












responds to CBLB502 and stimulates CD8+ T cell response in our
model, we first tested whether DC could mediate the CBLB502
effect. CD11c+ cells were purified from fresh BM by positive
selection (purity ∼80%). We used 0.1 3 106 CD11c+ cells to
replace the 0.53 106 TCD-BM cells in the modified MLR system.
Although CD11c+ cells alone did not show any direct tumor-
killing activity (Fig. 4A), they exhibited a T cell activation ef-
fect similar to that of TCD-BM cells. In response to CBLB502
treatment, CD11c+ cells were able to significantly enhance the
killing activity of CD8+ T cells. Because CD11b+ population is the
most frequent myeloid population (39), we tested whether
CD11b+ cells could also mediate the effect seen with CBLB502
treatment. We purified CD11b+ cells from BM (purity. 99%) and
added them into the modified MLR culture. As shown in Fig. 4B,
CD11b+ cells alone did not show any killing activity but displayed
a T cell activation effect similar to that of CD11c+ cells. In re-
sponse to CBLB502 treatment, CD11b+ cells were also capable of
enhancing the killing activity of CD8+ T cells. Together, these
results indicate that both CD11c+ and CD11b+ cells in the BM can
respond to CBLB502 and stimulate CD8+ T cell function in this
allo-BMT model.

CBLB502 promotes allogeneic CD8+ T cell response through
IL-12 signaling pathway

TLR5 binding initiates a signal transduction cascade that leads to
the activation of NF-kB, which subsequently promotes the ex-
pression of a variety of inflammatory cytokines (40–42). Among
them, IL-12 is known to be produced by DCs and macrophages,
and to play a critical role for T cell activation (43). To examine the
role of the IL-12 signaling pathway in CBLB502-mediated acti-
vation of T cell function, we used two MLR systems. First, in
a standard one-way MLR, we used total splenocytes harvested
from C57BL/6 WT and IL-12Rb22/2 mice as responders stimu-
lated by irradiated BALB/c or DBA/2 splenocytes (Fig. 5A). After
4 d of MLR, A20 or P815 tumor cells were added as targets and

cocultured for another 12 h, followed by bioluminescence imaging
to measure tumor burden. Compared with the stimulator-only
control in which no responder splenocytes were added, both WT
and IL-12Rb22/2 responders exhibited significant tumor-killing
activity. CBLB502 treatment of the MLR significantly enhanced
the tumor-killing activity of WT responders, whereas IL-12Rb22/2

responders showed a significantly decreased response to CBLB502
treatment (p , 0.01). To mimic the in vivo allo-BMT model, we
used purified TCD-BM cells and CD8+ T cells as responders to
perform a modified MLR as described earlier, which yielded very
similar results (Fig. 5B). Taken together, these results demonstrate
that the IL-12 signaling pathway is involved in CBLB502-
mediated stimulation of allogeneic T cell function.

CBLB502 does not exacerbate GVHD in the tumor-bearing mice

We have shown earlier that CBLB502 treatment enhances GVT
effect in the allo-BMT model. To explore any potential effect on
GVHD in the tumor-bearing mice, we collected tissue samples at
31 d after transplantation, a critical period when some of the host
mice started to die of tumor growth. We performed histopathologic
analyses of the skin, liver, and small and large intestines. No ev-
idence of GVHD was observed in the skin. The liver samples did
not yield conclusive results because of various amounts of tumor
cell infiltrates making it difficult to distinguish GVHD damage
from tumor-induced damage. Nevertheless, we observed reliable
evidence of GVHD in both large and small intestines that were free
from tumor infiltration. We used an established scoring system to
evaluate GVHD severity (35). As shown in Fig. 6A, transplant
of CD8+ T cells induced mild to moderate condition of GVHD.
However, CBLB502 treatment did not cause any significant his-
topathologic difference in the tumor-bearing mice. Body weight
was also monitored, and CBLB502 administration did not cause
significant weight loss. Together, these results indicate that the
posttransplant administration of CBLB502 did not exacerbate
GVHD in the tumor-bearing mice.

FIGURE 5. CBLB502 enhances CD8+ T cell-medi-

ated tumor-killing activity through the IL-12 signaling

pathway. (A) A standard one-way MLR was performed

by mixing total splenocytes (1.0 3 106) derived from

C57BL/6 WT or IL-12Rb22/2 mice (responders) with

irradiated BALB/c or DBA/2 splenocytes (1.0 3 106)

as stimulators. (B) A modified one-way MLR was

performed by using purified CD8+ T cells (0.2 3 106)

and TCD-BM cells (0.5 3 106) derived from C57BL/6

WT or IL-12Rb22/2 mice as responders and irradiated

BALB/c or DBA/2 splenocytes (1.0 3 106) as stim-

ulators. The MLR cultures were treated with CBLB502

(100 ng) or PBS in the beginning. After 4 d, A20 or

P815 tumor cells were added and incubated for 12 h,

followed by tumor burden assay by bioluminescence

imaging. Triplicate wells cultured with irradiated stim-

ulators alone without adding TCD-BM or CD8+ T cells

were used as the control. All tumor burden data were

normalized relative to the average tumor burden in the

control wells. Data were representative of three inde-

pendent experiments. The p value was acquired by

Student t test.
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CBLB502 does not affect donor cell engraftment or CD8+

T cell differentiation

In allo-BMT model, donor cell engraftment is a critical aspect that
can impact GVT effect and host survival. To determine whether
CBLB502 treatment influences donor cell engraftment, we used
flow cytometry to measure the frequency of H-2Kb+ donor cells in
host spleens at day 31 after allo-BMT. As shown in Supplemental
Fig. 2A and 2B, .95% of host spleen cells were found to be
H-2Kb+ donor derived, and CBLB502 treatment did not cause
any significant change. These results indicate that donor cells
engrafted successfully, and that our CBLB502 treatment scheme
did not affect donor cell engraftment. To further check whether
CBLB502 treatment could cause any change in donor T cell
phenotype, we determined the frequencies of naive (CD442

CD62L+), central memory (CD44+CD62L+), and effector memory
(CD44+CD62L2) cells in the host spleens at days 10 and 31 after
allo-BMT. As shown in Supplemental Fig. 2C and 2D, CBLB502
treatment did not cause any significant change for these pheno-
types. These data indicate that this scheme of CBLB502 treatment
does not change the phenotypic differentiation of donor T cells.

Discussion
Using an allo-BMT model, we show that a novel TLR5 agonist
CBLB502 significantly enhances CD8+ T cell-mediated GVT im-
munity. CBLB502 improves the proliferation and function of al-

logeneic CD8+ T cells mainly indirectly through a mechanism that
involves donor BM-derived CD11c+ and CD11b+ cells and the IL-
12 signaling pathway. As a result, CBLB502 treatment leads to
reduced tumor burden, prolonged survival for the tumor-bearing
mice, and tumor-free survival for about half of hosts prechallenged
with tumor cells. Importantly, CBLB502 treatment induces the
improved GVT effect without causing more severe GVHD.
A great challenge in allo-BMT is to identify novel approaches

that can separate the beneficial GVT effect from the undesirable
GVHD damage. Therefore, it is a significant finding that CBLB502
treatment enhances GVT effect but does not cause more severe
GVHD. However, our results are not entirely consistent with a
recent report, which used tumor-free hosts to show that peri-
transplant administration of flagellin reduced GVHD in an allo-
BMT model whereas enhancing donor-derived antiviral immu-
nity (44). The discrepancy may be because of several factors,
besides the difference between flagellin and CBLB502. We used
BALB/c hosts, whereas the previous report used C57BL/6 hosts.
For the GVT study, we transplanted 0.3 3 106 CD8+ T cells that
the hosts could tolerate without developing lethal GVHD, whereas
the previous report transplanted 5 3 106 total splenocytes to study
lethal GVHD. In addition, the different administration scheme
may be another factor. In the previous report, flagellin was given
at 3 h before irradiation and 24 h after transplantation. In our
study, CBLB502 treatment initiated 3 d after irradiation and
1 d after transplantation, based on a rationale that its potent ra-

FIGURE 6. CBLB502 treatment does not affect

GVHD in the tumor-bearing mice. Thirty-one days

after tumor inoculation and allo-BMT, large and

small intestine tissues were prepared and stained

with H&E. A previously established semiquantita-

tive scoring system was used to assess abnormalities

associated with GVHD. The scoring system desig-

nated 0 as normal, 0.5 as focal and rare, 1.0 as focal

and mild, 2.0 as diffuse and mild, 3.0 as diffuse and

moderate, and 4.0 as diffuse and severe. (A) Mi-

croscopic analysis (with 3400 magnification) of

large intestines of tumor-bearing mice treated with

CBLB502 or PBS control. Blue arrows indicate

apoptotic cells. Green arrows indicate crypt de-

struction. (B) GVHD scores summarized from two

independent experiments are shown, with 9–11 mice

assessed in each group. The p value was acquired by

Student t test.
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dioprotection effect could interfere with donor cell engraftment.
As shown in Supplemental Fig. 2, our treatment scheme success-
fully excluded any undesirable effect on donor cell engraftment,
which is a prerequisite for donor-derived GVT effect. Further-
more, this scheme induces transient proliferation and activation of
donor T cells without changing their long-term phenotypic dif-
ferentiation, which may explain why CBLB502 enhances GVT
effect without exacerbating long-lasting GVHD damage.
Flagellin is a highly effective adjuvant for the CD4+ T cell and

humoral immune responses (17–20). However, it is controversial
whether flagellin can promote the CD8+ T cell response (21–25).
A recent report showed that flagellin was not able to stimulate
CD8+ T cells when administered separately from Ag (24). Our
results indicate that CBLB502 can significantly enhance alloge-
neic CD8+ T cell function in vivo and in vitro. CBLB502 is de-
rived from flagellin by deleting its high-V region, whereas keeping
the N and C terminals that are essential for TLR5 binding (16, 29).
The high-V region represents the most immunogenic component
of flagellin, which may cause toxic effects or induce humoral
immune response against flagellin itself. CBLB502 is smaller and
less immunogenic, which may facilitate binding with TLR5 and
subsequently more efficient NF-kB activation.
Previous studies have also shown conflicting results regarding

TLR5 expression. Studies using RT-PCR and a polyclonal Ab
suggested that TLR5 may be expressed on many cell types, in-
cluding DCs, macrophages, and epithelial cells (37, 38). In con-
trast, another study showed that TLR5 was expressed mainly on
intestinal CD11c+ lamina propria cells, but not on conventional
DCs or macrophages (45). Because of the lack of a reliable mAb,
this study did not attempt to describe an accurate TLR5 expression
pattern. Instead, we used an MLR-based in vitro functional assay
to show that TCD-BM cells or BM-derived CD11c+ and CD11b+

cells are capable of responding to CBLB502, and thus enhancing
their ability to modulate CD8+ T cell function in the allo-BMT
setting.
In summary, this study shows that CBLB502 can significantly

improve GVT immunity by modulating CD8+ T cell response
mainly through donor-derived CD11b+ and CD11c+ BM cells. As
a pharmacologically optimized TLR5 agonist currently undergo-
ing phase I clinical trial, CBLB502 is superior to flagellin because
of lower toxicity and lower immunogenicity. Using an allo-BMT
model, this study demonstrates a new beneficial effect of CBLB502
and also provides evidence to support a rational scheme of
CBLB502 administration that may be a promising approach to im-
prove the effectiveness of allo-BMT without exacerbating GVHD.
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A. Balsari. 2006. Antitumor activity of the TLR-5 ligand flagellin in mouse
models of cancer. J. Immunol. 176: 6624–6630.

27. Bohnhorst, J., T. Rasmussen, S. H. Moen, M. Fløttum, L. Knudsen, M. Børset,
T. Espevik, and A. Sundan. 2006. Toll-like receptors mediate proliferation and
survival of multiple myeloma cells. Leukemia 20: 1138–1144.

28. Cai, Z., A. Sanchez, Z. Shi, T. Zhang, M. Liu, and D. Zhang. 2011. Activation of
Toll-like receptor 5 on breast cancer cells by flagellin suppresses cell prolifer-
ation and tumor growth. Cancer Res. 71: 2466–2475.

8 CBLB502 ENHANCES GRAFT-VERSUS-TUMOR ACTIVITY

 by guest on February 23, 2019
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


29. Burdelya, L. G., V. I. Krivokrysenko, T. C. Tallant, E. Strom, A. S. Gleiberman,
D. Gupta, O. V. Kurnasov, F. L. Fort, A. L. Osterman, J. A. Didonato, et al. 2008.
An agonist of toll-like receptor 5 has radioprotective activity in mouse and
primate models. Science 320: 226–230.

30. Fukuzawa, N., M. Petro, W. M. Baldwin, III, A. V. Gudkov, and R. L. Fairchild. 2011.
A TLR5 agonist inhibits acute renal ischemic failure. J. Immunol. 187: 3831–3839.

31. Burdelya, L. G., A. S. Gleiberman, I. Toshkov, S. Aygun-Sunar, M. Bapardekar,
P. Manderscheid-Kern, D. Bellnier, V. I. Krivokrysenko, E. Feinstein, and A. V.
Gudkov. 2012. Toll-like receptor 5 agonist protects mice from dermatitis and
oral mucositis caused by local radiation: implications for head-and-neck cancer
radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 83: 228–234.

32. Cao, X., S. F. Cai, T. A. Fehniger, J. Song, L. I. Collins, D. R. Piwnica-Worms,
and T. J. Ley. 2007. Granzyme B and perforin are important for regulatory
T cell-mediated suppression of tumor clearance. Immunity 27: 635–646.

33. Gross, S., and D. Piwnica-Worms. 2005. Real-time imaging of ligand-induced
IKK activation in intact cells and in living mice. Nat. Methods 2: 607–614.

34. Cao, X., K. Leonard, L. I. Collins, S. F. Cai, J. C. Mayer, J. E. Payton,
M. J. Walter, D. Piwnica-Worms, R. D. Schreiber, and T. J. Ley. 2009. Interleukin
12 stimulates IFN-gamma-mediated inhibition of tumor-induced regulatory T-cell
proliferation and enhances tumor clearance. Cancer Res. 69: 8700–8709.

35. Cai, S. F., X. Cao, A. Hassan, T. A. Fehniger, and T. J. Ley. 2010. Granzyme B is
not required for regulatory T cell-mediated suppression of graft-versus-host
disease. Blood 115: 1669–1677.

36. Dutt, S., J. Baker, H. E. Kohrt, N. Kambham, M. Sanyal, R. S. Negrin, and
S. Strober. 2011. CD8+CD44(hi) but not CD4+CD44(hi) memory T cells me-
diate potent graft antilymphoma activity without GVHD. Blood 117: 3230–3239.

37. Ortega-Cava, C. F., S. Ishihara, M. A. Rumi, M. M. Aziz, H. Kazumori, T. Yuki,
Y. Mishima, I. Moriyama, C. Kadota, N. Oshima, et al. 2006. Epithelial toll-like
receptor 5 is constitutively localized in the mouse cecum and exhibits distinctive
down-regulation during experimental colitis. Clin. Vaccine Immunol. 13: 132–
138.

38. Applequist, S. E., R. P. Wallin, and H. G. Ljunggren. 2002. Variable expression
of Toll-like receptor in murine innate and adaptive immune cell lines. Int.
Immunol. 14: 1065–1074.

39. Jiang, D., and H. Schwarz. 2010. Regulation of granulocyte and macrophage
populations of murine bone marrow cells by G-CSF and CD137 protein. PLoS
ONE 5: e15565.

40. Asavaroengchai, W., H. Wang, S. Wang, L. Wang, R. Bronson, M. Sykes, and
Y. G. Yang. 2007. An essential role for IFN-gamma in regulation of alloreactive
CD8 T cells following allogeneic hematopoietic cell transplantation. Biol. Blood
Marrow Transplant. 13: 46–55.

41. Cooke, K. R., G. R. Hill, J. M. Crawford, D. Bungard, Y. S. Brinson,
J. Delmonte, Jr., and J. L. Ferrara. 1998. Tumor necrosis factor-alpha production
to lipopolysaccharide stimulation by donor cells predicts the severity of exper-
imental acute graft-versus-host disease. J. Clin. Invest. 102: 1882–1891.

42. Taylor, P. A., M. J. Ehrhardt, C. J. Lees, A. Panoskaltsis-Mortari, A. M. Krieg,
A. H. Sharpe, W. J. Murphy, J. S. Serody, H. Hemmi, S. Akira, et al. 2008. TLR
agonists regulate alloresponses and uncover a critical role for donor APCs in
allogeneic bone marrow rejection. Blood 112: 3508–3516.

43. Kali�nski, P., C. M. Hilkens, A. Snijders, F. G. Snijdewint, and M. L. Kapsenberg.
1997. IL-12-deficient dendritic cells, generated in the presence of prostaglandin
E2, promote type 2 cytokine production in maturing human naive T helper cells.
J. Immunol. 159: 28–35.

44. Hossain, M. S., D. L. Jaye, B. P. Pollack, A. B. Farris, M. L. Tselanyane,
E. David, J. D. Roback, A. T. Gewirtz, and E. K. Waller. 2011. Flagellin, a TLR5
agonist, reduces graft-versus-host disease in allogeneic hematopoietic stem cell
transplantation recipients while enhancing antiviral immunity. J. Immunol. 187:
5130–5140.

45. Uematsu, S., M. H. Jang, N. Chevrier, Z. Guo, Y. Kumagai, M. Yamamoto,
H. Kato, N. Sougawa, H. Matsui, H. Kuwata, et al. 2006. Detection of patho-
genic intestinal bacteria by Toll-like receptor 5 on intestinal CD11c+ lamina
propria cells. Nat. Immunol. 7: 868–874.

The Journal of Immunology 9

 by guest on February 23, 2019
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/

