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Antibodies to Vascular Endothelial Growth Factor Enhance the
Efficacy of Cancer Immunotherapy by Improving Endogenous
Dendritic Cell Function?

Dmitry |. Gabrilovich, 2 Tadao Ishida, induction of significant anti-p53 CTL responses only in this
Sorena Nadaf, Joyce E. Ohm, and group of mice. These data suggest that inhibition of VEGF
' ’ may be a valuable adjuvant in the immunotherapy of can-

David P. Carbone

Department of Medicine and The Vanderbilt Cancer Center,
Vanderbilt University School of Medicine, Nashville, Tennessee

37232-6838 INTRODUCTION
The success of cancer immunotherapy depends not only on
the choice of appropriate tumor antigens and methods of antigen
ABSTRACT delivery but also on the ability of the patient's immune system
Inadequate function of dendritic cells (DCs) in tumor- {5 produce an effective and sustained response to immunization.
bearing hosts is one mechanism of tumor escape from im- st professional antigen-presenting cells play a key role in this
mune system control and may compromise the efficacy of process by taking up vaccine antigens, processing and present-
cancer immunotherapy. Vascular endothelial growth factor  jng them on class | and Il MHC molecules, producing cytokines,
(VEGF), produced by most tumors, not only plays an im-  and stimulating the production of activated antigen-specific
portant role in tumor angiogenesis but also can inhibit the  cytotoxic effector cells. In addition, because tumor cells are
maturation of DCs from hematopoietic progenitors. Here, jnefficient stimulators of T-cell proliferation, the continuous
we investigate a novel combination of antiangiogenic and presence of effective host antigen presentation may be needed to
immunotherapy based on this dual role of VEGF. Two s.c.  maintain an effective response. The most potent of these anti-
mouse tumor models were used: D459 cells, expressing mu- gen-presenting cells is the tissue BThese cells are respon-
tant human p53; and MethA sarcoma with point mutations  gjple for the induction of primary immune responses and are

cer.

in the endogenous murinep53 gene. Therapy with anti-  yery effective in the stimulation of secondary responses as well
mouse VEGF antibody (10 ng i.p. twice a week over 4 ().

weeks) was initiated when tumors became palpable. Treat- The function of the immune system in tumor-bearing hosts

did not affect the rate of tumor growth. However, anti-  pefective antigen presentation by DCs is one of the mechanisms

VEGF antibody significantly improved the number and  of inmune dysfunction in cancer and is observed both in tumor-
function of lymph node and spleen DCs in these tumor-  pearing mice and in cancer patients (4-9). We and others have
bearing animals. To investigate the possible effects of this gemonstrated previously that defective DC differentiation
antibody on the immunotherapy of established tumors, tu-  caused by tumor-derived factors (10-15) contributes to the
mor-bearing mice were immunized with DCs pulsed with  opserved defective DC function in tumor-bearing hosts. One of
the corresponding mutation-specific p53 peptides, together  these factors was found to be a VEGF (11). VEGF is induced by
with injections of anti-VEGF antibody. Therapy with pep-  hypoxia and produced constitutively by almost all tumors. It
tide-pulsed DCs alone resulted in considerable slowing of girectly stimulates the growth of vascular endothelial cells and
tumor growth but only during the period of treatment, and  ne formation of tumor neovasculature (reviewed in Ref. 16). In
tumor growth resumed after the end of the therapy. Com-  animal models, we have shown that VEGF infusion results in a
bined treatment with peptide-pulsed DCs and anti-VEGF  gramatic decrease in DC production associated with hyperpro-
antibody resulted in a prolonged and much more pro-  qyction of immature myeloid cells (17). We have shown previ-
nounced antitumor effect. This effect was associated with the ously that neutralizing anti-VEGF antibody is able to abrogate
the negative effects of tumor cell supernatants on DC differen-
tiation from progenitorsn vitro (11). This suggests that block-
ade of VEGF signaling may be an approach for improving DC
Received 3/25/99; revised 7/28/99; accepted 8/2/99. function and hence immune system function and the efficacy of
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sarcoma (D459) expressing mutant human p53; and the reldymph node suspension were passed through nylon wool col-
tively immunogenic MethA sarcoma expressing an endogenousmns to obtain>90% pure T cells.

mutant murine p53 (18-21). We show that concurrent admin- To obtain DCs from spleens, single-cell suspensions of
istration of antibodies to VEGF improves both the function of splenocytes were incubated overnight in complete culture me-
host DCs in mice bearing these tumors and the antitumor effidium. The DC-containing fractions were enriched by centrifu-
cacy of immunotherapy using specific mutant p53 peptidesgation of nonadherent cells on metrizamide gradient. DCs were
These data thus may serve as proof of concept that this novédientified by their distinctive morphology and by labeling with
combined therapy with two classes of therapeutics may be oN418 antibody. For functional tests, DCs were additionally

clinical utility. purified as described above to obta#80% purity.
For immunization, DCs were generated from bone marrow
MATERIALS AND METHODS as described earlier (10). Briefly, bone marrow cells obtained

from femurs and tibias were placed in six-well plates (Falcon,
Becton Dickinson) at a concentration of 5x810° cells/ml in
omplete culture medium supplemented with 3 ng/ml recombi-
ant murine granulocyte/macrophage-colony stimulating factor
and 5 ng/ml recombinant murine interleukin 4 (R&D, Systems,
Minneapolis, MN). After 4 days, one-half of the medium was
. o removed after gentle swirling and replenished with an equiva-
Cell Lines and Antibodies lent volume of fresh granulocyte/macrophage-colony stimulat-
Two tumor cell lines were used. The tumor cell line D459 jng factor and interleukin 4 supplemented media. Four to 5 days
was constructed by transfection of BALB/c 3T3 cells with EJ |ater, clusters of DCs were dislodged. Purity of DCs we0%
ras and a mutant human p53 expression vector. Details of thigyith a viability >90%.
cell lines were described elsewhere (10, 18). MethA sarcoma
cells were obtained from Dr. L. J. Old. This is a transplantable ) o
3-methylcholanthrene-induced sarcoma of BALB/c origin pas-TumOr Induction and Immunization
saged as an ascitic tumor (21). The following antibody-produc- ~ TWo hundred thousand D459 cells or>6 10° MethA
ing hybridomas were obtained from American Type Culture S&rcoma cells were injected s.c. into the shaved backs of
Collection (Rockville, MD) and used as culture supernatants:BALB/C mice. These doses of tumor cells were selected after
anti-CD4 (L3T4, TIB-207), anti-CD8 (Lyt-2.2, TIB-210), and prehmmary experiments to result in tumor formation in 100% of
anti-MHC class I (I-4" HB-120). Goat anti-mouse immuno- the mice. Palp:_:lble tumors were usually formed 7-10 days after
globulin was purchased from Sigma Chemical Co. (St. Louis,tumor |noculat|on_. DCs generated from the b_one marrow of
MO). FITC- and phycoerythrin-labeled antibodies used in flow control healthy mice were pulsedrf@ h at37°C with 10um of
cytometry were purchased from PharMingen (San Diego, CA):he appropriate peptides and then washed in PBS. DCsX1-2
anti-CD11c, anti-CD86 (B7-2), and anti- IYAFITC- and phy- 10°) were injected i.v. Immunizations with pgptide-pulsed DCs
coerythrin-conjugated IgG was used in control. NeutralizingWere started when tumors reached 5 mm in diameter (usually
goat anti-mouse VEGF antibody was purchased from R&D12-14 days after tumor inoculation).

Systems (Minneapolis, MN). Control goat immunoglobulin was For the D459 tumor model, T1272 mutant ps3 peptide
obtained from Sigma. (TYSPALNKMFYQLAKTCPVQL) was used. This peptide

contains a mutation of cysteine to tyrosine in position 135
corresponding to the mutap63 gene expressed in D459 cells.

Cell Preparation An irrelevant p53 peptide STPPPGTRFRAMAIYKQS was used
Cells were prepared as described earlier (4). Briefly, a : vant pss pepti QS was u

. . .~ 7’ “as acontrol. Immunization of control BALB/c mice with T1272,
single-cell lymph node suspension was prepared from inguinal . L . .
. : . ] but not control peptide, elicits specific antimutant p53 CTL
axillary, and brachial lymph nodes by pressing the tlssuesresponses (4, 18, 19)
through wire mesh. Cells were washed and then layered onto a For the MethA sarcoma model, two peptides have been

metrizamide (Nygaard, Oslo, Norway) gradient (14.5 g plus 100 . . L
ml of RPMI 1%4)(/)? and centrifuged fo{)lgo min at(GGOQ.ggells used. The peptide 234CM (KYICNSSCM), which contains iso-

at the interface were washed once and resuspended in compl | eu(:lne at position 3, corresponds to the sequence that results

culture medium (RPMI 1640; Life Technologies, Inc., Gaith- fom a point mutation in codon 234 of p53. The pepide 234CW
. R oo =7 (KYMCNSSCM) is the wild-type counterpart of 234CM. Im-
ersburg, MD with 100 IU/ml penicillin, 0.1 mg/ml streptomycin, o . : .
1 X 10° m 2-mercaptoethanol, and 10% FCS: HyClone, Logan munization of mice with 234CM, but not 234CW, resulted in
: o o ’ ‘potent specific CTL and antitumor immune responses (21). All
UT). DCs were identified by their distinctive morphology and eptides were purchased from QCB, Inc. (Hopkinton, MA)
by labeling with N418 antibody. In control mice, the purity of Pep P . P ' '

DCs was>50%. For functional tests, DCs were additionally

purified using a mixture of anti-T cells (TIB 207 and TIB 210) T-Cell Proliferation Assay

and anti-B cells (anti-mouse immunoglobulin) antibodies and Allogeneic Mixed Leukocyte Reaction. DCs were ob-
complement (Low-Tox-M complement; Cedarline, Hornby, On- tained from lymph nodes or spleens as described above. Cells
tario, Canada). Dead cells were removed by centrifugation on avere irradiated (2500 cGy) and incubated in triplicate for 3 days
Lympholyte-M gradient (Cedarline). The purity of this DC with 5 X 10* T cells obtained from allogeneic CBA mice.
fraction was>90% with>95% viability. Pelleted cells from the Different DCs:T cell ratios (from 1:50 to 1:400) were used. The

Animals

Female BALB/c and CBA mice, 6—8 weeks of age, were
purchased from Harlan, Inc. (Indianapolis, IN) and were housetﬁ
in specific pathogen-free units of the Division of Animal Care at
Vanderbilt University Medical Center.
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cultures were pulsed overnight with dCi of [*H]thymidine MethA sarcoma-bearing mice with anti-VEGF antibody signif-
(Amersham, Arlington Heights, IL). Cells were harvested usingicantly reduced VEGF levels in plasma to 88:611.4 pg/ml
a cell harvester (Skatron Instruments, Sterling, VAH]Thy- from the 422.7+ 140.4 pg/ml detected in tumor-bearing mice
midine uptake was counted using a liquid scintillation counter.treated with goat IgGR < 0.01). This level was still almost
Antigen-specific T-Cell Proliferation. DCs were in-  10-fold higher than the VEGF level in control, tumor-free ani-
fected with 250 HAU/ml influenza virus (strain PR8: A/Puerto mals (8.6+ 4.5 pg/ml;P < 0.001).
Rico/8/34; American Type Culture Collection, Rockville, MD) Anti-VEGF Antibody Improves the Number and Func-
for 2 h inserum-free medium. Cells were washed and incubatedion of DCs in Tumor-bearing Mice. To investigate the
in triplicate with 5 x 10* T cells obtained from syngeneic effect of anti-VEGF antibody on DC function, mice were inoc-
BALB/c mice for 4 days. Different DCs:T cell ratios (from 1:10 ulated with 2x 10° D459 cells. Treatment with anti-VEGF
to 1:80) have been used. The cultures were pulsed overnighantibody was initiated when tumors reached 4—5 mm in diam-
with 1 wCi of [*H]thymidine (Amersham) and counted as de- eter (usually 10-12 days after tumor inoculation). Mice were

scribed above. treated with goat IgG or goat anti-mouse VEGF antibody, i.p.
twice per week for 4 weeks. After that time (when tumors had
CTL Assay reached a size of 300—400 rymmice were sacrificed, DC

Spleen cells (2< 10°/ml) obtained from immunized mice ~fractions were isolated from lymph nodes and spleen, and cells
were cultured with 1Quu of specific T1272 peptide in 24-well Were analyzed morphologically, phenotypically, and function-
plates for 7 days. After that time, cells were washed and incully- DC fractions isolated from tumor-bearing mice expressed
bated at different ratios with untreated or T1272 peptide pulsedoWer levels of MHC class il and_B?—Z cells. This was in
51Cr-labeled target P815 cells. After a 6-h incubation, superna@dreement with observations published previously (4, 6, 8). To
tants were harvested, and radioactivity was measured using @antify the presence of typical DCs in lymph nodes and spleen,
gamma counter. The maximum and spontaneous release and tfgllS were labeled with CD11c and B7-2 antibodies. Double-
percentage of specifi€’Cr release were determined as de- POSitive cells represent a population of relatively mature DCs.
scribed (22). The proportion of morphologically distinct and CDI187-2"

DCs were analyzed. Tumor-bearing mice treated with 1gG had
Statisti . a 3-fold reduced fraction of DC in lymph nodes and an almost
atistical Analysis ST . )

Statistical analysis was performed with parametric and5_f.OICI reduction in the spleen compared V\.”th control ar.umals..
nonparametric methods using JMP statistical software (SA This decrgase was much Igss prongunced n tumor-beapng mice
Institute, Cary, NC) %reated_wnh ann-Vl_EGl_: antibody (F|gA}. This decr_ease in the

’ ’ ) proportion of DCs in tissues resulted in a dramatically reduced
ability of these cells to stimulate allogeneic T cells (FiB) &nd
RESULTS antigen-specific primary T-cell response (Fig)1 Treatment of

To estimate then vivo level of VEGF production, mice mice with anti-VEGF antibodies significantly improved these
were inoculated s.c. with & 10° D459 cells or 6X 10° MethA functions (Fig. 1B andC). Although the level of T-cell stim-
cells. The level of VEGF in plasma was measured using ELISAulation in these mice was still lower than in control animals,
(R&D Systems) when tumors reached 1.5 cm in diameter. Thehose differences were not statistically significant.
plasma concentrations of VEGF in five mice bearing D459 Anti-VEGF Antibody Improves the Efficacy of Cancer
tumors ranged from 100 to 300 pg/ml and in five mice with Immunotherapy. We then asked whether improved DC func-
MethA sarcomas from 150 to 600 pg/ml. These concentrationgion resulted in more effective immunotherapy. We tested the
are similar to those reported for other tumor models and ineffect of anti-VEGF antibody on the effectiveness of immuno-
patients with cancer (23-25). therapy of the poorly immunogeneic D459 tumor. Tumor cells

Anti-VEGF antibody was injected i.p. twice per week for 4 (2 x 10°) were injected s.c. into the shaved back of mice. When
weeks. This schedule was selected based on data reported ptemors reached 4—5 mm in diameter, mice were split into four
viously with anti-VEGF antibody (26, 27). Because direct anti- groups. Each group included 10 mice (two independent exper-
tumor effects of VEGF blockade could possibly complicate theiments with five mice per group). A control group was treated
interpretation of our data and tumor regression by any meanwith DCc and treated with goat IgG. The second group had mice
may improve DC function, we tried to select a dose of antibodytreated with DCc and anti-VEGF antibody. The third group was
that was not able to directly affect the growth of the tumors usedmmunized with T1272 (DCsp), along with goat IgG. The fourth
in these studies. Three doses of the antibody were testgd; 2 group was treated with DCsp and anti-VEGF antibody. DCs
5 ng, and 10pg per mouse. We tested whether anti-VEGF (1-2 X 10° cells) were injected i.v. on days 0, 4, and 7 after the
antibody was able to directly inhibit tumor growth at these start of the treatment. Anti-VEGF antibody or goat 1gG (10
doses. Mice were injected with D459 cells or MethA sarcomapg/mouse) was injected i.p. twice per week for 4 weeks. Tumor
cells, and when tumors reached 4-5 mm in diameter, treatmergrowth was significantly® < 0.05) slower in mice immunized
with anti-VEGF antibody was initiated. A control group of mice with the specific peptide (DCsp) during the first 2 weeks of the
were treated with the same doses of goat IgG. In five independtreatment (Fig. 2). However, in mice treated with DCsp and
ently performed experiments (four mice per group), anti-VEGFcontrol 1gG, it resumed quickly after that. These results are
antibody at these doses did not measurably affect the growth afonsistent with previously reported data that the effects of
these established tumors (data not shown). Thed@ose was immunotherapy of poorly immunogenic tumors is often tran-
used in all subsequent experiments. Four-week treatment afient (10, 19, 28). Combined treatment of DCsp and anti-VEGF
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A antibody resulted in a more pronounced and much longer lasting

. decrease in tumor growth rate. This effect persisted during the

1 Lymph nodes Spleens entire period of observation (32 days; Figh)2
We asked whether this effect was associated with an im-

proved p53-specific CTL response. Spleen cells obtained from

mice on day 28 of the treatment were restimulated with the
mutant p53-specific T1272 peptide, and CTL activity was meas-
ured against unpulsed or T1272 peptide-pulsed P815 target
cells. CTL activity was measured in four mice/group. The level
of nonspecific killing (nonpulsed targets) was subtracted in each

case. As expected, mice from the control group (BGyG) did

not demonstrate specific CTL activity (FigB2 Very little CTL

activity was found in immunized mice treated with control IgG

e Contol w AntvEGF (DCsp+1gG). However, three of four mice in the group immu-

nized with the specific peptide and treated with anti-VEGF

antibody (DCsp+aC-VEGF) demonstrated significant levels of

CTL activity (Fig. 2B).

We then studied the effect of anti-VEGF antibodies in

o another tumor model (the relatively immunogenic MethA sar-

‘ bymph nodes Sploens coma). We tested the effect of a large number of tumor cells
(6 X 10°). At this dose, tumor was developed in 100% of mice
without any episodes of spontaneous tumor regression. The

——Corfiol treatment was initiated when tumors reached 4—5 mm in diam-

i W eter (within 6—8 days after tumor inoculation). Mice were

divided into four groups. The treatment was essentially the same

as for the D459 tumor model, except that the MethA mutant
234CM p53 peptide was used in DCsp group, and the corre-
sponding wild-type 234CW p53 peptide was used in the DCc
group. Tumor growth was almost blocked in mice immunized
with the specific peptide (DCsp) during the first 2 weeks of
treatment. However, 10 days after the end of therapy, tumor
c growth resumed (Fig. 3A). Tumor growth in mice receiving
combined therapy with anti-VEGF antibody was significantly
slower than in the DCsplgG group, and survival was signifi-

7000 cantly prolonged (P< 0.05). The experiments described previ-
ously were repeated with 2.5% 10° MethA sarcoma cells.
Tumor growth in mice immunized with specific peptide was
significantly slower than in DCc-immunized animals. By day
22, the average tumor size in the group treated with DC
CM234+1gG was only one-third of that in groups treated with
DCc+1gG or anti-VEGF antibody alone (FigB3 The addition
of anti-VEGF antibody dramatically improved the effectiveness
of this immunotherapy. In three of five mice, the tumor com-
pletely regressed, and tumor growth in the fourth mouse was

__ considerably slowed. Only one mouse from this group exhibited
a tumor similar in size to those in the DC CM28#G group

Fig. 1 Effects of anti-VEGF antibody on the presence and function of (Fig. 38).

DCs in tumor-bearing miceA, effects of anti-VEGF antibody on the

presence of DCs in lymph nodes and spleens. Lymph nodes and spleens

were obtained from control tumor-free mic€dntrol), D459 tumor-

bearing mice after 4 weeks of treatment with either goat Ig&}), or and harvested using a cell harvestéid]Thymidine uptake was counted

anti-VEGF antibody Anti-VEGF). The presence of DCs was deter- using a liquid scintillation counter. Typical results of one of three
mined based on morphological criteria and the surface expression gberformed experiments are shov@.effects of anti-VEGF antibody on

CD11c and B7-2 markers. The cumulative results of three experimentthe ability of DCs to stimulate antigen-specific T-cell proliferation. DCs

are shownPs demonstrate differences from control (tumor-free) group. were infected with influenza virus for 2 h in serum-free medium. Cells

B, effects of anti-VEGF antibody on the ability of DCs from tumor- were washed and incubated in triplicate withx510* T cells obtained

bearing mice to stimulate allogeneic T-cell proliferation. Purified DCs from syngeneic BALB/c mice for 4 days. Data from a DC:T cell ratio of

were obtained from lymph nodes or spleens as described in “Materiald:20 is shown. The cultures were pulsed overnight withu@i of

and Methods.” Cells were irradiated (2500 cGy) and incubated in[*H]thymidine (Amersham) and counted as described above. Typical

triplicates for 3 days with 5 10° T cells obtained from allogeneic CBA  results of one of three experiments are showrstatistically significant
mice. The cultures were pulsed overnight witCi of [*H]thymidine differences (P< 0.05) from control A—C: bars,SE.
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Fig. 2 Anti-VEGF antibody improves the effec-
tiveness of immunotherapy in the D459 tumor
model. A, effects of anti-VEGF antibody on tu-
mor growth. D459 cells (2< 10°) were inocu-
lated s.c. When tumors reached 4-5 mm in di-
ameter (day 0), mice were treated with DCs
pulsed with the specific or control peptides in 150 -
addition to control IgG or anti-VEGF antibody as
described in the text. DCs (1-X 10°) were 100 )
injected i.v. on days 0, 4, and 7. Tem of IgG or x L. 1
anti-VEGF antibody was injected i.p. twice a 50- - . {/ PR %
week from day 0 to day 26. Each group included —F--
10 mice. Bars, SE. B, CTL responses in mice T . , 1 e . o oa % w2
treated with anti-VEGF antibody. Spleen cells Days after start of the treatment
(2 X 10%ml) obtained from treated mice on day
28 were cultured with 1Qum of specific T1272
peptide in 24-well plates for 7 days. After that B
time, cells were washed and incubated in dupli-
cate at different ratios with untreated or T1272
peptide-pulsed >'Cr-labeled target P815 cells.
After a 6-h incubation, supernatants were har-
vested, and radioactivity was measured using a
gamma counter as described in “Materials and »
Methods.” Individual results from four mice in
each group are presented. The background level
of killing (3—7%; unpulsed P815 target cells) was
subtracted in each case.
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DISCUSSION immunogenic D459 tumor and the relatively immunogenic
Defects in the immune system in tumor-bearing hosts ConMethA sarcoma. Both of these tumors pI’OdUCE moderate levels
tribute greatly to immune nonresponsiveness to tumors. Defecof VEGF.
tive function of professional antigen-presenting cells, DCs, is  There are several possible approaches to blocking VEGF
one of the factors responsible for this immune nonresponsiveinteraction with its receptors. One of these is via neutralizing
ness. We and others have previously demonstrated that tumoanti-VEGF antibody. Treatment with anti-human VEGF anti-
derived factors may affect the normal process of DC differen-body is able to significantly delay the growth of several human
tiation from progenitor cells, resulting in the production of tumor xenografts in nude mice (30). It was especially effective
immature cells that are not able to effectively stimulate antitu-against microtumors and metastases (26, 27, 31). Studying DC
mor immune responses (10-15). VEGF is one of the factorgunction in nude mice bearing human tumors is difficult, be-
implicated in these defects (11, 17, 29). VEGF is produced bycause DC function in nude mice might be abnormal (32). There-
almost all tumors and is the major factor responsible for thefore, we used syngeneic mouse tumors and anti-mouse VEGF
formation of tumor neovasculature (reviewed in Ref. 18). neutralizing antibody. This antibody, at a dose ofjldmouse
vitro data suggested that blockade of VEGF receptors on hema-p. twice a week over 4 weeks, decreased the VEGF level in the
topoietic progenitors may improve the function of DCs in tu- plasma of tumor-bearing mice almost 5-fold. However, at this
mor-bearing hosts. In this study, we for the first time address thelose, soluble ligand was not completely eliminated. We ob-
question whether thesa vitro findings can be reproduced served that the level of VEGF in our tumor-bearing mice was
vivo and whether blockade of VEGF effects may, in turn, resultstill almost 10-fold higher than in non-tumor-bearing control
in enhanced antitumor responses to immunotherapy. To test thiice at the selected dose of antibody. At this dose, anti-VEGF
hypothesis, we selected two animal tumor models: the poorlyantibody did not affect the growth of established tumors. We
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Fig. 3 Anti-VEGF antibody improves effect of
immunotherapy in MethA sarcoma tumor model.
MethA sarcoma cells [6< 10° (A) or 2.5 X 10°
(B)] were inoculated s.c. When tumors reached
4-5 mm in diameter, mice were treated with DCs
pulsed with specific or control peptides in addi-
tion to control 1gG or anti-VEGF antibody as

Days after start of the treatment

B described in the text. DCs (1-X 10°) were
injected i.v. on days 0, 4, and 7 after the start of

700 - the treatment. Tepg of IgG or anti-VEGF anti-
} DCc+IgG DCc+anti-VEGF DC CM234+IgG DC CM234+anti-VEGF bOdy were injected Ip twice a week from days 0

to 26. Each group included five mice. Summa-
rized results from all mice (A) or results from
each separate mouse (B) are preseriads, SE.
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deliberately did not escalate the dose of the antibody and did nagignificantly reduced it. Thus, the results of these experiments
try to achieve therapeutic effect of antibody treatment aloneconfirmed the hypothesis that blocking VEGF would improve
The absence of a direct effect on the tumor growth rate elimithe differentiation of DCs and therefore increase their function.
nated the possible confounding effects of other factors related to  In this study, the systemic effects of improved DC function
tumor size on DC function. We reasoned, however, that if thealone were not associated with evident spontaneous immunity
plasma level of VEGF was closely associated with DC defectsjnduction or direct antitumor effects of anti-VEGF antibody.
a 5-fold drop in VEGF concentration would be sufficient to see The reason for this is unknown but may be explained by higher
improvement in DC function and improve the effectiveness oflocal concentrations of tumor-derived VEGF at the tumor, the
immunotherapy. site of natural antigen uptake by DC. When functional antigen-
A 5-6-week exposure to tumor resulted in a significantloaded DC are introduced i.v., immunity induction may be more
decrease in the fraction of DCs in spleen and lymph nodes. Thigfficient.
was accompanied by a reduced ability of these cells to stimulate ~ We asked in this study whether these observed effects of
allogeneic and antigen-specific T-cell proliferation. This is in anti-VEGF antibody on endogenous DC function would result
agreement with previously reported data about defective DGn a more effective antitumor immune response to tumor-spe-
function in tumor-bearing hosts (4, 9). We have shown previ-cific immunotherapy. Mice with established poorly immuno-
ously that a decreased proportion of mature DCs in tissues, bugenic D459 tumors were treated with DCs pulsed with specific
not decreased function of mature cells, was responsible for th@53 peptide. In our previous experiments, this treatment resulted
defects in the total population of DCs (15). Although anti-VEGF in a significant delay of tumor growth. However, the growth
antibodies were not able to completely abrogate this effect, theylelay lasted only for a short time, and tumor growth resumed 1
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week after the end of the treatment (4, 19). This indicated thaDendritic cells grown from bone marrow precursors, but not mature
the host immune system was not able to sustain the induceBC from tumor-bearing mice are effective antigen carriers in the
antitumor immune response. The same results were observed fl%eggpy of established tumors. Cell. Immunol70: 111-120,
this study in mice immunized with specific peptide-pulsed DCs .

L . . .. 11. Gabrilovich, D. I., Chen, H. L., Girgis, K. R., Cunningham, H. T,
and control IgG. In contrast, in immunized mice treated with Meny, G. M., Nadaf, S., Kavanaugh, D., and Carbone, D. P. Production

concurrent anti-VEGF antibody, the tumor size was smaller, angh vascular endothelial growth factor by human tumors inhibits the
tumor growth was suppressed much longer than in immunizedunctional maturation of dendritic cells. Nat. Me#:,1096—1103, 1996.
mice treated with control 1gG. This effect was associated with12. Steinbrink, K., Wolfl, M., Jonuleit, H., Knop, J., and Enk, A. H.
sustained CTL responses only in this group of mice. AlmostInduction of tolerance by IL-10-treated dendritic cells. J. Immunol.,
exactly the same effect was observed with MethA sarcomat>9 4772-4780, 1997.

13. Menetrier-Caux, C., Montmain, G., Dieu, M. C., Bain, C., Favrot,
tumors when a large number of tumor cells(@0%) were used, " =2 TR < TG T o the differentiation of

and a significant percentage of cures were observed with a IOW("‘d’endritic cells from CD34(+) progenitors by tumor cells: role of inter-
dose of MethA sarcoma cells. leukin-6 and macrophage-colony-stimulating factor. Blo@2l, 4778—

The exact mechanism of the positive effect of anti-VEGF 4791, 1998.
antibody on immune response in tumor-bearing hosts is nof4. Jasani, B., Navabi, H., Adams, M., Evans, A., and Mason, M.
clear. As discussed above, we have shown that VEGF inhibitSerum dependent down-regulation of CD1a expression and specific

- - . ) . L priming activity in human dendritic cells. Proc. Am. Assoc. Cancer
the maturation of DC hematopoietic progenitors. It is possmleReS_st 611, 1998.

that VEGF dlrectly_ inhibits the function of mature immune cells ;¢ Ishida, T., Oyama, T., Carbone, D., and Gabrilovich, D. I. Defective
or those of other lineages (macrophages, DCs, or T or B cellSkunction of Langerhans cells in tumor-bearing animals is the result of
but there is no evidence in the scientific literature for this. It is defective maturation from hematopoietic progenitors. J. Immuf6L;

also possible that VEGF may inhibit the function of immune 4842-4851, 1998.
cells indirectly, via soluble factors released by activated endo16. Ferrara, N., and Smyth, D. T. The biology of vascular endothelial

thelial cells or macrophages. All of these mechanisms are pregl/oWth factor. Endocr. Rev18: 4-25, 1997.
ently under investigation 17. Gabrilovich, D. 1., Ishida, T., Oyama, T., Ran, S., Kravtsov, V.,

o . Nadaf, S., and Carbone, D. Vascular endothelial growth factor inhibits
These data strongly suggest that inhibition of VEGF sig-ye development of dendritic cells and dramatically affects the differ-
naling may not only be effective in blocking tumor angiogenesisentiation of multiple hematopoietic lineagisvivo. Blood,92: 4150—
mediated by VEGF but also can improve the function of DCs in4166, 1998.
tumor-bearing hosts and the effectiveness of specific immuno48. Yanuck, M., Carbone, D. P., Pendleton, D., Tsukui, T., Winter,
therapy. S. F., Minna, J. D., and Berzofsky, J. A. Mutgyi3 tumor suppressor
protein is a target for peptide-induced CD8ytotoxic T-cells. Cancer
Res.,53: 3257-3261, 1993.
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