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The potency of immunotherapies targeting endogenous 
tumor antigens is hindered by immune tolerance. We 
created a therapeutic agent comprised of a tumor-
homing module fused to a functional domain capable 
of selectively rendering tumor cells sensitive to foreign 
antigen-specific CD8+ T cell-mediated immune attack, 
and thereby, circumventing concerns for immune toler-
ance. The tumor-homing module is comprised of a sin-
gle-chain variable fragment (scFv) that specifically binds 
to mesothelin (Meso), which is commonly overexpressed 
in human cancers, including ovarian tumors. The func-
tional domain is comprised of the Fc portion of IgG2a 
protein and foreign immunogenic CD8+ T cell epitope 
flanked by furin cleavage sites (R), which can be recog-
nized and cleaved by furin that is highly expressed in the 
tumor microenvironment. We show that our therapeutic 
protein specifically loaded antigenic epitope onto the 
surface of mesothelin-expressing tumor cells, rendering 
tumors susceptible to antigen-specific cytotoxic CD8+ T 
lymphocytes (CTL)-mediated killing in vitro and in vivo. 
Our findings have important implications for bypassing 
immune tolerance to enhance cancer immunotherapy.

Received 21 March 2012; accepted 15 October 2012; advance online 
publication 27 November 2012. doi:10.1038/mt.2012.233

Introduction
Antigen-specific immunotherapy is important for its ability to 
harness the immune system to specifically target tumors without 
the toxicity associated with traditional chemoradiation. Cytotoxic 
CD8+ T lymphocytes (CTLs) can selectively kill tumor cells at 
multiple sites throughout the body. Furthermore, antigen-specific 
immunotherapy is unlikely to generate nonspecific autoimmunity 
(for review, see ref. 1). Despite this, antigen-specific immuno-
therapy targeting tumor-associated endogenous antigen faces the 
major obstacle of immune tolerance.

We hypothesize that by selectively coating tumor cells with 
foreign immunogenic CD8+ T cell peptide(s) recognized by preex-
isting immunity, immune tolerance can be bypassed and preexist-
ing immunity could control the tumor. We designed a therapeutic 

agent containing a tumor-homing module fused to a functional 
cargo domain using a murine ovarian cancer model. We chose 
ovarian cancer because it is a highly lethal gynecological malig-
nancy. The tumor-homing portion of our therapeutic chimeric 
protein is comprised of an antimesothelin single-chain variable 
fragment (meso-scFv), which has high binding affinity to meso-
thelin. Mesothelin is overexpressed by most ovarian cancers,2,3 and 
therefore is an ideal target molecule for the therapeutic protein 
carrying foreign immunogenic CTL epitope. The cargo domain of 
the therapeutic chimeric protein is comprised of Fc portion of the 
IgG2a protein and major histocompatibility complex (MHC) class 
I-restricted foreign immunogenic CTL epitope flanked by furin 
cleavage sites. The antigenic CTL epitope is loaded onto tumor 
cells because furin selectively cleaves the amino acid sequence, 
RVKR. Many tumors, including ovarian tumors (for review, see 
ref. 4), highly express furin.5–9,10 The results of this study indi-
cate that meso-scFv can preferentially shuttle functional cargo 
to mesothelin-expressing ovarian cancer cells, where cleavage by 
furin releases the foreign immunogenic CTL epitope to be loaded 
on MHC class I molecules of tumor cells and render tumor cells 
susceptible to antigen-specific CTL-mediated killing, both in vitro 
and in vivo. This system may serve as a foundation leading to the 
development of future clinical therapies.

Results
Meso-scFv-ROR-Fc binds mesothelin-expressing 
tumor cells in vitro and leads to MHC class I 
presentation of OVA peptide to OVA-specific  
CD8+ T cells
We created a chimeric antihuman mesothelin scFv (Meso-scFv) 
conjugated with Fc (IgG2a) protein containing ovalbumin (OVA) 
peptide flanked by furin cleavage sites (Meso-scFv-ROR-Fc). 
Figure 1a shows the schematic diagram of chimeric Meso-scFv-
ROR-Fc construct, control Meso-scFv-Fc protein without OVA 
peptide, and control Meso-scFv-O-Fc protein without furin cleav-
age sites. As shown in Figure 1b, only the furin-expressing baby 
hamster kidney 21 cells transfected with Meso-scFv-ROR-Fc gen-
erated a 30-kDa band that is consistent with the size of Fc frag-
ment, suggesting cleavage of the chimeric Meso-scFv-ROR-Fc. 
In comparison, baby hamster kidney 21 cells transfected with 
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Figure 1  Generation and characterization of therapeutic chimeric proteins. (a) Schematic diagram of different chimeric proteins (Meso-
scFv-Fc) containing antihuman mesothelin scFv (Meso-scFv), ovalbumin peptide (SIINFEKL), furin cleavage sites (RVKR), and Fc protein (IgG2a). 
(b,c) Gel electrophoresis of isolated proteins from (b) furin-positive BHK21 cells or (c) furin-deficient FD11 cells26 transfected with the different vari-
ants of Meso-scFv-Fc. Protein was isolated from supernatant of cultured cells and then characterized by sodium dodecyl sulfate-PAGE and Coomassie 
Brilliant Blue staining. (d) Representative flow cytometry analysis of chimeric protein bound to ID8-meso with ID8 cells28,29 as the control. ID8-meso 
was generated through transfection of ID8 cells with DNA encoding human mesothelin as previously described.24 Purified proteins were incubated 
with either ID8-meso or ID8 cells and then stained with phycoerythrin (PE)-labeled antimouse Fc antibody. (e) Immunofluorescence detection of 
Meso-scFv-ROR-Fc binding to ID8-meso cells and cleavage of furin recognition sites over time. The controls were meso-scFv-Fc and ID8 cells. Tumor 
cells were treated with different chimeric proteins and then stained with PE-labeled antimouse Fc antibody. BHK, baby hamster kidney; scFv, single-
chain variable fragment.
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Meso-scFv-O had a 60-kDa band that is consistent with the size 
of uncleaved full-length protein. In addition, furin-deficient FD11 
cells were transfected with various Meso-scFv-Fc chimeric pro-
teins. As shown in Figure  1c, the FD11 cells transfected with 
Meso-scFv-ROR-Fc showed an ~60-kDa band consistent with the 
size of the uncleaved, full-length protein. These results indicate 
furin expressed by cancer cells can act on the furin cleavage sites 
of chimeric Meso-scFv-ROR-Fc.

To determine whether various chimeric Meso-scFv-Fc pro-
teins can selectively bind to human mesothelin-expressing 
murine ovarian tumor cell line, ID8-meso, we performed flow 
cytometry analysis. As shown in Figure 1d, human mesothelin-
expressing ID8-meso cells incubated with various Meso-scFv-Fc 
proteins displayed a shift consistent with increased cell binding 
as compared with non mesothelin-expressing ID8 cells. This sug-
gests meso-scFv-Fc chimeric proteins binds specifically to human 
mesothelin-expressing ID8-meso tumor cells.

We then determined if the binding of Meso-scFv-ROR-Fc to 
human mesothelin-expressing ID8-meso cells could facilitate the 
cleavage of furin recognition sites in the chimeric protein. ID8-
meso or control ID8 tumor cells were incubated with chimeric 
Meso-scFv-Fc or Meso-scFv-ROR-Fc and then stained with phy-
coerythrin (PE)-labeled antimouse Fc antibody for visualization 
by fluorescence microscopy. As shown in Figure  1e, ID8-meso 
incubated with Meso-scFv-ROR-Fc or Meso-scFv-Fc had similar 
levels of red fluorescent activity at 0 minute. However, the red flu-
orescent activity of ID8-meso incubated with Meso-scFv-ROR-Fc 
was greatly reduced at 60 minutes. The reduced fluorescence indi-
cates that furin-mediated proteolysis of the chimeric Meso-scFv-
ROR-Fc protein cleavage sites resulted in loss of the Fc fragment.

We further determined if the binding of Meso-scFv-ROR-Fc to 
ID8-meso could enable MHC class I presentation of OVA peptide 
and activate OVA-specific CD8+ T cells. As shown in Figure 2a,b, 
ID8-meso incubated with Meso-scFv-ROR-Fc had the greatest 
OVA-specific CD8+ T-cell activation (>20-fold). Furthermore, 
the activation of OVA-specific CD8+ T cells was positively corre-
lated with the amount of Meso-scFv-ROR-Fc incubated with ID8-
meso in a concentration-dependent manner. As ID8 incubated 
with Meso-scFv-ROR-Fc activated some OVA-specific CD8+ 
T cells, furin alone could lead to low-level cleavage of the Meso-
scFv-ROR-Fc protein, resulting in peptide coating of tumor cells. 
However, the importance of mesothelin-binding in mediating 
furin cleavage of chimeric protein is exemplified by the >10-fold 
difference in the activation of OVA-specific CTL between ID8-
meso and ID8 incubated with Meso-scFv-ROR-Fc.

We then determined if ID8-meso cells bound by Meso-scFv-
ROR-Fc were susceptible to OVA-specific CD8+ T-cell killing. As 
shown in Figure 2c,d, ID8-meso incubated with Meso-scFv-ROR-Fc 
had the greatest amount of OVA-specific CTL-mediated tumor cell 
death, as seen by the greatest reduction in luminescence activity. In 
addition, the amount of Meso-scFv-ROR-Fc incubated with ID8-
meso was positively correlated with OVA-specific CTL killing of 
tumor cells in a dose-dependent manner. This dose-dependent kill-
ing was observed in both ID8-meso and ID8 tumor cells, though 
Meso-scFv-ROR-Fc binding to tumor cells increased OVA-specific 
CTL killing of ID8-meso (as compared with ID8) eightfold. Taken 
together, these results indicate Meso-scFv-ROR-Fc specifically 

binds ID8-meso and facilitates MHC class I presentation of OVA 
peptide to activate OVA-specific CD8+ T cells. Furthermore, the 
binding of Meso-scFv-ROR-Fc to tumor cells renders bound tumor 
cells susceptible to OVA-specific CTL killing.

Meso-scFv-ROR-Fc binds mesothelin-expressing 
tumor cells in vivo and leads to MHC class I 
presentation of OVA peptide to OVA-specific  
CD8+ T cells
To determine if the chimeric proteins could target human meso-
thelin-expressing ID8-meso in vivo, we isolated and character-
ized tumor cells from tumor-bearing mice intraperitoneally (i.p.) 
injected with various Meso-scFv-Fc chimeric proteins. As shown 
in Figure 3a, ID8-meso cells isolated from tumor-bearing mice 
injected with various chimeric proteins showed significant posi-
tive staining, indicating the chimeric protein had bound to tumor 
cells. ID8-meso from mice injected with Meso-scFv-ROR-Fc 
had less staining whereas ID8-meso from mice injected with 
Meso-scFv-Fc and Meso-scFv-O-Fc had similarly higher lev-
els of staining. This suggests the ID8-meso from mice injected 
with Meso-scFv-ROR-Fc had fewer Fc-positive molecules due 
to furin-mediated loss of the Fc fragment. In addition, reduced 
binding of Meso-scFv-ROR-Fc to ID8-meso (Figure 3a) was not 
observed under in vitro conditions (Figure 1d) as the cell binding 
assay was performed at 4 °C, which inhibits furin function. We 
also observed that no binding occurred between chimeric Meso-
scFv-Fc proteins and ID8 tumor cells. This suggests that the Meso-
scFv portion of chimeric proteins can specifically bind human 
mesothelin-expressing tumor cells, and that the furin cleavage 
sites flanking the OVA peptide enable the proteolytic release of 
the Fc fragment from the chimeric proteins.

We then analyzed whether the binding of the chimeric pro-
teins to human mesothelin-expressing ID8-meso tumor cells 
could load OVA peptide onto MHC class I molecules and activate 
OVA-specific CD8+ T cells in vivo. Tumor cells isolated from the 
peritoneal wash of tumor-bearing mice i.p. injected with vari-
ous Meso-scFv-Fc chimeric proteins were incubated with OVA-
specific CD8+ T cells. CD8+ T-cell activation was characterized by 
intracellular cytokine staining for interferon γ (IFN-γ) and CD8, 
followed by flow cytometry analysis.

As shown in Figure 3b,c, tumor cells derived from the peri-
toneal wash of ID8-meso tumor-bearing mice i.p. injected with 
Meso-scFv-ROR-Fc generated the highest level of activation of 
OVA-specific CD8+ T cells. In contrast, tumor cells derived from 
peritoneal wash of mesothelin-negative ID8 tumor-bearing mice 
injected with the Meso-scFv-ROR-Fc chimeric proteins did not 
lead to significant activation of OVA-specific CD8+ T cells. Our 
data suggest that cleavage of Meso-scFv-ROR-Fc by furin in ID8-
meso tumor cells can free OVA peptide to be loaded onto MHC 
class I molecules of ID8-meso cells and activate OVA-specific 
CD8+ T cells.

The therapeutic potential of this strategy and candidacy for 
clinical translation hinges on whether or not antigen-specific CD8+ 
T cells can infiltrate the tumor site and proliferate in vivo. To dem-
onstrate whether the OVA-specific CD8+ T cells could prolifer-
ate in the mesothelin expressing tumor-bearing mice treated with 
the chimeric Meso-scFv-ROR-Fc, we labeled the OVA-specific 
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Figure 2  Major histocompatibility complex class I presentation of ovalbumin (OVA) peptide to OVA-specific CD8+T cells by ID8-meso cells 
treated with Meso-scFv-ROR-Fc. (a) Flow cytometry characterization of OVA-specific CD8+ T-cell activation by ID8-meso cells treated with different 
chimeric proteins. ID8-meso or control ID8 tumor cells were incubated with different protein concentrations followed by incubation with 2 × 105 
OVA-specific cytotoxic CD8+ T lymphocytes (CTLs). OVA-specific CD8+ T-cell activation was determined by CD8 and intracellular interferon γ (IFN-γ) 
staining. (b) Representative bar graph depicting the % of IFN-γ-secreting OVA-specific CD8+ T cells out of total OVA-specific T cells (mean ± SD). 
(c) Representative luminescence imaging of in vitro OVA-specific CTL killing of luciferase-expressing ID8-meso cells treated with different concen
trations of Meso-scFv-ROR-Fc. Luciferase-expressing ID8-meso or control ID8 tumor cells treated with chimeric proteins were later incubated with  
2 × 105 OVA-specific CD8+ T cells. CTL-mediated tumor cell death was determined by decreasing luminescence activity. (d) Bar graph depiction 
of tumor cell viability after treatment with protein and/or OVA-specific cytotoxic T cells (mean ± SD) (data representative of two experiments). 
Meso-scFv, mesothelin single-chain variable fragment.
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CD8+ T cells with carboxyfluorescein succinimidyl ester (CFSE) 
and injected the i.p. labeled T cells. As shown in Figure 3d, treat-
ment of tumor-bearing mice only with Meso-scFv-ROR-Fc, but 
not Meso-scFv-Fc or Meso-scFv-O-Fc, lead to significant prolif-
eration of CSFE-labeled OVA-specific CD8+ T cells. These results 

indicate that treatment of tumor-bearing mice with Meso-scFv-
ROR-Fc can render OVA-specific CD8+ T cells capable of prolif-
eration in the abdominal cavity of the tumor-bearing mice. Such 
results serve as an important step toward developing an effective 
form of immunotherapy.
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Figure 3  Major histocompatibility complex class I presentation of ovalbumin (OVA) peptide to OVA-specific CD8+ T cells by ID8-meso cells 
treated with Meso-scFv-ROR-Fc in vivo. (a) Flow cytometry characterization of Meso-scFv-ROR-Fc binding to ID8-meso tumor cells. PBS was used as 
a negative control. Mice were i.p. injected with GFP-expressing ID8-meso or control ID8 tumor cells followed by i.p injection of different Meso-scFv-Fc 
chimeric proteins. Tumor cells isolated from peritoneal wash of treated tumor-bearing mice were stained with phycoerythrin (PE)-labeled antimouse 
Fc antibody and analyzed by flow cytometry analysis. GFP-positive cells were gated for analysis. (b) Flow cytometry characterization of OVA-specific 
CD8+ T-cell activation by tumor cells treated with different chimeric proteins. Tumor cells from peritoneal wash of tumor-bearing mice treated with 
different chimeric proteins were incubated with OVA-specific CD8+ T cells. OVA-specific CD8+ T-cell activation was determined by CD8 and intracellu-
lar interferon γ (IFN-γ) staining. (c) Representative bar graph depicting % of IFN-γ-secreting OVA-specific CD8+ T cells out of total OVA-specific T cells 
(mean ± SD). (d) Flow cytometry analysis to characterize the proliferation of OVA-specific CD8+ T cells in ID8-meso tumor-bearing mice treated with 
Meso-scFv-ROR-Fc. C57BL/six mice (five mice/group) were injected with GFP-expressing ID8-meso tumor cells (1 × 106 cells/mouse). One day later, 
50 µg of different chimeric proteins and 2.5 × 106 carboxyfluorescein succinimidyl ester (CFSE)-labeled OVA-specific CD8+ T cells were i.p. injected. 
Three days later, washed intraperitoneal cells were stained with PE-conjugated anti-CD8 antibody then analyzed by flow cytometry to determine the 
extent of CFSE dilution in CFSE-labeled CD8+ T cells. Meso-scFv, mesothelin single-chain variable fragment; PBS, phosphate buffered saline.
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Meso-scFv-ROR-Fc combined with adoptive transfer 
of OVA-specific CD8+ T cells produces a potent 
antitumor effect
We then determined if i.p. administration of Meso-scFv-ROR-Fc 
could render human mesothelin-expressing ID8-meso tumors 
susceptible to OVA-specific CTL killing in vivo. Figure  4a dis-
plays the schematic diagram of the treatment regimen. As shown 
in Figure 4b,c, significant tumor growth reduction, as evidenced 
by decreased luminescence, was seen only in tumor-bearing 
mice treated with Meso-scFv-ROR-Fc in conjunction with adop-
tive transfer of OVA-specific CD8+ T cells. Administration of 
Meso-scFv-ROR-Fc without adoptive transfer elicited no thera-
peutic effects, suggesting antitumor effects are mediated by OVA-
specific CD8+ T cells. Furthermore, tumor-bearing mice treated 
with Meso-scFv-ROR-Fc in conjunction with OVA-specific CD8+ 
T cells had the longest survival (Figure  4d). This suggests that 
ID8-meso treated with Meso-scFv-ROR-Fc presents OVA pep-
tide-loaded MHC class I on the cell surface, resulting in OVA-
specific CTL-mediated therapeutic antitumor effects in vivo.

Meso-scFv-ROR-Fc facilitated activation of OVA-
specific CD8+ T cells is not specific to ID8-meso cells
We tested our approach in another human mesothelin-expressing 
murine tumor cell line, TC-1/Meso. TC-1/Meso incubated with 
the various Meso-scFv-Fc proteins stained positive for cell binding, 

unlike mesothelin-negative TC-1 cells (Figure  5a). In addition, 
TC-1/Meso incubated with Meso-scFv-ROR-Fc had the highest 
activation of OVA-specific CD8+ T cells (Figure 5b,c). However, 
mesothelin-negative TC-1 incubated with Meso-scFv-ROR-Fc 
activated OVA-specific CD8+ T cells to a small degree. This suggests 
that some of the Meso-scFv-ROR-Fc may have been cleaved by the 
furin expressed in TC-1, leading to the loading of OVA peptides on 
the MHC class I molecules and activation of OVA-specific CD8+ 
T cells. Similar to the ID8-meso tumor system, the OVA-specific 
CD8+ T cell activation by mesothelin-negative TC-1 is (~seven-
fold) lower than that of mesothelin-positive TC-1/Meso. As shown 
in Figure 5d,e, Meso-scFv-ROR-Fc binding to TC-1/Meso led to 
the greatest OVA-specific CTL-mediated tumor cell death. We also 
observed low level tumor killing in TC-1 tumor cells pulsed with 
Meso-scFv-ROR-Fc as compared with TC-1/Meso (~15-fold dif-
ference). Our data demonstrate that our system works in another 
mesothelin-expressing tumor model, TC-1/Meso.

We were interested in determining whether the release of OVA 
peptide by furin cleavage of Meso-scFv-ROR-Fc in bound tumor 
cells could also make mesothelin-negative nonbound tumor cells to 
become targets of OVA-specific CTL-mediated killing. The super-
natants from ID8-meso or TC-1/Meso tumor cells treated with 
different Meso-scFv-Fc chimeric proteins were collected and incu-
bated with mesothelin-negative ID8 and TC-1 tumor cells. OVA-
specific CD8+ T cells were then added and activation was analyzed 
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by intracellular cytokine staining for IFN-γ and CD8 followed by 
flow cytometry analysis. As shown in Supplementary Figure 
S1a,b, only the supernatant from ID8-meso or TC-1/Meso cells 
treated with Meso-scFv-ROR-Fc could activate OVA-specific CD8+ 
T cells on incubation with mesothelin-negative ID8 or TC-1 cells. 
Furthermore, as shown in Supplementary Figure S1c,d, luciferase-
expressing ID8 or TC-1 tumor cells incubated with supernatant 
from ID8-meso or TC-1/Meso tumor cells treated with Meso-
scFv-ROR-Fc had the greatest tumor cell death (reduced lumines-
cence) upon addition of OVA-specific CD8+ T cells. In addition, 
the furin inhibitor experiment suggests the importance of furin in 
releasing OVA peptide for loading of MHC class I molecules (see 
Supplementary Figure S2). These findings suggest that the specific 
binding of Meso-scFv-ROR-Fc to human mesothelin-expressing 

tumors can lead to the release of OVA peptide and sensitize non-
bound tumor cells to OVA-specific CTL-mediated killing.

OVA peptide located at the carboxyl end of  
Meso-scFv-Fc chimeric protein can lead to MHC  
class I presentation of OVA peptide in different 
human mesothelin-expressing tumor cells,  
ID8-meso and TC-1/Meso
The Meso-scFv-ROR-Fc chimeric protein design leads to the loss of 
Fc fragment upon cleavage by furin on the bound tumor cell, which 
abolishes the sensitivity of tumor cells to antibody-dependent cellu-
lar cytotoxicity and complement-dependent cytotoxicity. Thus, we 
generated antihuman mesothelin scFv conjugated with Fc (IgG2a) 
protein containing a C-terminal OVA peptide preceded by a furin 
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cleavage site (Meso-scFv-Fc-RO) (Figure 6a) and tested whether 
the chimeric protein was still capable of MHC class I presentation 
of the OVA peptide in human mesothelin-expressing tumor cells. 
As shown in Figure  6b,c, when luciferase-expressing ID8-meso 
and TC-1/Meso were incubated with Meso-scFv-Fc-RO, these 
human mesothelin-expressing tumor cell lines were more suscep-
tible to OVA-specific CD8+ T-cell killing, as demonstrated by the 
dramatically reduced luciferase activity as compared to incubation 
with Meso-scFv-Fc or Meso-scFv-Fc-O. Our results indicate that 
the binding of Meso-scFv-Fc-RO to human mesothelin-expressing 
tumor cells can lead to MHC class I presentation of OVA peptide, 
rendering the human mesothelin-expressing tumor cells suscep-
tible to OVA-specific CD8+ T-cell killing. Furthermore, this data 
in conjunction with the data in Figure 2, suggest that the efficacy 
of the chimeric protein is retained regardless of the location of the 
OVA peptide, as long as the OVA peptide is flanked by furin recog-
nition sequence(s). Meso-scFv-Fc-RO can lead to antigen-specific 
CD8+ T cell-mediated killing and allow the Fc fragment to remain 
and maintain tumor cell sensitivity to antibody-dependent cellular 
cytotoxicity and complement-dependent cytotoxicity.

The Meso-scFv-Fc chimeric protein can be extended 
to HPV-16 E7 CTL epitope to result in the loading  
of E7 peptide on MHC class I molecules of 
mesothelin-expressing tumors
We generated antihuman mesothelin scFv conjugated with Fc 
(IgG2a) protein containing a C-terminal HPV-16 E7 peptide 

preceded by a furin cleavage site (Meso-scFv-Fc-RE7) (Figure 7a). 
This was used to test whether the chimeric protein with an alter-
nate antigenic peptide, the HPV E7 peptide, could elicit the 
desired antitumor response against human mesothelin-expressing 
tumor cells. As expected, ID8-meso cells that were treated with 
Meso-scFv-Fc-RE7 were able to activate E7-specific CD8+ T cells 
(Figure 7b,c). When luciferase-expressing ID8-meso tumor cells 
were treated with Meso-scFv-Fc- RE7, E7-specific CTL-mediated 
killing of ID8-meso occurred as demonstrated by the reduction in 
luminescence (Figure 7d,e). This demonstrates the versatility of 
the chimeric protein system and suggests that other CTL epitopes 
can potentially be incorporated into the chimeric protein to be 
targeted to mesothelin-expressing tumors, resulting in loading of 
the CTL epitope on MHC class I molecules.

Human tumors expressing human mesothelin can 
also be targeted by the chimeric protein resulting in 
loading of CTL epitopes on MHC class I molecules
In our study, we also characterized several human tumors for the 
expression of human mesothelin. As shown in Supplementary 
Figure S3, human ovarian cancer cell lines expressed human 
mesothelin at different levels. In addition, HeLa cells were found 
to express human mesothelin. To ensure the chimeric protein 
therapy is efficacious against human cancer cells and is also capa-
ble of coating cancer cells with foreign peptides of different MHC 
class I restrictions, human mesothelin-expressing HeLa cells were 
transfected with MHC class I alleles H2-Kb or H2-Db and then 
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treated with Meso-scFv-Fc-RO or Meso-scFv-Fc-RE7 (Figure 8a). 
Flow cytometry analysis shows that H2-Kb transfected HeLa cells 
treated with the chimeric proteins containing H2-Kb-restricted 

OVA peptide was able to activate the largest percentage of OVA-
specific CD8+ T cells. Similarly, H2-Db-transfected HeLa cells 
treated with chimeric proteins containing H2-Db-restricted E7 
peptide were able to promote the greatest activation of E7-specific 
CD8+ T cells. Taken together, our data suggest that the Meso-
scFv-Fc chimeric protein can also be targeted to mesothelin-ex-
pressing human tumors resulting in loading of CTL epitopes on 
MHC class I molecules of the tumor cells.

Discussion
Our study represents an innovative approach to use preexisting 
immunity against various common viruses to generate antitu-
mor effects by targeting the viral antigen-specific CTLs against 
tumor cells that have been coated with foreign antigens. Most 
individuals have T cell-mediated immunity against a host of 
common viruses, such as Epstein-Barr virus, human cytomega-
lovirus, and influenza. Conveniently, many of these viral MHC 
class I-restricted epitopes have already been identified.11 To gen-
erate a chimeric protein that is suitable for different individuals, 
who have different human leukocyte antigen alleles, it will be 
important to come up with a chimeric protein containing many 
CTL epitopes from different viruses which are restricted by dif-
ferent human leukocyte antigen alleles. In our study, we are able 
to generate a chimeric protein with the CTL epitopes flanked by 
furin cleavage sites at the 3′ end of Fc fragment (see Figure 6). 
It is conceivable that multiple CTL epitopes restricted by differ-
ent human leukocyte antigen alleles can be generated, flanked 
by furin cleavage sites, and placed at the 3′ end of the Fc frag-
ment to be suitable for individuals with different human leuko-
cyte antigen alleles. When such chimeric proteins bind with the 
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target tumor cell, furin will be able to cleave the protein at furin 
cleavage sites and release the CTL epitopes to coat the tumor cell 
rendering the tumor cell susceptible to CTL-mediated killing. 
Furthermore, the use of multiple CTL epitopes flanked by furin-
sensitive linkers has already been demonstrated by Lu et al.12 to 
be both feasible and capable of presentation through different 
MHC class I molecules.

The Meso-scFv fragment has been examined in a multitude 
of studies that focused on finding a way to target mesothelin-ex-
pressing tumor cells for direct killing or indirect killing through 
immune-mediated mechanisms. For example, Meso-scFv has 
been used to target a cytotoxic recombinant immunotoxin, 
Pseudomonas exotoxin A,13 to mesothelin-expressing tumor 
cells. Meso-scFv has also been used linked to MHC-peptide com-
plexes to introduce MHC-peptide complexes to tumor cells for 
T cell-mediated killing.14 The success of our mesothelin-targeting 
approach suggests that other tumor-specific target molecules 
could also be used. For example, epidermal growth factor recep-
tor is widely expressed in cancers such as cervical,15 head and 
neck,16 esophageal,17 ovarian,18 and bladder19 cancers (for review, 
see ref.  20,21). Other targets of interest include Her2/neu22 and 
other surface molecules highly expressed by tumors.

We chose furin as the proteolytic enzyme to release the for-
eign immunogenic peptide from the chimeric protein because 
furin is highly expressed by tumor cells.5–9,10 Our strategy can also 
be extended to other tumor microenvironment enzymes, such as 
matrix metalloproteinase-2 and matrix metalloproteinase-9 and 
both of them have unique cleavage sites. However, furin can also 
be highly expressed at sites of inflammation.10 Thus, it will be 
important to consider the potential side effects as clinical transla-
tion of related treatments advances. Nevertheless, the specificity 
of targeting mesothelin may alleviate these concerns.

For clinical translation of this therapy, it will be important to 
consider safety as well as efficacy. Some possible concerns are that 
the chimeric protein may be allergenic and potentially rapidly 
eliminated due to immune responses against the chimeric pro-
tein. However, we believe this issue can be potentially minimized 
in humans through the use of humanized antibodies, whose simi-
larity to human antibodies should make the generation of a potent 
immune response against the chimeric protein less likely, thereby 
alleviating concern for significant allergic reaction or rapid elimina-
tion. Furthermore, immunogenic and allergenic molecules are typi-
cally larger than the small CTL epitope used in our approach. On 
the basis of knowledge of the common characteristics of allergens 
(molecular weight, hydrophobicity, post-translational modifica-
tion, etc.), we may be able to choose viral epitopes that are less likely 
to promote an allergic response. Furthermore, an added benefit of 
marking cancer cells with foreign viral peptides is that unlike many 
other forms of cancer immunotherapy, the risk of autoimmunity is 
minimal. Thus, these concerns can potentially be mitigated.

In this study, we observed that the tumor cells isolated from 
tumor-bearing mice injected with Meso-scFv-ROR-Fc led to acti-
vation of a significant number of OVA-specific CD8+ T cells, but 
not all of the OVA-specific CD8+ T cells (Figure 3b,c). This phe-
nomenon may be explained by several factors. First, the number 
of the OVA-specific CD8+ T cells is significantly higher than the 
number of tumor cells. Thus, not all the OVA-specific CD8+ T cells 

have contact with tumor cells. Second, some normal cells, such 
as macrophages, may contaminate the isolated tumor cells. This 
would also contribute to the observed phenomenon. Although the 
cross-presentation of the chimeric protein by macrophages is pos-
sible and may contribute to the activation of OVA-specific CD8+ 
T cells, it is not the major factor given that the use of Meso-scFv-
O-Fc, which also contains OVA peptide, did not generate a similar 
activation of OVA-specific T cells (Figure 3b,c).

This study has successfully demonstrated the use of chime-
ric proteins encoding tumor antigens to overcome the issue of 
immune tolerance to generate potent antitumor effects. However 
additional issues with this innovative therapeutic method remain 
to be addressed including effector cell trafficking, survival, and 
function at the tumor site through their interactions with multiple 
regulatory checkpoints in the tumor microenvironment. Further 
research on these issues will facilitate the control of tumors 
through the innovative approach described in our study.

Our novel strategy has high translational value because the 
therapeutic chimeric protein has the advantages of targeted deliv-
ery, immunogenic CTL epitope release at the tumor site, and 
potent tumor-targeted killing through existing CTL immunity. 
This strategy may significantly advance the field of cancer immu-
notherapy as it can bypass immune tolerance. This system may 
serve as a platform technology for the development of cancer 
immunotherapy targeting other types of cancers.

Materials and Methods
Mice. Female C57BL/six mice (6–8 weeks) were purchased from National 
Cancer Institute (Frederick, MD). All animal procedures were performed 
according to approved protocols and in accordance with recommenda-
tions for the proper use and care of laboratory animals.

Constructs. Construction of human mesothelin-specific single-chain 
variable region (Meso-scFv):Meso-scFv was synthesized by Genescript 
(Piscataway, NJ) in the sequence reported by Chowdhury et al.13 and 
cloned into EcoRI/Bgl II sites of pfuse-migg2aFC2 (San Diego, CA).

Meso-scfv-O-Fc was constructed by PCR amplification of Meso-scfv-O 
using the primers: TTTGAATTCGatgcaggtacaactgcagca and  
aaactcgagcagtttttcaaagttgattatactttttatttcc  
aactttgtccc, then cloned into EcoRI/Bgl II sites of pfuse-
migg2aFC2.

Meso-scfv-ROR-Fc was constructed by PCR amplifying Meso-scfv-O 
with the primers: TTTGAATTCGatgcaggtacaactgcagca and  
aaactcgagCCTTTTTACCCTcagtttttcaaagttgattata 
ctCCTTTTCACCCTttttatttccaactttgtccc, then cloned 
into EcoRI/Bgl II sites of pfuse-migg2aFC2.

Meso-scfv-Fc-O was created by cloning the oligos CTAGAagtataa 
tcaactttgaaaaactgTAAc and tcgagTTAcagtttttcaaa 
gttgattatactT into XabI/Xho sites of Meso-scfv-Fc.

Meso-scfv-Fc-RO was constructed by cloning the oligos CTAGAC 
GGGTGAAGCGGagtataatcaactttgaaaaactgTAAc and tc 
gagTTAcagtttttcaaagttgattatactCCGCTTCACCCGT 
into XabI/Xho sites of Meso-scfv-Fc.

Meso-scfv-Fc-R7 was constructed by cloning the oligos: CTAGAAGGG 
TGAAGAGACGCGCTCACTACAACATCGTGACCTTTTAAC and TCG 
AGTTAAAAGGTCACGATGT TGTAGTGAGCGCGTCT CTTCACCCTT 
into XabI/Xho sites of Meso-scfv-Fc.

Cell lines. Luciferase-expressing syngeneic mouse ovarian epithelial cancer 
cell lines, ID8 and ID8-meso, and luciferase-expressing TC-1 and TC-1/
meso were generated in the same manner as previously described.23
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The generation of pMSCV(n)-Hmeso and methods used to generate 
the human mesothelin expressing murine tumor cells have been previously 
described.24 Briefly, pMSCV(n)-Hmeso was transfected into Phoenix 
packaging cell line. After 48 hours, virion-containing supernatant was 
collected, clarified with 0.45-mm cellulose acetate syringe filter (Nalgene, 
Rochester, NY), and then used to infect TC-1 or ID8 cells in the presence 
of 8 μg/ml Polybrene (Sigma, St. Louis, MO). TC-1/meso or ID8-meso 
cells were isolated by preparative flow cytometry through staining with 
human mesothelin antibody (Signet laboratories, Dedham, MA). Baby 
hamster kidney 21 cells were also obtained from the ATCC (ATCC, 
Manassas, VA).

The generation of OVA-specific T cell line has been described 
previously.25 EG.7 cell line, a murine EL4 lymphoma cell line purchased 
from ATCC, was transfected with OVA-expressing vector. EG.7 cells 
were cultured in complete RPMI-1640 medium containing 10% heat-
inactivated fetal bovine serum. OVA-specific CD8+ T cells were produced 
via the stimulation of splenocytes obtained from OT-1 transgenic mice 
with irradiated EG.7 cells in the presence of interleukin-2 (20 IU/ml, 
Pepro-Tech, Rock Hill, NJ). FD11 (a furin-deficient Chinese hamster 
ovary cell line) has been well characterized26 and was kindly provided by 
Dr Stephen H. Leppla at National Institutes of Health.

The generation of the E7-specific T cell line has been previously 
described.27 C57/BL6 (H-2b) mice were immunized using intraperitoneal 
injection of 107 p.f.u. of Sig/E7/LAMP-1 vaccinia virus. Splenocytes were 
harvested at day 8 after immunization. Autologous, irradiated splenocytes 
pulsed with 1 μmol/l E7 peptide (amino acid 49–57) were used as 
stimulators. Recombinant human interleukin-2 was added to the culture 
at a final concentration of 30 U/ml.

Transfection and protein purification. For purification of the various anti-
human mesothelin scFv fragments, 50 μg of plasmid was transfected into 
1 × l07 furin-deficient FD11 cells in T-150 flask using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA). After 3 days, cell cultured media was accumu-
lated, filtered using 0.22 μm syringe filter (Millipore, Billerica, MA), and 
concentrated with Amicon cut-off 50 kDa Ultra-15 (Millipore, Billerica, 
MA). Concentrated recombinant protein containing media was applied to 
a HiTrap Protein G HP column (GE Healthcare, Pittsburg, PA) and fol-
lowed vendor’s protocol. Protein concentrations were determined by the 
Coomassie Plus protein assay (Pierce, Rockford, IL) and purity was esti-
mated by sodium dodecyl sulfate polyacrylamide gel electrophoresis.

In vivo T-cell proliferation assay.1 × 105 luciferase-expressing ID8-meso 
cells were i.p. injected into C57BL/six mice (three per group). One day later, 
mice received each scFv-protein (20 μg) with 2.5 × 106 of OVA T cells labeled 
with 5 µmol/l of CFSE by i.p. injection. After 3 days, washed intraperitoneal 
cells were stained with PE conjugated anti-CD8 antibody and flow cytom-
etry was performed for the detection of CFSE dilution in CD8+ T cells.

OVA and E7-specific T-cell activation and in vitro cytotoxicity assay. 
T-cell activation experiment was performed by adding tumor cells to 
48-well plates (1 × 105/well) before incubation with each type of chime-
ric proteins at different concentrations. After 18 hours, treated tumor cells 
were incubated with 2 × 105 OVA-CTLs. One day after activation, IFN-γ-
secreting OVA or E7-specific CD8+ T cells were identified by intracellular 
cytokine staining for IFN-γ and then analyzed by flow cytometry.

In vitro cytotoxicity experiment was performed by incubating 
luciferase-expressing tumor cells (1 × 105) with different concentrations of 
each type of proteins in a 24-well plate for 18 hours before the addition of 2 
× 105 of OVA- or E7-specific CD8+ T cells. Degree of CTL-mediated tumor 
cell killing was measured by IVIS luminescence imaging system series 2000 
(Xenogen, Alameda, CA).

T-cell activation experiment with human cervical cancer cell line, 
HeLa, was performed by first transfecting HeLa cells with pcDNA encoding 
MHC class I alleles H2-Kb or H2-Db using Lipofectamine 2000 transfection 
reagent (Invitrogen). A day later, transfected HeLa cells were incubated with 

Meso-scFv-Fc-RE7 or Meso-scFv-Fc-RO proteins. After 18 hours, treated 
tumor cells were incubated with 2 × 105 OVA-specific or E7-specific CTLs. 
CD8+ T-cell activation was identified by intracellular cytokine staining for 
IFN-γ and flow cytometry analysis as previously described.

Cell staining and flow cytometry analysis. For flow cytometry analysis, 
tumor cells were stained with 0.5 μg of purified various antihuman meso-
thelin scFv fragments and PE-conjugated antimouse antibody was used 
as a detection antibody (BD Bioscience, San Jose, CA). The percentage of 
OVA-specific IFN-γ-secreting CD8+ T cells was determined using intracel-
lular cytokine staining and FACScan analysis with CELLQuest software 
(Becton Dickinson Immunocytometry System, Mountain View, CA). The 
positive control indicates maximum CD8+ T-cell activation was ~90%. For 
immunofluorescence staining, cells were stained with each protein, fol-
lowed by PE conjugated antimouse Fc antibody after incubation for 0 min-
ute or 60 minutes at 37 °C. Stained cells were examined using fluorescence 
microscopy (Carl Zeiss, Oberkochen, Germany).

OVA-specific T-cell activation and in vitro cytotoxicity assay. For T-cell 
activation, tumor cells were added to 48-well plates at a dose of 1 × 105 
cells/well and incubated with different concentrations of proteins. After 18 
hours, treated tumor cells were incubated with 2 × 105 OVA-specific CTLs. 
One day after activation, IFN-γ-secreting OVA specific CD8+ T cells were 
identified by intracellular cytokine staining and analyzed by flow cytom-
etry analysis. For in vitro cytotoxicity experiment, 1 × 105 of luciferase-
expressing tumor cells were stained with each chimeric protein on 24-well 
plate for 18 hours and treated with 2 × 105 OVA-specific cytotoxic T cells. 
The degree of CTL-mediated killing of the tumor cells was measured by the 
IVIS luminescence imaging system series 2000. Bioluminescence signals 
were acquired for 1 minute.

In vivo cell staining of scFv-proteins and T-cell activation by stained 
cells. For cell-specific binding experiment, 1 × 106 GFP-expressing ID8 
or ID8-meso cells were injected into C57BL/six mice (three per group) 
using intraperitoneal injection. After 24 hours, mice were injected intra-
peritoneally with 10 μg of each scFv protein followed by i.p. wash after 18 
hours. Intraperitoneally washed cells were stained with PE-conjugated 
antimouse Fc antibody and analyzed by flow cytometry. For T-cell acti-
vation, 1 × 106 intraperitoneally washed cells from each group were incu-
bated with 1 × 105 OVA-specific T cells and activated IFN-γ-secreting 
OVA-specific CD8+ T cells were analyzed by flow cytometry analysis.

In vivo tumor treatment experiments. For in vivo tumor treatment exper-
iments, 1 × 105 luciferase-expressing ID8-meso cells were injected into 
C57BL/six mice (five per group) using intraperitoneal injection. After 10 
days, 20 μg of each scFv protein was injected with or without 5 × 106 OVA 
T cell using intraperitoneal injection. Fluorescence intensity in tumor-
bearing mice treated with each scFv protein was measured by the IVIS 
luminescence imaging system series 2000.

Statistical analysis. The data presented in this study are representative of 
at least two experiments performed, and are expressed as means ± SD. The 
number of samples in each group for any given experiment was more than 
3. Results for intracellular cytokine staining with flow cytometry analysis 
and tumor treatment experiments were evaluated by one-way analysis of 
variance and the Tukey-Kramer multiple comparison test. Comparisons 
between individual data points were performed using Student’s t-test. 
The event time distributions for different mice were compared using the 
Kaplan–Meier method and the log-rank statistic. All P values <0.05 were 
considered significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  MHC class I presentation of OVA peptide by mesothelin- 
negative tumor cells following incubation with supernatant from  
ID8-meso or TC-1/meso treated with Meso-scFv-ROR-Fc.
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Figure  S2.  Furin facilitates the coating of tumor cells with antigenic 
peptides.
Figure  S3.  Characterization of human mesothelin expression in 
human cancer cells.
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