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Abstract

Antigen-specific cancer immunotherapy and antiangiogenesis are feasible strategies for cancer therapy because they can potentially tre
systemic tumors at multiple sites in the body while discriminating between neoplastic and non-neoplastic cells. We have previously developec
a DNA vaccine encoding calreticulin (CRT) linked to human papillomavirus-16 E7 and have found that this vaccine generates strong E7-
specific antitumor immunity and antiangiogenic effects in vaccinated mice. In this study, we characterized the domains of CRT to produce
E7-specific antitumor immunity and antiangiogenic effects by generating DNA vaccines encoding each of the three domains of CRT (N, P,
and C domains) linked to the HPV-16 E7 antigen. We found that C57BL/6 mice vaccinated intradermally with DNA encoding the N domain
of CRT (NCRT), the P domain of CRT (PCRT), or the C domain of CRT (CCRT) linked with E7 exhibited significant increases in E7-specific
CD8" T cell precursors and impressive antitumor effects against E7-expressing tumors compared to mice vaccinated with wild-type E7 DNA.
In addition, the N domain of CRT also showed antiangiogenic properties that might have contributed to the antitumor effect of NCRT/E7.
Thus, the N domain of CRT can be linked to a tumor antigen in a DNA vaccine to generate both antigen-specific immunity and antiangiogenic
effects for cancer therapy.
© 2004 Published by Elsevier Ltd.
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1. Introduction are able to treat systemic tumors at multiple sites in the body
while discriminating between neoplastic and non-neoplastic
Antigen-specific cancer immunotherapy and antiangio- cells. Activation of antigen-specific T cell-mediated immune
genesis are feasible strategies for cancer therapy because thagsponses allows for killing of tumors associated with a spe-
cific antigen[1,2] while inhibition of angiogenesis controls
- neoplastic growth by sequestering neoplastic cells from an
* Corresponding author. Tel.: +1 410 614 3899; fax: +1 443 287 4295.  adequate blood suppl§d,4]. Therefore, an innovative ap-
. tfg?smggre(s?egycfi?h@ha-mC-”tU-EdU-tW (C.-Y. Hsieh), proach that combines both mechanisms will likely generate
ij WeJn—Fang L(theng anz Chien-Fu Hung are equal contributors to this the most potent a}mltumor eﬁ(_."Ct' e .
We have previously combined tumor-specific immunity

article.
2 Tel.: 886 2 2312 3456; fax: 886 2 2393 4197. and antiangiogenesis in an innovative DNA vaccine strategy
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encoding calreticulin (CRT) linked to model antigen HPV-
16 E7[5]. CRT is an abundant 46 kDa €abinding protein
located in the endoplasmic reticulum (EF®]. The protein
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eration of pcDNA3-NCRT, DNA encoding the N domain of
CRT, NCRT was firstamplified with PCR by using rabbit CRT
cDNA as the templatf27] and a set of primers, 82CGG-

has been shown to associate with peptides delivered into theT CTAGAATGCTGCTCCCTGTGCCGCT‘3and 3-CCC-
ER by transporters associated with antigen processing (TAP-GAATTCGTTGTCCGGCCGCACGATCA-3 The ampli-

1 and TAP-2)[7] and with MHC class 32 microglobulin
molecules to aid in antigen presentat{8h Previous studies

fied product was further cloned into tbéal/EcoRl site of
pcDNA3 (Invitrogen Corp., Carlsbad, CA, USA). For the

have shown that CRT can be complexed with peptides in vitro generation of pcDNA3-PCRT, DNA encoding the P domain

to elicit peptide-specific CD8T cell responses through ex-
ogenous administratidd]. Recently, full-length calreticulin

of CRT was first amplified with PCR using rabbit CRT cDNA
as the template and a set of primers;T&CTCTAGAAC-

has been reported to be an endothelial cell inhibitor and exertsGTATGAGGTGAAGATTGA-3 and 8-CCGGAATTCGG-

antitumor effects in vivo via antiangiogenefl9-12).

GGTTCTGAATCACCGGC-3 The amplified product was

The CRT protein is composed of three domains, the N further cloned into theXba/EcaRl site of pcDNA3. For the
domain, P domain and C domain. The N domain (residues generation of pcDNA3-CCRT, DNA encoding the C domain
1-180), also known as vasostatin, is extremely conservedof CRT was first amplified with PCR using rabbit CRT cDNA

among calreticulins from different specifis3]. The N do-
main interacts with the DNA-binding domain of the glucocor-
ticoid receptor in vitrg14], with rubella virus RNA15], with
a-integrin[16], and with protein disulphide-isomerase (PDI)
and ER protein 57 (ERp57)7]. The N domain of calreticulin

as the template and a set of primersT&CTCTAGAGA-
GTACAAGGGTGAGTGGAAGC-3and 3-CCGGAATTC-
CAGCTCGTCCTTGGCCTGGC:3The completed product
was then cloned into théba/EcaRl site of pcDNAS3. For the
generation of pcDNA3-NCRT/E7, PCRT/E7, and CCRT/E?,

also inhibits proliferation of endothelial cells and suppresses E7 was first amplified with pcDNA3-E7 as a template and
angiogenesigl0]. The P domain (residues 181-280)isrichin a set of primers, 5GGGGAATTCATGGAGATACACCTA-
proline and contains two sets of three sequence repeats. Thi€ and 3-GGTGGATCCTTGAGAACAGATGG-3 and then
region of the protein binds Gawith high affinity[18]. The P cloned it into theEcdRl/BanHI sites of pcDNA3-NCRT,
domain is thought to be critical for the lectin-like chaperone pcDNA3-PCRT, or pcDNA3-CCRT to generate pcDNA3-
activity of calreticulin[19]. The P domain of calreticulinalso  NCRT/E7, pcDNA3-PCRT/E7, or pcDNA3-CCRT/E?.
interacts with PD[17] and perforinN20,21] The C-terminal
region of the protein is highly acidic and terminates with the 2.2. Cell line
KDEL ER retrieval sequenci?2]. This C domain of CRT
binds to calciuni18] and to blood-clotting factorg3] and The production and maintenance of TC-1 cells have been
inhibits injury-induced restenosjg4]. described previousl28]. In brief, HPV-16 E6, E7 andas

In the present study, we investigated DNA vaccines en- oncogene were used to transform primary C57BL/6 mice
coding each of the N, P, and C domains of calreticulin lung epithelial cells to generate TC-1.
chimerically linked to HPV-16 E7 for their abilities to elicit
antigen-specific CDS8T cell responses and antitumor immu-
nity in vaccinated mice. We found that C57BL/6 mice vacci-
nated intradermally with NCRT/E7, PCRT/E7 or CCRT/E7 Preparation of DNA-coated gold particles and gene gun
DNA exhibited significant increases in E7-specific CDB8 particle-mediated DNA vaccinations were performed using
cell precursors and impressive antitumor effects against E7-a helium-driven gene gun according to a protocol described
expressing tumors compared with mice vaccinated with wild- previously with some modificatiorj25]. Gene gun particle-
type E7 DNA. We also determined that the N domain of mediated DNA vaccinations were performed using a Low
calreticulin (NCRT) resulted in antiangiogenic antitumor ef- Pressure-accelerated Gene Gun (BioWare Technologies Co.
fects. Thus, cancer therapy using NCRT linked to a tumor Ltd., Taipei, Taiwan). The gold particles (Bio-Rad 1652263)
antigen holds promise for treating tumors through a combi- were weighted and suspended in 70% ethanol. This suspen-
nation of antigen-specific immunotherapy and antiangiogen- sion was vortexed vigorously and then centrifuged to collect
esis. the particles. After washing by distilled water three times, the
collected particles were resuspended in DNA solutiopg1
DNA per mg gold particles), vortexed and sonicated for a
few seconds, and then added 2.5 M Ca#&id 0.05 M sper-
midine solution with vortex. This solution was kept on ice
for 10 min and the DNA-coated gold particles were collected
and washed by 100% ethanol three times. Finally, the parti-

The generation of pcDNA3-E7 has been described previ- cles were resuspended in 100% ethanol with appropriate con-
ously[5,25]. The generation of pcDNA3-CRT has also been centration and used to make bullets. Control plasmid (no in-
described previouslp]. There is more than 90% homology sert), E7, NCRT, NCRT/E7, PCRT/E7, CCRT/E7, or CRT/E7
between rabbit, human, mouse, and rat ¢&]. For the gen- DNA-coated gold particles were delivered to the shaved

2.3. DNA vaccination

2. Materials and methods

2.1. Plasmid DNA constructs and preparation
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abdominal region of mice using a low pressure-accelerated2.7. In vivo antibody depletion experiments
Gene Gun (BioWare Technologies Co. Ltd., Taipei, Taiwan)

with a 50 psi discharge pressure of helium. In vivo antibody depletions were performed as described
previously[28] Briefly, C57BL/6 mice (5 per group) were

2.4. Intracellular cytokine staining and flow cytometry vaccinated with 2 mg/mouse of NCRT/E7 DNA via gene gun,

analysis boosted 1 week later, and challenged with B* cells/mouse

TC-1 tumor cells. Depletion was started one week prior to

Mice were immunized with g of the various DNAvac-  tumor challenge. MAb GK1.5 was used for CD4 depletion,
cines and received a booster with the same regimen 1 weekMAb 2.43 was used for CD8 depletion, and MAb PK136 was
later. Splenocytes were harvested 1 week after the last vacci-used for NK1.1 depletion. Depletion was terminated on day
nation. Before intracellular cytokine stainingx5L0° pooled 60 after tumor challenge.
splenocytes from each vaccination group were incubated for
16 h with either Jug/ml of E7 peptide (aa 49-57) containing 2.8. In vivo tumor treatment experiments
an MHC class | epitopg29] for detecting E7-specific CD8
T cell precursors or 1Qg/ml of E7 peptide (aa 30-67) con- In vivo tumor treatment experiments were performed us-
taining an MHC class Il epitod80] for detecting E7-specific ~ ing a previously described lung hematogenous spread model
CD4" T cell precursors. Cell surface marker staining for CD8 [32]. C57BL/6 mice were challenged with>510* TC-1

or CD4 and intracellular cytokine staining for IFN-as well tumor cells/mouse via tail vein injection. Nude (BALB/c
as flow cytometry analysis, were performed using conditions nu/nu) mice (five per group) were challenged with<11.0°
described previousl§81]. cells/mouse TC-1 tumor cells via tail vein. Two days after

tumor challenge, mice received jL§/mouse of DNA en-
2.5. Enzyme-linked immunoabsorbent assay (ELISA) for  coding no insert, NCRT DNA, E7 DNA, NCRT/E7 DNA,
anti-E7 antibody PCRT/E7 DNA, CCRT/E7 DNA, or CRT/E7 DNA by a gene
gun, followed by two boosters with the same regimen at one-
For the detection of HPV 16 E7-specific antibodies in week intervals (a total of three shots, 4§ DNA/mouse).
the sera, a direct ELISA was used as described previouslyMice receiving no vaccination were used as a negative con-
[5]. Mice were immunized with ag of the various DNA trol. Mice were sacrificed and lungs were explanted on day
vaccines and received a booster with the same regimen 121 after tumor challenge. The pulmonary tumor nodules in
week later. Sera were prepared from mice on day 14 aftereach mouse were evaluated and counted by experimenters
immunization. Briefly, a 96-microwell plate was coated with blinded to sample identity.
100pl of bacteria-derived HPV-16 E7 proteins (u§/ml)
and incubated at4C overnight. The wells were then blocked 2.9. Immunohistochemical labeling for the quantitation
with phosphate-buffered saline (PBS) containing 20% fetal of microvessel density
bovine serum. Sera were prepared from mice on day 14, post
immunization, serially diluted in PBS, added to the ELISA Labeling of intratumoral microvessels was performed
wells, and incubated at 3T for 2 h. After washing with with rat anti-mouse CD31 mAb (1:30 dilution, Bioscience),
PBS containing 0.05% Tween 20, the plate was incubatedfollowed by VECTOF® M.O.M™. Immunodetection Kit
with a 1:2000 dilution of a peroxidase-conjugated rabbit anti- (VECTOR; Burlingame, CA). The method for quantitating
mouse IgG antibody (Zymed, San Francisco, CA) at room microvessel density (MVD) has been described previously
temperature for 1 h. The plate was washed, developed with 1-[33]. Briefly, slides were prepared and examined at 2d
Step Turbo TMB-ELISA (Pierce, Rockford, IL), and stopped 100x. In each section, the three most vascularized areas were
with 1 M H,SO4. The ELISA plate was read with a standard chosen. Microvessel counts were obtained at2@@d the

ELISA reader at 450 nm. mean number in the three fields for each tumor was calcu-
lated and referred to as the MVD count. Large vessels with
2.6. Invivo tumor protection experiments thick muscular walls and lumina greater than approximately

eight blood cells were excluded from the count. We counted

For the tumor protection experiment, C57BL/6 mice (five and compared MVD in tumors of similar size to minimize
per group) either received no vaccination or were immunized the influence of tumor size on the measurements. All mea-
with 2 pg/mouse of plasmid encoding no insert, NCRT, E7, surements were performed by a single pathologist, blinded
NCRT/E7, PCRT/E7, CCRT/E7 or NCRT mixed with E7 us- to sample identity.
ing a gene gun. One week later, mice were boosted with the
same regimen as the first vaccination. One week after the2.10. In vivo angiogenesis assay using Matrigel
last vaccination, mice were subcutaneously challenged with
5 x 10* TC-1 cells/mouse in the right leg. Mice were moni- In vivo angiogenesis was assessed using the Matrigel plug
tored for evidence of tumor growth by palpation and inspec- assay with a protocol similar to that described previously
tion twice a week until they were sacrificed at day 60. [5,34]. Mice were immunized with 1a.g of plasmid without
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insert, wild-type E7, NCRT, NCRT/E7, PCRT/E7, CCRT/E7

3867

540bp  630bp 1254bp

or CRT/E7 DNA on day 0 and received a booster with the CRTE7 | N lp | ¢ | B |
same regimen on day 7. Matrigel (Becton Dickinson and Co.,

Franklin Lakes, New Jersey, USA) was mixed with heparin

(final concentration of 50 U/ml), bFGF (final concentration NCRT/ET ‘ N ’ il ‘

of 20 ng/ml), and VEGF (final concentration of 200 ng/ml)

at 4°C. A total of 0.5ml/mouse of this Matrigel mixture PCRT/ET | P | E7 |

was injected subcutaneously into the abdominal midline of

DNA-vaccinated mice on day 7. Naive mice injected with CCRT/E7 \ C \ E7 |

Matrigel mixed with heparin, bFGF and VEGF served as a
positive control; naive mice injected with Matrigel alone were

E7

used as a negative control. Mice were euthanized on day 16.

The Matrigel plugs were resected from surrounding connec- Fig. 1. Diagram depicting the composition of the various DNA con-
tive tissues. Half of the Matrigel plugs were fixed in 10% structs used in the study. CRT is composed of three identified domains:
formaldehyde, embedded in paraffin, sectioned, and stainedN (1-540bp), P (541-807 bp), and C (8081256 bp). DNA constructs were
with hematoxylin and eosin or Giemsa stains to calculate mi- generated to encode each of these domains linked to HPV-16 E7.
crovessel density. In each section, the five most vascular areas

were chosen. Microvessel counts were obtained ak4@6d

the mean number in the five fields for the Matrigel plugs was
calculated and referred to as the MVD count. The remain-
ing half of the Matrigel plugs was assayed for hemoglobin
content according to manufacturer’s instructions (Drabkin’s
reagent kit; Sigma Diagnostics Co., St. Louis, MO, USA).

2.11. Statistical analysis
All data expressed as meahs$.D. are representative of

at least two different experiments. Data for intracellular cy-
tokine staining with flow cytometry analysis and tumor treat-

ical linkage of NCRT to E7 was required for enhancement
of CD8" T cell activity, since DNA encoding the N domain
of CRT mixed with E7 DNA did not generate enhancement
of CD8" T cell activity (data not shown). Vaccination with
CRT/E7 DNA generated a slightly higher number of E7-
specific CD8 T cell precursors (220% 18.5) compared
to NCRT/E7 (178.6t 18.5), PCRT/E7 (140.8 16.0) and
CCRT/E7 (128.3: 10.0) P <0.01). Thus, our data suggest
that NCRT/E7, PCRT/E7, and CCRT/E7 DNA vaccines are
capable of enhancing the E7-specific CDBcell response
in vaccinated mice, although not as strongly as CRT/E7.
We further evaluated whether CRT, NCRT, PCRT, or

ment experiments were evaluated by analysis of variance CCRT could enhance the E7-specific CDR cell response

(ANOVA). Comparisons between individual data points were
made using a Studentdest. In the tumor protection exper-
iment, the principal outcome of interest was time to devel-
opment of tumor. The event time distributions for different
mice were compared by Kaplan and Meier and by log-rank
analyses.

3. Results

3.1. Vaccination with DNA encoding NCRT, PCRT, or
CCRT linked to E7 significantly enhances the E7-specific
CD8" T cell response

A schematic diagram of the DNA constructs used in the
study is shown irFig. 1. To determine if the different do-
mains of calreticulin when linked with the E7 DNA vac-

when linked to E7 in a DNA vaccine. DNA encoding no in-
sert was used as a negative control. Mick-2 cells were used
as a positive control and generated IfPsecreting CD4

T cells in mice (data not shown). As shownkhig. 2B, we
observed no increase in the number of E7-specific 4=N-
secreting CD% T cells in mice vaccinated with NCRT/E7,
PCRTE7, CCRT/E7, or CRT/E7 DNA compared to mice vac-
cinated with control plasmid, E7, or NCRT DNAig. 2B).

3.2. Vaccination with NCRT/E7 DNA significantly
enhances the E7-specific antibody response

We performed ELISA to determine if vaccination with
NCRT/E7, PCRT/E7, or CCRT/E7 DNA could enhance E7-
specific antibody responses in vaccinated mice compared to
vaccination with wild-type E7 DNA. As shown iRig. 2C,
vaccination with NCRT/E7 or CRT/E7 DNA generated sig-

cines could enhance E7-specific T cell-mediated immune re-nificantly higher titers of anti-E7 antibodies in the sera of
sponses in mice, we performed intracellular cytokine stain- mice compared with the other vaccinated groups 0.01).

ing with flow cytometry analysis to characterize E7-specific There was no significant difference between the titers of E7
CD8"and CD4 T cell precursors. As shown Fig. 2A, mice antibody generated by NCRT/E7 and CRT/E7. Our results in-
vaccinated with NCRT/E7, PCRT/E7, or CCRT/E7 DNA dicated that the fusion of NCRT to E7 could enhance the E7-
generated higher frequencies of E7-specific HNecreting specific antibody response compared to wild-type E7 and that
CD8" T cell precursors when compared to mice vaccinated the titer of E7-specific antibody generated by the NCRT/E7
with E7 DNA (P<0.01). DNA encoding no insert was used DNA vaccine is comparable to that generated by the CRT/E7
as a negative control. Our results also indicated that the phys-DNA vaccine.
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Fig. 2. Immunological profile of vaccinated mice using intracellular cytokine staining and flow cytometry analysis and ELISA. Mice were vacdimated wi
DNA encoding no insert, E7, NCRT, NCRT/E7, CCRT/E7, PCRT/E7, or CRT/E7. Splenocytes from vaccinated mice were harvested 7 days after vaccination,
cultured in vitro with MHC class I-restricted (aa 49-57) or class ll-restricted (aa 30-67) E7 peptide overnight, and stained for intracelyndRDB4

or CD8. (A) Bar graph depicting the number of antigen specific §=becreting CD8 T cell precursors/% 10° splenocytes (meah S.D.). (B) Bar graph

depicting the number of antigen specific IRNsecreting CD4 T cell precursors/% 10° splenocytes (meaha S.D.). Note: Mice vaccinated with CRT/E7,
NCRT/E7, PCRT/E7, or CCRT/E7 DNA generated higher numbers of E7-specifie/i§@&reting CD8 T cell precursors than the other vaccination groups.

(C) Bar graph demonstrating E7-specific antibodies in mice vaccinated with various DNA vaccines. The results from the 1:100, 1:500, and 1lidn@g® dilut
presented, showing mean absorbance (OD45Gih81D. All data above are from one representative experiment of two perfoivoéet. NCRT/E7 DNA and

CRT/E7 vaccines generated significantly higher E7-specific antibody responses when compared with mice vaccinated with the other DNR ¥&c@ihes (
one-way ANOVA).

3.3. Vaccination with NCRT/E7, PCRT/E7, or CCRT/E7 vivo tumor protection experiment using a previously char-
DNA enhances tumor protection in mice challenged with acterized E7-expressing tumor model, TC28&]. As shown
an E7-expressing tumor cell line in Fig. 3, 100% of mice receiving PCRT/E7, CCRT/E7, or
CRT/E7 DNA vaccination also remained tumor-free 60 days
To determine if the observed enhancement of the E7- after TC-1 challenge. In comparison, all mice vaccinated
specific CD8 T cell response translated into a significant with wild-type E7 DNA developed tumors within 14 days
E7-specific protective antitumor effect, we performed an in of challenge. This suggests that each of the three domains
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Fig. 3. In vivo tumor protection experiments in mice vaccinated with var- picting mean pulmonary tumor nodules in each vaccinated group. Mice were
ious DNA vaccines. Mice were immunized with DNA vaccines encoding - challenged with TC-1 tumor cells and subsequently treated with DNA en-
E7, NCRT/E7, PCRT/E7, CCRT/E7 or CRT/E7 and then were challenged ¢oging no insert, E7, NCRT, NCRT/E7, PCRT/E7, CCRT/E7, or CRT/E7 ata

with TC-1 tumor cellsNote: 100% of mice receiving NCRT/E7, PCRT/E7 g therapeutic dose. The data are expressed as mean number of pulmonary
CCRT/E7, or CRT/E7 remained tumor-free 60 days after TC-1 challenge.  {;mor nodules- S.D. Note: Mice treated with DNA encoding NCRT/E?,

. . . . . PCRT/E7 RT/E7 RT/E7 sh imil f |
of calreticulin can protect vaccinated mice against a lethal "CR/E7 CCRT/ET, or CRT/E7 showed similar numbers of tumor nodules,
all significantly lower than numbers in mice treated with DNA encoding E7,

challenge with E7-expressing tumor cells when linked to the 5 insert, or NCRT.

E7 antigen in a DNA vaccine. o
mor effect, we performed an in vivo tumor treatment ex-

3.4. Treatment with NCRT/E7, PCRT/E7, or CCRT/E7 ~ Periment usingimmunocompromised (BALBf/nu) mice.

DNA leads to significant reduction of pulmonary tumor As shown in Fig. 5A, nude mice treated with NCRT,
nodules in C57BL/6 wild-type mice NCRT/E7, or CRT/E7 DNA displayed a significantly lower

mean number of pulmonary tumor nodules (18.8.0 for

We further assessed the therapeutic potential of each vacNCRT, 25.0+ 4.0 for NCRT/E7) compared with mice treated
cine by performing an in vivo tumor treatment experiment us- with wild-type E7 DNA (215.Gt10.0), plasmid without
ing a previously described lung hematogenous spread modeinsert (217.517.0), or naive group (230-822.5) (one-
[5]. As shown irFig. 4, C57BL/6 mice treated with NCRT/E7 ~ way ANOVA, P<0.001). Interestingly, no significant re-
DNA (1.0+0.4), PCRT/E7 (1.20.8), or CCRT/E7  duction in tumor nodules could be detected in mice treated
(1.440.6) all exhibited significantly fewer pulmonary tu- Wwith PCRT/E7 or CCRT/E7 compared to mice treated with
mor nodules than mice treated with the other DNA vaccines wild-type E7. In addition, nude mice treated with NCRT/E7
(wild-type E7 (139.Gk 11.0) or NCRT (34.6: 3.2) did (one- DNA exhibited significantly fewer pulmonary tumor nod-
way ANOVA, P<0.001). These data indicated that any of the ules than nude mice treated with CRT/E7 DNA (one-way
three domains of calreticulin, when linked with E7 antigen, ANOVA, P<0.05). Our data suggest that treatment with
could generate more potent antitumor effects than wild-type NCRT, NCRT/E7, or CRT/E7 DNA are able to generate an
E7 DNA constructs in a lung hematogenous spread model. antitumor effect even in the absence of T cell-mediated im-

We also observed that treatment of mice with NCRT DNA mune responses and that PCRT/E7 and CCRT/E7 DNA are
also resulted in significantly fewer tumor nodules than treat- not able to do this.
ment with wild-type E7 DNA or no treatment (one-way
ANOVA, P<0.001). This suggests that NCRT may generate 3.6. Tumors from BALB/c nude mice treated with NCRT,
an antitumor effect that is independent of antigen-specific T NCRT/E7, or CRT/E7 DNA show a reduction in

cell-mediated immunity. microvessel density (MVD)

3.5. Treatment with NCRT/E7 or NCRT DNA leads to To determine whether the antitumor effect of NCRT,
significant reduction of pulmonary tumor nodules in NCRT/E7, or CRT/E7 DNA in the absence of T cells might
immunocompromised mice be mediated through antiangiogenesis, we measured MVD

in the pulmonary tumors of nude mice treated with vari-
To confirm that treatment with NCRT, NCRT/E7, or ous DNA vaccines. As shown iRig. 5B, treatment of nude
CRT/E7 DNA could generate a T cell-independent antitu- mice with NCRT, NCRT/E7, or CRT/E7 DNA resulted in sig-
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Fig. 5. In vivo tumor treatment experiments in nude mice and the microvessel density of pulmonary tumor nodules in DNA-treated nude mice. (A) Bar graph
depicting mean numbers of pulmonary tumor nodules in treated BALB/o) mice. Mice were challenged with TC-1 tumor cells and were subsequently
treated with the various DNA vaccines at a high therapeutic ddéste:Nude mice treated with NCRT, NCRT/E7 or CRT/E7 DNA vaccines showed significantly
lower numbers of pulmonary tumor nodules compared with the wild-type E7, PCRT/E7 or CCRT/E7 DNA groups. (B) Bar graph depicting mean microvessel
density in pulmonary tumor nodules in mice treated with the various DNA constructs. Immunohistochemical labeling and microvessel countsmere perfo
Note: The MVDs of the pulmonary tumor nodules in the NCRT, NCRT/E7, and CRT/E7 groups were significantly lower than the wild-type E7, PCRT/E7 or
CCRT/E7 groups.

nificantly lower MVD in pulmonary tumors than treatment cells may extravasate from vessels and affect the hemoglobin

with wild-type E7, PCRT/E7 or CCRT/E7 group (one-way
ANOVA, P<0.001). MVD in pulmonary tumors was signif-
icantly lower in nude mice treated with NCRT/E7 DNA than
in nude mice treated with CRT/E7 DNA (one-way ANOVA,
P<0.05). Taken together, our data suggest that the T cell-
independent antitumor effect elicited by vaccination with
NCRT, NCRT/E7, or CRT/E7 DNA s antiangiogenic and that
this angiogenic effect may be related to the N domain of CRT.

3.7. Matrigels from C57BL/6 mice challenged with TC-1
and treated with NCRT, NCRT/E7, or CRT/E7 DNA show
reduced microvessel density and hemoglobin content

To provide a more quantitative assessment of antiangio-
genesis in C57BL/6 mice treated with the various DNA con-

count. As seen ifrig. 6B, the mean MVDs in Matrigel sam-
ples from NCRT (23.# 10.4), NCRT/E7 (21.24.7), and
CRT/E7 (29.0+ 9.2) DNA-treated mice were similar and sig-
nificantly lower than the MVDs in Matrigel samples from no
insert (98.3t 31.8), wild-type E7 (76.212.0), CCRT/E7
(77.3£9.6), or PCRT/E7 (76.%6.7) DNA-treated mice.
Thus, our data confirm that the N domain of CRT is respon-
sible for the antiangiogenic effect observed in mice treated
with CRT/E7.

3.8. Linkage of NCRT to E7 is essential for generating
the antitumor effect against TC-1 cells in vaccinated
mice

To assess whether the linkage of NCRT to E7 is essential

structs, we performed an in vivo angiogenesis assay usingfor the antitumor effect against E7-expressing tumors in vac-

Matrigel[5]. As shown irFig. 6A, the hemoglobin contents of
Matrigel implants from NCRT, NCRT/E7, or CRT/E7-treated
mice were significantly lower than those from mice treated
with DNA encoding no insert, E7, PCRT/E7, or CCRT/E7
(P<0.01, ANOVA). This assay revealed that NCRT or
NCRT/E7 DNA could generate a similar degree of inhibi-
tion of bFGF- and VEGF-induced in vivo angiogenesis. In-
terestingly, the hemoglobin contents of Matrigel implants
from NCRT/E7-treated mice were significantly lower than
those from CRT/E7-treated mic® €0.01, ANOVA). We
also examined the MVD of Matrigel samples to provide an-
other measure of angiogenesis inhibition, since red blood

cinated mice, we performed in vivo tumor protection exper-
iments using TC-1 tumor cells. Mice were vaccinated with
various DNA constructs, including E7 DNA, NCRT DNA,
NCRT/E7, and NCRT DNA mixed with E7 DNA. One week
after the last vaccination, mice were challenged with18*
/mouse of TC-1 cells. As shown fg. 7A, all mice vacci-
nated with the NCRT/E7 DNA vaccine remained tumor-free.
In contrast, all mice vaccinated with the other DNA vaccines
(including NCRT mixed with E7) developed tumors within
2 weeks after challenge with TC-1 cells. Our results indicate
that the linkage of NCRT to E7 was essential for the observed
antitumor effects in the vaccinated mice.
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Fig. 6. In vivo angiogenesis assay using Matrigel to characterize the antiangiogenic effect resulting from treatment with the various DNA.ddistruct

were treated with various DNA constructs and injected with Matrigel. Nine days later, mice were euthanized, and Matrigel plugs were resected. (A) Bar
graph depicting Matrigel hemoglobin content for mice treated with DNA vacchete: The NCRT, NCRT/E7, and CRT/E7 groups had lower hemoglobulin
concentrations compared to the wild-type E7, PCRT/E7, and CCRT/E7 groups. (B) Bar graph displaying microvessel density of the Matrigel irechice treat
with various DNA vaccines. The Matrigel plugs were fixed, embedded, sectioned, and stained to calculate microvess®&laten$itg mean numbers of

MVD in Matrigel samples from NCRT, NCRT/E7 or CRT/E7 DNA-treated mice were similar and significantly lower than those of the MVD in Matrigel
samples from pcDNA3 without insert, wild-type E7, CCRT/E7, or PCRT/E7 DNA-treated mice.

3.9. CD8 T cells, but not CD4 T cells or NK cells, are vaccine, we performed in vivo antibody depletion experi-
important for the antitumor effect generated by the ments. As shown ifrig. 7B, all NCRT/E7 DNA-vaccinated
NCRT/E7 DNA vaccine mice depleted of CDST cells and all unvaccinated naive

mice grew tumors within 14 days after tumor challenge. In
To determine the subset of lymphocytes that is important contrast, all NCRT/E7 DNA-vaccinated mice depleted of
for the antitumor effect generated by the NCRT/E7 DNA CD4" T cells and NK cells remained tumor free 56 days
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Fig. 7. In vivo tumor protection experiments in mice vaccinated with various DNA vaccines and in vivo antibody depletion experiments in miced/accinat
with NCRT/E7. (A) Mice were immunized with various DNA vaccines and challenged as described in the Ségtamsess the antitumor effect generated by

each DNA vaccine. (B) An in vivo antibody depletion experiment was performed to determine the effect of lymphocyte subsets on the potency of tiie NCRT/E
DNA vaccine. Mice were vaccinated, challenged with TC-1, and depleted of the relevant subset of lymphocytes as describedanE#tetitvat depletion

of CD8" T cells, but not of CD4 T cells or NK cells, led to significant tumor growth in NCRT/E7 DNA-vaccinated mice. The data from the antibody depletion
experiments shown here are from one representative experiment of two performed.
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after tumor challenge. These results suggest that*CD8  cellular secretion and stimulation of B cells by NCRT/E?7.
cells, but not CD4 T cells or NK cells, were essential for Vaccination with PCRT/E7 or CCRT/E7 DNA may not have
the antitumor immunity generated by the NCRT/E7 DNA been capable of eliciting an E7-specific Ab response because
vaccine. they lack this sequence. To address if T cells are required for
the observed E7-specific antibody response, we have used
immunocompromised mice (BALB/#u/ny for our studies.
4. Discussion Our data indicate that nude mice vaccinated with CRT/E7
are capable of generating an E7-specific antibody response
In this study, we demonstrated that linkage of NCRT, (datanotshown), suggestingthatthe antibody response medi-
PCRT, or CCRT to the HPV-16 E7 antigen can signifi- ated by calreticulin may be contributed by T cell independent
cantly enhance the potency of an E7-expressing DNA vac- mechanisms. Even though antibody-mediated responses have
cine. All three domains of calreticulin linked with E7 DNA  not been shown to play an important role in controlling HPV-
elicited strong E7-specific CO8ST cell immune responses, associated malignancies, antigen-specific Abs are significant
generated significant CD8T cell-dependent protective ef-  in other tumor models, such as the breast cancer model with
fects against subcutaneous HPV-16 E7-expressing tumorsthe HER-2/neu antigen. The chimeric NCRT or CRT vac-
and could effectively treat lethal pulmonary tumor nodules. cine strategy may be used to generate HER-2/neu-specific
In comparison, vaccination with only NCRT/E7 or CRT/E7 Ab’s to induce growth arrest in cells expressing high levels
DNA was able to significantly enhance the E7-specific an- of HER-2/neu on the cell surfa¢a6].
tibody response when compared to the other DNA vaccine  We observed that treatment ofimmunocompromised mice
constructs. Furthermore, only DNA vaccines encoding the N (BALB/c nu/ny with NCRT/E7 or NCRT DNA generated
domain of CRT generated a therapeutic effect due to inhibi- comparable T cell-independent antitumor effects. Mean-
tion of angiogenesis, which likely contributed to reduction while, tumor treatment experiments and examination of mi-
of pulmonary tumor nodules. Thus, a DNA vaccine encoding crovessel density in nude mice and Matrigel experiments
NCRT chimerically linked to a tumor antigen represents an- in C57BL/6 mice revealed that NCRT/E7 DNA generated
other valid approach combining immunological and antian- a stronger antiangiogenic effect than CRT/E7 DNA. NCRT,
giogenic approaches for the generation of a potent antitumorthe N-terminal domain of calreticulin, has been demonstrated
effect. to inhibit endothelial cell proliferation in response to bFGF
Our data demonstrated that all three domains of calreti- or VEGF and angiogenesis in vid0,11] By inhibiting
culin could enhance the E7-specific CD8 cell immune endothelial cell growth, NCRT would likely reduce tumor
response when linked with the HPV-16 E7 antigen. It has neovascularization to inhibit tumor growth. The NCRT and
been previously shown that professional APCs, directly trans- NCRT/E7 DNA vaccines both showed T-cell independent
fected via gene gun, play a primary role in eliciting an antitumor effects. Thus, it seems likely that NCRT/E7 and
antigen-specific T cell response to DNA vaccinat{@s]. CRT/E7 are two chimeric molecules that can control estab-
Full length CRT has been shown to be able to enhance MHC lished tumors through E7-specific CD8 cell-mediated im-
class | processing of antigen by targeting linked antigen to mune responses and inhibit the growth of tumor vasculature
the ER[5]. One or more domains of CRT may also enhance through antiangiogenesis.
MHC class | processing of the linked E7 antigen in trans-  In order to generate an effective antiangiogenic antitumor
fected professional APCs. Another mechanism that may play effect, it is necessary to administer CRT or NCRT DNA re-
a role in the enhancement of E7-specific CDBcell im- peatedly at high doses. Previous studies have indicated that
mune responses in vivo is the so-called “cross-priming” ef- single DNA vaccination results in peak serum CRT levels at
fects, whereby secretion of chimeric protein or lysis of cells 7 days post vaccination, tapering off to near-baseline levels
expressing chimeric antigen releases the chimeric protein ex-within 14 days post vaccinatio37]. In addition, the level
ogenously to be taken up and processed by other APCs via theof serum CRT depends on the dose of CRT DISA]. Typ-
MHC class | restricted pathways. CD91, @ macroglobu- ical DNA vaccine doses (2g) did not show any detectable
lin receptor, serves as a receptor for heat shock proteins, in-serum CRT. We have used repeated, high-dose, CRT DNA
cluding calreticulin, gp96, HSP70 and HSP90 and facilitate vaccination to generate detectable levels of serum CRT and
the cross-priming effec{®]. It is still uncertain which of the  antiangiogenic effects in vaccinated mie& Thus, for an ef-
three domains of CRT is capable of binding with CD91. These fective antiangiogenic antitumor response, a relatively high
direct and cross-priming mechanisms may provide some ex-and repeated dose of CRT DNA is required.
planation for the observed enhancement of E7-specifictCD8 The antiangiogenic property of a NCRT- or CRT-encoding
T cell activity in mice vaccinated with NCRT/E7, PCRT/E7 DNA vaccine raises certain safety concerns. For example,
or CCRT/E7 DNA. wound healing requires neovascularization, which may be
Out of the three domains of CRT, we observed that inhibited by angiogenesis inhibitors. However, prior stud-
E7-specific antibody titers were significantly enhanced by ies have shown that CRT does not impair wound healing at
NCRT/E7 vaccination only. This may be due to the fact that tumor-inhibiting doseg38]. Furthermore, we have conducted
NCRT encodes the signal sequence of CRT, allowing extra- experiments showing that vaccination with the CRT/E7 DNA
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vaccine does not inhibit wound healing or result in pathologic [13] Krause KH, Michalak M. Calreticulin. Cell 1997;88(4):439-43.
changes in the major organs of mice (data not shown). Thus,[14] Burns K, Duggan B, Atkinson EA, et al. Modulation of gene ex-
concerns for inhibition of wound healing after therapeutic pression by calreticulin binding to the glucocorticoid receptor. Nature
d f DNA dina CRT or NCRT likel inimal 1994,367(6462):476-80.

0ses o gncp '|ng' ” or ) areli e,y mmlma_ [15] Singh NK, Atreya CD, Nakhasi HL. Identification of calreticulin
and should not inhibit clinical translation of antiangiogenic as a rubella virus RNA binding protein. Proc Natl Acad Sci USA
DNA vaccines encoding CRT or NCRT. 1994;91(26):12770-4.

In summary, our results indicate that fusion of NCRT, [16] Rojiani MV, Finlay BB, Gray V, Dedhar S. In vitro interaction

PCRT or CCRT to HPV-16 E7 can generate an impres— of a polypeptide homologous to human Ro/SS-A antigen (calreti-

. . . . . culin) with a highly conserved amino acid sequence in the cytoplas-
sive antitumor effect against HPV-16 E7-expressing murine mic domain of integrin alpha subunits. Biochemistry 1991;30(41):

tumors through enhancement of E7-specific COBcell- 9859-66.
mediated immune responses. However, only NCRT/E7 can[17] Corbett EF, Oikawa K, Francois P, et al. Laegulation of inter-
generate antitumor effect through both E7-specific cDs actions between endoplasmic reticulum chaperones. J Biol Chem

cell-mediated immune responses and antiangiogenesis, as _ 1999:274(10):6203-11. . . .
[318] Baksh S, Michalak M. Expression of calreticulin #scherichia

CRT/E? qoes' Thus, the fusion of NCRT to an antlgen geneis coli and identification of its C& binding domains. J Biol Chem
a promising approach to cancer therapy that potentially can 1991;266(32):21458-65.
be applied to other cancer systems with known tumor-specific[19] Vassilakos A, Michalak M, Lehrman MA, Williams DB. Oligosac-
antigens. charide binding characteristics of the molecular chaperones calnexin
and calreticulin. Biochemistry 1998;37(10):3480-90.
[20] Andrin C, Pinkoski MJ, Burns K, et al. Interaction between #'Ca
binding protein calreticulin and perforin, a component of the cyto-
Acknowledgements toxic T-cell granules. Biochemistry 1998;37(29):10386—94.
[21] Fraser SA, Michalak M, Welch WH, Hudig D. Calreticulin, a com-
ponent of the endoplasmic reticulum and of cytotoxic lymphocyte

We would like to thank Ken-Yu Lin and Dr. Richard Ro- _ : - .
granules, regulates perforin-mediated lysis in the hemolytic model

den for critical review of the mar_1uscnpt. This stu_dy was system. Biochem Cell Biol 1998;76(5):8817.
suppqrted by grants fr_om the National Cancer Institute and [22] michalak M, Burns K, Andrin C, et al. Endoplasmic reticulum form
American Cancer Society. of calreticulin modulates glucocorticoid-sensitive gene expression. J

Biol Chem 1996;271(46):29436-45.
[23] Kuwabara K, Pinsky DJ, Schmidt AM, et al. Calreticulin, an
antithrombotic agent which binds to vitamin K-dependent co-
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