To test our hypothesis, we used a mouse xenograft model of human colon cancer, in which
MyD88-KD or MyD88-WT DLD-1 cells were subcutaneously injected into nude mice
followed by measuring tumor growth20. Compared to tumors from MyD88-WT cells, tumor
volume and size were significantly larger in tumors from MyD88-KD cells (Figure 2A),
indicating an important role of TLR-mediated cellular responses in tumor growth in vivo. We
also confirmed these results in independent clones of MyD88-KD cells (data not shown),
avoiding the possibility of a clone-specific artifact from the stable transfection process.

Among various TLR ligands, bacterial flagellin is the most potent microbial product to induce
TLR-associated response in colonic epithelial cells12, 17. Moreover, the colon cancer cell,
DLD-1, used in this study did not respond to LPS (TLR4 ligand) or Pam3Cys (TLR2 ligand)
stimulation (our unpublished data). Therefore, to study the role of TLR engagement in colon
cancer, we knocked down the expression of TLR5 in DLD-1 cells (TLR5-KD). As shown in
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Supplementary Figure 1A and B, endogenous expression of TLR5 was successfully knocked-
down in these cells. We did not observe a difference in cell proliferation between TLR5-KD
and TLR5-WT cells (data not shown). Since both TLR5 and IL-1R mediate intracellular
signaling via the same adaptor molecule MyD88 leading to NFκB activation, we demonstrated
that TLR5-KD cells were not responsive to flagellin, but responsive to IL-1 stimulation
resulting in NFκB activation (Supplementary Figure 1C), indicating the specific silencing of
TLR5 in these cells. Moreover, the functional outcomes of TLR5 engagement such as IL-8 and
MIP3α expression were completely blocked in TLR5-KD cells, whereas TLR5-WT cells
strongly expressed these cytokines in response to flagellin (Supplementary Figure 1D). These
data indicated that TLR5 expression is specifically silenced in TLR5-KD cells.

To test whether TLR5 contributes to tumor development, TLR5-KD or TLR5-WT DLD-1 cells
were subcutaneously injected into nude mice. We observed that tumors from TLR5-KD cells
grew larger and faster than tumors from TLR5-WT cells, resulting in the substantially increased
tumor volume in TLR5-KD tumors, compared to TLR5-WT tumors (Figure 2B). Additionally,
at day 21 after implanting tumor cells, the tumor xenograft was excised to examine the tumor
size and weight. Our results showed that tumor weight and size were significantly increased
in MyD88-KD or TLR5-KD tumors, compared to its control tumors (Figure 2C and D). These
results demonstrated that blocking TLR5-dependent signaling substantially promoted tumor
growth in mouse xenograft model of human colon cancer.

Both tumor necrosis and leukocyte infiltration are inhibited in MyD88- or TLR5-knocked
down tumor xenografts

Since tumor necrosis is a critical factor modulating tumor development and growth, we
investigated the histopathology of tumor xenografts to determine whether the promoted tumor
growth in TLR5- or MyD88-knocked down tumors is associated with the altered tumor
necrosis. As shown in Figure 3, examination of the excised tumor revealed that tumor necrosis
was dramatically reduced in tumor xenografts developed from MyD88-KD cells, whereas
much larger necrotic areas were prevalent in the central region of MyD88-WT xenografts.
While MyD88-WT tumors showed multifocal and deeply invading inflammatory infiltrates,
tumors developed from MyD88-KD cells revealed relatively minor inflammatory infiltrates
that were restricted to the tumor perimeter (Figure 3A). These data showed that blocking
MyD88-dependent TLR activation suppresses both tumor necrosis and leukocytes infiltration
inside tumors. In addition, examining the tumor histology revealed that tumor xenografts from
TLR5-KD cells also showed the dramatically reduced tumor necrosis and leukocyte
infiltration, whereas tumor necrosis was prevalent with the increased leukocyte infiltration in
tumors from TLR5-WT cells (Figure 3B). These data demonstrated that blocking TLR5-
dependent signaling dramatically suppressed the tumor necrosis and leukocyte infiltration in
the mouse xenografts of human colon cancer.

Expression of neutrophil recruiting cytokines was reduced in MyD88- or TLR5-knocked down
tumor xenografts

Studies indicate that a distinct profile of cytokines and chemokines is modulated upon TLR-
mediated inflammatory and immune responses12. Therefore, to investigate the mechanism by
which activation of TLR5/MyD88-associated signaling pathways suppresses tumor
development and promotion, we analyzed the differential expression of cytokines/chemokines
in tumor xenografts. Tumors from MyD88-KD or MyD88-WT DLD-1 cells (n=4/group) were
excised and total protein extracts were used for cytokine micro-array. MyD88-KD tumors
revealed the substantially decreased (> 50% reduction) production of several chemokines (e.g.
ENA-78, MIP3α, IL-8, MCP-4, or Gro), compared to MyD88-WT tumors, while expression
of IL-10 or RANTES was not changed (Figure 4A). These results were also confirmed by
ELISA (Figure 4B). Interestingly, the chemokines showing reduced expression in MyD88-KD
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tumors are mostly involved in recruiting leukocytes24. Investigating the cytokine expression
in TLR5-KD tumors using cytokine micro-array and ELISA also confirmed the reduced
ENA-78, MIP3α, and IL-8 expression in TLR5-KD tumors, compared to TLR5-WT tumors
(Supplementary Figure 2A and B). Therefore, silencing MyD88 or TLR5 expression reduced
ENA-78, MIP3α, and IL-8 production in xenografts of colonic tumors.

Silencing TLR5 or MyD88 expression blocks neutrophil infiltration, but does not affect
macrophage infiltration and angiogenesis in tumors

MIP3α is a chemokine that attracts lymphocytes and dendritic cells, while IL-8 is a
chemoattractant for neutrophils12, 24. ENA-78 is highly homologous to NAP-2, GRO, and
IL-8, and induces neutrophil chemotaxis by acting through the same type of receptors as
NAP-2, GRO, and IL-825, 26. Due to the modulated expression of these chemokines in TLR5-
KD and MyD88-KD tumor xenografts, we speculated that leukocytes infiltration, especially
neutrophils, could be influenced in these tumors. Moreover, recent studies demonstrated that
neutrophils posses potent anti-tumor activity at least in certain types of cancer27, 28.
Neutrophils are able to release reactive oxygen species to kill cancer cells27. Indeed, depleting
neutrophils profoundly enhanced tumor growth in mice27, demonstrating an important role of
neutrophils in modulating tumor growth.

In this context, we investigated whether lack of TLR5 or MyD88 alters neutrophil infiltration
in tumor xenografts. To test this, we performed immunohistochemistry with tumor xenografts
using antibodies against neutrophil specific markers (Gr-1 and 7/4)28. There were no Gr-1 or
7/4-positive cells in the cross-sectional surface of tumors from MyD88-KD and TLR5-KD
cells (Figure 5A). In contrast, Gr-1 and 7/4 positive neutrophils were clearly evident in sections
from wild type control tumors (Figure 5A). Interestingly, our immunohistochemistry data
showed that infiltrating neutrophils were mainly localized in tumor necrotic areas, but not in
non-necrotic viable areas, supporting an anti-tumor effect of neutrophils. Apart from
neutrophils, tumor associated macrophages also constitute part of the overall component of
leukocytes infiltrated into tumors, although their role in tumor pathophysiology is still
controversial. Moreover, angiogenesis in tumors is an important factor required for tumor
progression. Therefore, we speculated that the enhanced tumor growth in TLR5- or MyD88-
deficient tumors could be attributed to altered macrophage infiltration in tumor xenografts. To
address this, we performed immunohistochemistry with antibodies recognizing the
macrophage-specific antigens CD68 and F4-8028. Our data showed that macrophages equally
infiltrated into necrotic-and non-necrotic areas of tumors generated from MyD88-KD, or
TLR5-KD, or control cells, indicating that the impaired TLR5/MyD88 signaling axis does not
affect macrophage infiltration in these tumors (Figure 5B and Supplementary Figure 3A and
B).

Circulatory vessels represent a main route to supply infiltrating leukocytes into tumors.
Moreover, micro-vessel formation is required for tumor promotion by supplying nutrients
necessary for proliferating tumor cells. In this context, we next examined the vascularity in
xenografts from TLR5-KD, or MyD88-KD, or control DLD-1 cells with
immunohistochemistry using an antibody against PECAM-1/CD31, the specific marker of
vascular endothelial cell20. There was no difference in micro-vessel formation in theses
tumors, indicating that TLR5 or MyD88 deficiency does not affect tumor angiogenesis in
xenografts (Figure 5C and Supplementary Figure 3C). These results also imply that the
difference in neutrophil infiltration is not due to altered tumor vascularity. These data indicated
that the neutrophil infiltration, but not macrophage infiltration nor angiogenesis, could be a
key component for TLR5-associated anti-tumor activity.
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TLR5 activation by flagellin leads to significant tumor regression in vivo
Given the data that blocking TLR5/MyD88-associated signaling resulted in the enhanced tumor
growth in the mouse xenograft model of human colon cancer, we hypothesized that activation
of TLR5-mediated responses is able to suppress the growth of tumor xenografts. To confirm
whether flagellin/TLR5 engagement alters tumorigenesis and tumor growth, we
subcutaneously injected DLD-1 cells into nude mice. Two days later, we administered a
flagellin solution (5.0 µg/kg in 150µl) around the tumor (peritumoral) site and tumor growth
was then measured. As shown in Figure 6A, compared to vehicle treatment, flagellin
administration significantly suppressed tumor growth. Tumor size and weight were also
significantly reduced in flagellin-treated tumors (Figure 6B). Furthermore, examining the
histologic changes in tumors revealed that the necrotic area in the cross-sectional surface of
tumors was significantly greater in flagellin-treated xenografts, compared to vehicle treated
tumors (Figure 6C). These results imply that flagellin stimulation provoked the anti-tumor
activity resulting in the dramatically increased necrosis in tumors and causing the significant
tumor regression.

In addition, we subcutaneously implanted DLD-1 cells into nude mice. After two weeks, when
solid tumors were established, we administered a flagellin solution or vehicle control around
the tumor site for another two weeks and tumor growth was then monitored. In this
experimental setting, however, flagellin stimulation did not alter tumor growth (data not
shown), indicating that the anti-tumor activity elicited from flagellin/TLR5 engagement may
not be sufficient to modulate growth of established tumor xenografts. This result is similar to
a previous report indicating that flagellin administration to established solid tumors generated
from implanting mouse mammary tumor D2F2 cells did not inhibit tumor growth23. These
data indicate that an inhibitory role by flagellin/TLR5 engagement in tumor growth may be
effective in the initial step of tumor development, but not sufficient to modulate the established
tumor.

While TLR5 recognizes flagellin in the plasma membrane, flagellin introduced into the
cytoplasm of macrophages is recognized by Ipaf or Birc1e/Naip5 that are members of the
nucleotide binding site leucine-rich repeat (NBS-LRR) superfamily29 30, 31. These TLR5-
independent flagellin sensing mediates activation of caspase-1 and interleukin-1β in
macrophages infected with pathogenic microbes such as Salmonella or Legionella29 30, 31.
Since our results indicate that stimulation of tumor xenografts with flagellin elicits anti-tumor
activity via TLR5/MyD88-associated pathways, we tested whether TLR5-independent
flagellin signaling is also involved in the tumor regression in response to flagellin. To address
this issue, DLD-1-TLR5-KD or MyD88-KD cells were subcutaneously injected into nude mice
followed by peritumoral flagellin administration as described in ‘Materials and Methods’. As
shown in Supplementary Figure 4, flagellin treatment did not significantly alter the growth of
tumor xenografts generated from DLD-1-TLR5-KD or DLD-1-MyD88-KD cells, indicating
that TLR5-independent cytosolic signaling is not involved in this flagellin response.

Discussion
Epithelial cells constituting the intestinal epithelial cell lining are in constant contact with the
commensal microflora. This host-commensal interaction is known to participate in maintaining
intestinal physiology and immunity in various ways. For instance, commensal microbes
competitively exclude pathogenic bacteria in the gut and release various antimicrobial factors
that interfere with the growth of microbial pathogens32. Additionally, short-chain fatty acids
from commensal bacteria lower the luminal pH to limit pathogenic bacteria33.

Since intestinal epithelial cells are able to communicate with microbes in the gut via pattern
recognition receptors, the physiological consequences of host-commensal interactions in
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intestinal epithelial cells are believed to be associated with tumor development and progression
in the gut. However, the mechanisms and intracellular responses by which pattern recognition
receptor engagement modulates tumorigenesis and tumor growth have been poorly studied. In
this study, we demonstrate that impairing TLR5- or MyD88-dependent responses in human
colon cancer cells substantially enhanced the size of tumor xenografts, while activating TLR5
by flagellin dramatically regressed the tumor growth. Both tumor necrosis and neutrophil
infiltration participating in innate immune responses were significantly diminished in TLR5-
or MyD88-deficient tumors, whereas tumor associated macrophages and angiogenesis were
not changed. These results imply that bacterial flagellin is able to modulate tumor development
and tumor growth via its specific TLR5 receptor. Since virtually all types of intestinal epithelial
cells including colon cancer cells and non-transformed intestinal epithelial cells highly express
TLR5 and strongly respond to flagellin stimulation, our findings indicate that flagellin/TLR5
engagement may play an important role in tumor immunology in the gut.

Recently, Rakoff-Nahoum et al showed that MyD88-mediated signaling regulates
tumorigenesis in the intestine11. According to this study, ApcMin/+ MyD88−/− mice had a
reduced number of intestinal polyps, compared to ApcMin/+ MyD88+/+ mice, indicating that
MyD88-mediated signaling promotes tumor development in the familial adenomatous
polyposis (FAP) model of ApcMin/+ mouse11. This study suggested that enhanced
inflammatory responses mediated by MyD88 are associated with colon cancer development
in this model. In contrast, our results show that blocking TLR5/MyD88-mediated signaling in
human colon cancer mouse xenografts suppresses innate immune responses in this model
represented by reduced neutrophil infiltration and tumor necrosis inside the tumors, which is
associated with enhanced tumor growth. Our results are consistent with the results reported by
Hicks et al, demonstrating that infiltrating leukocytes such as neutrophils, natural killer cells,
and macrophages possess potent anti-tumor activities that destroy cancer cells through rapid
cytolysis in mice34. In addition, several studies also demonstrated that neutrophils exert potent
anti-tumor responses that modulate tumor growth in several types of cancer27, 28. Our data
show that TLR5- or MyD88-deficient tumors have reduced production of cytokines that are
responsible for recruiting leukocytes (see Figure 4 and Supplementary Figure 2), implying that
impaired TLR5/MyD88-associated signaling suppresses innate immunity against tumors.

The opposite finding from these two studies could be due to the different model system.
ApcMin/+ mouse has a point mutation at the Apc gene. The mutated Apc protein fails to
associate with β-catenin, axin, and GSK3β, resulting in increased β-catenin levels in cytoplasm.
Subsequently, β-catenin interacts with the transcription factor Tcf4 to translocate into the
nucleus, in which it induces the expression of oncogenes such as c-myc, cycline D1 or c-jun
resulting in tumorigenesis35. Despite that the ApcMin/+ mouse model is a promising model of
human colorectal cancer harboring the same Apc mutation in FAP tumors35, 36, it does not
reflect the genetic aberration in hereditary nonpolyposis colorectal cancer (HNPCC) which is
not due to Apc mutations, but to a mutation in a mismatch repair (MMR) gene. In the present
study, we used a mouse xenograft model of human colon cancer DLD-1 cells, which has also
a mutation at codon 1416 of the Apc gene and loss of the other allele37. In addition, DLD-1
cells harbor oncogenic KRAS mutation (Gly13Asp) which is not detectable in colon tumors
of ApcMin/+ mice35. Moreover, DLD-1 cells were originally obtained from a terminal colon
cancer patient with invasive adenocarcinoma38. Thus, silencing the expression of TLR5 or
MyD88 in this cell line could affect tumor development and growth in a different way compared
to tumor growth in ApcMin/+ mice.

A report from Sfondrini et al also showed that flagellin administration at the time of implanting
mouse mammary tumor cells resulted in increased tumor growth, rather than growth
suppression23. This finding is opposite to our data that tumor growth was regressed in mouse
xenograft of human colon cancer cells in response to flagellin (Figure 6). The different results
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of our study and the results of Sfondrini et al might be related to the use of different cancer
cells which have different susceptibility to flagellin stimulation. Mouse mammary cancer cells
and colon cancer cells may lead to different immunogenicity in response to innate or adaptive
immunity. Indeed, Sfondrini et al showed that while flagellin administration alone failed to
suppress tumor growth, co-administration of flagellin and CpG DNA significantly inhibited
tumor growth23, indicating that a sufficient level of TLR-dependent response is required to
elicit anti-tumor activity in tumors from implanting mouse mammary cancer cells. Our study
also showed that flagellin stimulation starting early after colon cancer cell implantation
dramatically suppresses tumor growth and enhances tumor necrosis.

Various studies demonstrated that neutrophil infiltration is a key factor eliciting anti-tumor
avtivity in several tumor models27, 28. In this study, we determined that TLR5/MyD88-
dependent signaling regulates neutrophil infiltration in tumor xenografts. Therefore, the
engagement of TLR5 in the gut appears to be crucial to control the innate immune response
against tumors, at least in the intestinal epithelium. This notion extends our understanding on
the role of commensal microflora to the modulation of tumorigenesis and tumor growth. Our
present study shows that TLR5/MyD88-dependent signaling elicits innate immune responses
likely to mediate anti-tumor activity in a mouse xenograft model of human colon cancer,
indicating that regulating TLR5/MyD88-mediated signaling could be a immunotherapeutic
approach against tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations footnote
APC, adenomatous polyposis coli; ENA-78, epithelial cell-derived neutrophil-activating
peptide-78; MCP-1, monocyte chemoattractant protein-1; MIP3α, macrophage-inflammatory
proteinα; MyD88, myeloid differentiation factor 88; NAP-2, neutrophil-activating peptide 2;
PECAM, platelet/endothelial cell adhesion molecule; RANTES/CCL, regulated on activation
of normal T cell expressed and secreted; TLR, Toll-like receptor.
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Figure 1. Generating MyD88-KD or MyD88-WT DLD-1 cells
(A) DLD-1 cells were stably transfected with a construct encoding shRNA against human
MyD88 or a control vector. Since these vectors encode GFP fusion protein to confirm stable
expression of an exogenous gene, stably transfected cells were identified by fluorescence
microscopy. (B) Endogenous MyD88 expression was successfully silenced in several clones
(clone number 2, 3, and 4). C, wild type control cells. (C) Lack of MyD88 expression blocked
flagellin- or IL-1-induced NFκB-reporter activation, whereas, in wild type control cells,
flagellin or IL-1 strongly stimulated NFκB activity. TNFα, stimulating MyD88-independent
pathways, is still able to induce NFκB activation in MyD88-KD cells. RLA, relative luciferase
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activity. (D) Silencing MyD88 expression blocked IL-8 and MIP3α expression in response to
flagellin measured by ELISA.
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Figure 2. Blocking TLR5/MyD88-dependent signaling substantially enhanced the tumor growth in
mouse xenografts model of human colon cancer
(A) Multi-spectral fluorescence (upper panel) was used for in vivo imaging of tumor xenografts
from MyD88-KD or MyD88-WT DLD-1 cells(1.0 × 106) and gross appearance of xenografts
at day 21 was shown. Tumor volume of MyD88-KD and MyD88-WT xenografts was
measured. * P = 0.014, n=16. (B) Tumor xenografts from TLR5-KD or TLR5-WT DLD-1
cells (1.6 × 106) at day 21 were shown. Tumor volume of TLR5-KD or TLR5-WT xenografts
was measured. * P = 0.006, n=16. (C and D) Tumors from MyD88-KD (C), TLR5-KD (D),
or its control DLD-1 cells were excised at day 21 and tumor weight was evaluated. Each index
in the ruler represents one mm.
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Figure 3. Tumor necrosis and leukocytes infiltration were dramatically reduced in MyD88- or
TLR5-knocked down tumor xenografts
(A and B) Tumor sections from MyD88-KD (A), TLR5-KD (B), or its control DLD-1 cells
were stained with H&E (upper or lower images represent lower or higher magnification,
respectively) to show necrotic or viable non-necrotic area. Percent necrotic surface area was
measured using the Image-J software. Scale bar, 50 µm. Horizontal bar in graph represents
median.
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Figure 4. Neutrophil attracting cytokines were reduced in tumor xenografts from MyD88-KD cells
(A) MyD88-KD tumors showed the reduced expression of chemokines involved in attracting
leukocytes. Equal amounts of total protein extracts (300 µg) from tumor xenografts (n=4/
group) were used for human cytokine micro-array analysis (upper panel). Density of each spot
was determined to analyze the expression ratio of each cytokine (MyD88-KD to MyD88-WT).
Cytokines with significantly altered expression are presented (lower panel). (B) To confirm
altered cytokine expression evaluated by micro-array analysis, we measured the level of
ENA-78, MIP3α, or IL-8 protein by ELISA.
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Figure 5. Neutrophil, not macrophage, infiltration was diminished in TLR5 or MyD88 deficient
tumors
(A and B) Immunohistochemistry with antibodies against the neutrophil specific markers 7/4
and Gr-1 (A) or macrophage specific markers CD68 and F4-80 (B) visualized the infiltration
of neutrophils or macrophages in tumors. (C) Micro-vessels in tumors were visualized by
immunohistochemistry with antibody against PECAM-1/CD31 (Upper or lower panels
indicate lower or higher magnification, respectively). Scale bar, 50 µm.
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Figure 6. Peritumoral treatment with flagellin suppresses tumor growth
(A) Two days after DLD-1 cells(1.5 × 106) were subcutaneously injected into nude mice,
flagellin (5.0 µg/kg in 150µl) was administered around the tumor site (one injection/every 2
days for 3 weeks) followed by measuring tumor volume. * P = 0.0015, n=16. (B) Tumor
xenografts were excised at day 21 and tumor weight was measured. (C) H&E staining of tumor
sections showed more prevalent tumor necrosis in flagellin-treated tumors (upper or lower
image represents lower or higher magnification, respectively). Scale bar, 50 µm. Horizontal
bar in graph represents median. Veh, Vehicle; Fla, Flagellin.
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