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Tumor-associated macrophages (TAMs) are associated with tumor progression and metastasis. Here, we 
demonstrate for the first time that legumain, a member of the asparaginyl endopeptidase family function-
ing as a stress protein, overexpressed by TAMs, provides an ideal target molecule. In fact, a legumain-based 
DNA vaccine served as a tool to prove this point, as it induced a robust CD8+ T cell response against TAMs, 
which dramatically reduced their density in tumor tissues and resulted in a marked decrease in proangiogenic 
factors released by TAMs such as TGF-b, TNF-a, MMP-9, and VEGF. This, in turn, led to a suppression of 
both tumor angiogenesis and tumor growth and metastasis. Importantly, the success of this strategy was 
demonstrated in murine models of metastatic breast, colon, and non–small cell lung cancers, where 75% of 
vaccinated mice survived lethal tumor cell challenges and 62% were completely free of metastases. In conclu-
sion, decreasing the number of TAMs in the tumor stroma effectively altered the tumor microenvironment 
involved in tumor angiogenesis and progression to markedly suppress tumor growth and metastasis. Gaining 
better insights into the mechanisms required for an effective intervention in tumor growth and metastasis 
may ultimately lead to new therapeutic targets and better anticancer strategies.

Introduction
A novel antitumor strategy is immunization against molecules 
overexpressed by tumor-associated macrophages (TAMs) and 
thereby remodel the tumor microenvironment that attracts 
these macrophages and mediates their function (1, 2). TAMs 
consist primarily of a polarized M2 (F4/80+/CD206+) mac-
rophage population with little cytotoxicity for tumor cells 
because of their limited production of NO and proinflamma-
tory cytokines (3). TAMs also possess poor antigen-presenting 
capability and effectively suppress T cell activation. In fact, these 
macrophages of M2 phenotype actually promote tumor cell pro-
liferation and metastasis by secreting a wide range of growth and 
proangiogenic factors as well as metalloproteinases and by their 
involvement in signaling circuits that regulate the function of 
fibroblasts in the tumor stroma (4). In recent studies, anti-TAM 
effects induced by small molecule inhibitors contributed to 
tumor suppression (5, 6). For example, the antineoplastic agent 
Yondelis has a selective cytotoxic effect on TAMs, thereby signif-
icantly reducing their production of IL-6 and CCL2, which, in 
turn, contribute to growth suppression of inflammation-asso-
ciated human tumors (7). Another such example is provided by 
a biphosphonate compound, zoledronic acid, that suppresses 
MMP-9 secretion by TAMs, thereby inhibiting tumor metallo-
proteinase activity and diminishing the association of VEGF 
with its tyrosine kinase receptors on proliferating endothelial 
cells (8). In a different experimental model, the chemokine CCL5 
was shown to be key in the recruitment of TAMs, and an antago-
nist of this chemokine reduced the tumor infiltrate and slowed 
tumor growth (9). Hence, although the therapeutic targeting of 
TAMs is still in its infancy, initial clinical results are encourag-

ing, as they suggest that targeting TAMs may complement more 
conventional cancer treatment regimens.

Legumain is a novel evolutionary offshoot of the C13 fam-
ily of cysteine proteases (10). It is well conserved in plants and 
mammals, including humans. It was first identified in plants as 
a processing enzyme of storage proteins during seed germination 
(11, 12) and was subsequently identified in parasites and then in 
mammals (13). Legumain is a robust acidic cysteine endopepti-
dase with remarkably restricted specificity, absolutely requiring 
an asparagine at the P1 site of its substrate sequence (13). The 
selection of legumain as a target for tumor therapy is based on 
the fact that the gene encoding this asparaginyl endopeptidase 
was found to be highly upregulated in many murine and human 
tumor tissues (1, 14, 15) but absent or present only at very low 
levels in all normal tissues from which such tumors arise. Impor-
tantly, overexpression of legumain occurs under such stress con-
ditions as tumor hypoxia, which leads to increased tumor pro-
gression, angiogenesis, and metastasis. In this regard, we recently 
discovered that legumain is heavily overexpressed by TAMs in 
murine breast tumor tissues by using gene expression profiling 
and immunohistochemistry. Importantly for our studies, TAMs 
have a particularly abundant expression in the tumor stroma (14) 
and express high levels of legumain in this tumor microenviron-
ment. In contrast, classical macrophages of the M1 phenotype, 
which perform key immune-surveillance and antigen-presenta-
tion functions, do not express legumain. Consequently, target-
ing TAMs that overexpress legumain does not interfere with the 
biological functions of M1 macrophages, including cytotoxicity 
and antigen presentation (16–18).

Based on these findings, we hypothesized that targeting TAMs 
that overexpress legumain will reduce their density and thereby 
remodel the tumor microenvironment. This should lead to the 
downregulation of a wide variety of tumor growth factors, pro-
angiogenic factors, and metalloproteinases released by these M2  
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macrophages and thereby decisively suppress angiogenesis of tumors 
as well as their growth and metastasis. To test our hypothesis, a 
legumain-based DNA vaccine served as a tool to eliminate TAMs in 
murine models of colon, breast, and lung tumor metastases.

Results
Legumain serves as a target to kill TAMs overexpressed during tumor 
progression. It is well known that TAMs play a key role in tumor 
progression and metastasis (5). Therefore, targeting of these M2 
macrophages represents a novel antitumor strategy. We initially 
identified legumain as a significant marker molecule of TAMs, 
since it was highly overexpressed on these cells in the tumor 
microenvironment and stroma. To this end, we isolated TAMs 
from murine 4T1 breast tumor tissue and demonstrated by flow 
cytometry that legumain was highly overexpressed on CD206 and 
F4/80 double-positive M2 macrophages, especially when com-
pared with normal M1 macrophages in the spleen (Figure 1B). 
This result was also confirmed by immunohistochemical analyses, 
indicating that TAMs could be visualized by H&E staining, and 
legumain overexpression was further indicated by double stain-

ing with anti-legumain Ab (Fig-
ure 1A, green) combined with 
anti-CD68 Ab (red). These data 
demonstrate that infiltrating 
TAMs are a disproportionally 
large cell subpopulation in 4T1 
tumor tissue and that legumain 
is a potentially effective target 
for killing TAMs.

Induction of legumain expression 
on TAMs by Th2 cytokines. In order 
to determine whether legumain 
expression on TAMs was induced 
by such Th2 cytokines as IL-4, 
IL-10, and IL-13, we cocultured 
a murine macrophage cell line, 
RAW, with these cytokines. This 
resulted in a significant increase 
in F4/80+/CD206+ expression 
by these RAW cells, concurrent 
with an upregulation of legu-
main (Figure 1C). These results 
were confirmed by Western blot-
ting (Figure 1D). However, we 
found no evidence for legumain 
expression by tumor cell lines 
when cultured with these same 
cytokines (data not shown). 
These findings suggest that 
Th2 cytokines such as IL-4, 
IL-10, and IL-13 are released 
by tumor and other tumor 
stromal cells and accumulate 
in the tumor microenviron-
ment, where they could poten-
tially induce the proliferation 
and transformation from M1 
macrophages to a population 
with an M2 phenotype that 
overexpresses legumain.

Targeting of TAMs suppresses tumor progression. Growth and metas-
tases of tumors are highly coordinated with the presence of 
TAMs, and therefore targeting of this macrophage subpopula-
tion leads to suppression of tumor growth and metastases. To 
test this hypothesis, we generated an expression vector for a DNA 
vaccine encoding legumain. Figure 2A schematically depicts the 
vector construction map based on the pCMV/myc/cyto vector 
backbone. The gene encoding legumain was fused to the C ter-
minus of mutant polyubiquitin (pLegumain) to improve antigen 
processing in the proteasome (19), and the entire fragment was 
then inserted between the PstI and NotI restriction sites, while 
protein expression was demonstrated by Western blotting. We 
further tested our hypothesis that reducing the number of TAMs 
by our legumain-based DNA vaccine can effectively inhibit spon-
taneous 4T1 breast cancer metastases or experimental metastases 
of either D121 non–small cell lung or CT26 colon carcinomas. 
Thus, in a prophylactic setting, C57BL/6J mice were immunized 
3 times with either PBS, empty vector, or pLegumain carried 
by attenuated Salmonella typhimurium. One week after the last 
immunization, these mice were challenged i.v. with 2 × 105 D121 

Figure 1
Legumain is highly expressed on TAMs in the tumor stroma. (A) Legumain expression on TAMs was clearly 
evident. Tumor-infiltrating macrophages were visualized by H&E staining, as indicated by arrows. Legumain 
expression is indicated by double staining with anti-legumain Ab (green) combined with anti-CD68+ Ab (red). 
Magnification, ×350. (B) Increased legumain expression on TAMs was confirmed by flow cytometric analyses 
with double-positive populations of F4/80+/CD206+ M2 macrophages that were isolated from fresh tumor tis-
sue. (C) Multiple-color flow cytometry demonstrated upregulation of the M2 macrophage marker CD206 on 
RAW cells after being cultured with IL-4, IL-10, and IL-13 (10 ng/ml). Furthermore, legumain was shown to 
be highly expressed on F4/80+/CD206+-positive RAW cells cultured with IL-4, IL-10, and IL-13 (upper panels) 
compared with wild-type RAW cells (lower panels). (D) Confirmation of legumain expression on RAW cells by 
Western blotting following stimulation with IL-4, IL-13, and IL-10, either singularly or combined.
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non–small lung tumor cells, and 24 days thereafter experimental 
lung metastases were measured and analyzed. In the 2 control 
groups, the average lung weight was significantly greater than 
that of the vaccination group (Figure 2B). Similar results were 
obtained in the CT26 colon tumor model and 4T1 breast cancer 
model in syngeneic BALB/c mice (Figure 2B).

In a more demanding therapeutic setting, BALB/c mice were 
first challenged with 4T1 breast cancer cells and then immu-
nized 3 times with the legumain-based DNA vaccine or an empty 
control vector. Twelve days after challenge with 4T1 tumor cells, 
the primary tumor was surgically excised, and the resulting life-
span curve indicated that 75% (6/8) of the mice immunized 
with pLegumain survived for 3 months. In contrast, mice in the 
control groups all died within 1 month (Figure 2C). These data 
indicate that the legumain-based DNA vaccine effectively sup-
presses tumor cell growth and metastases in mouse models of 
4T1 breast cancer, D121 non–small cell lung cancer, and CT26 
colon carcinoma. Combined with surgery, this vaccine could 
indeed significantly extend the life span of mice by inhibiting 
tumor cell metastases in these very challenging therapeutic 
mouse tumor models.

Targeting legumain induces a specific CD8+ CTL response, decreasing 
TAM populations in the tumor stroma. Immunization against legu-
main induced a specific T cell response against TAMs that highly 
express this asparaginyl endopeptidase. This was demonstrated 
by a 51Cr release assay, in which splenocytes isolated from mice 
successfully immunized with this vaccine were effective in kill-
ing RAW macrophages, which expressed high levels of legumain 
after culture with cytokines IL-4, IL-10, and IL-13; however, these 

same splenocytes failed to induce cytotoxic killing of cells that 
lacked legumain expression (Figure 3A), indicating the specific-
ity of this T cell response against legumain. Additionally, the 
same result was obtained using legumain-transfected cells as tar-
get cells in 51Cr release assays (Supplemental Figure 1; available 
online with this article; doi:10.1172/JCI27648DS1). Furthermore, 
the results depicted in Figure 3B demonstrate a dramatic decrease 
in the F4/80+/CD206+ macrophage population after legumain-
based DNA vaccine treatment. These data were also confirmed by 
immunohistochemical staining, as shown in Figure 3C.

MHC class I–restricted CD8+ CTLs are specifically active against TAMs. 
In gaining some insight into the immune mechanisms involved 
in the cytotoxic activity against TAMs, we found that DCs in 
Peyer’s patches of successfully immunized mice were activated 
3 days after vaccination with pLegumain, as indicated by the 
upregulated DC activation markers CD40, CD80, and MHC class I  
(Figure 4A). Furthermore, CD8+ T cell activation was found to be 
specific for legumain, as indicated by double staining for IFN-γ  
and CD8 on splenocytes obtained from successfully vaccinated 
mice (Figure 4B) and by the specific release of IFN-γ by activat-
ed T cells stimulated with legumain-positive cells (Figure 4C). 
In addition, in vivo immune depletion of CD4+ or CD8+ T cells 
revealed that only CD8+ T cells play a major role in the specific 
cytotoxic killing of TAMs, since only their depletion completely 
abrogated this killing effect. This specific cytotoxicity was MHC 
class I antigen restricted, as killing was specifically inhibited by 
anti–H-2Dd/H-2Kd antibodies (Figure 4D). Taken together, our 
results suggest that the legumain-based DNA vaccine first acti-
vated DCs in Peyer’s patches, after which these cells presented 
legumain peptides through the MHC class I antigen pathway to 
the TCR on activated CD8+ T cells, resulting in a specific cyto-
toxic CD8+ T cell response abrogating TAMs.

Abrogation of TAMs in the tumor stroma reduces the release of tumor 
growth factors and proangiogenic factors as well as inhibiting tumor cell 
migration and metastases. TAMs can influence tumor metastasis in 
several ways, as they secrete a wide variety of tumor growth fac-
tors, proangiogenic factors, and tumor-associated enzymes that 

Figure 2
Targeting of legumain-expressing cells results in suppression of 
tumor progression. (A) Schematic of DNA vaccines constructed with 
the pCMV/myc/cyto vector backbone where the legumain gene was 
fused to the C terminal of mutant polyubiquitin. The entire fragment 
was inserted, and protein expression was demonstrated by Western 
blotting. Mu-legumain, murine legumain. (B) Prophylactic model: The 
vaccination schedule was designed for 3 immunizations at 1-week 
intervals followed by an i.v. challenge with 2 × 105 D121 non–small cell 
lung cancer cells and 5 × 104 CT26 colon cancer cells and mammary 
fat pad injection with 7 × 103 4T1 breast cancer cells. Lung weights 
were determined 24 days (D121 or CT26) or 30 days (4T1) after tumor 
cell challenge and analyzed in each group. Differences between the 
2 control groups (PBS and/or empty vector) and the treatment group 
were statistically significant; **P < 0.005. Pre-challenge lung weight, 
0.2 g. (C) Therapeutic model: Groups of BALB/c mice (n = 8) were 
initially injected in the mammary fat pad with 7 × 103 4T1 breast cancer 
cells and thereafter vaccinated 3 times on days 3, 7, and 11 with PBS, 
empty vector, or the pLegumain vaccine, respectively, and primary 
tumors excised on day 12. Survival plots represent results for 8 mice in 
each of the treatment and control groups. The difference between the 
empty vector control group and the treatment group was statistically 
significant; **P < 0.005.
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stimulate tumor angiogenesis and tumor growth and metastasis. 
In an effort to assess whether the elimination of TAMs actually 
reduced the release of some of these factors, serum and tumor 
tissue cells were collected from vaccinated mice and from suit-
able control animals. Freshly isolated tumor cells were cultured 
and their supernatants collected at 24 and 48 hours, respective-
ly. An ELISA, performed to quantify TNF-α, VEGF, and TGF-β, 
indicated a significant reduction in TNF-α and VEGF in both 
tumor cell supernatants and mouse serum; however, TGF-β was 
significantly reduced only in serum but not in cell supernatants 
(Figure 5A). Immunohistological staining confirmed a decrease 
in the expression of these factors in tumor tissue (Figure 5B). 
In addition, a significantly decreased tumor cell migration was 
found when treatment and control groups were compared (Fig-
ure 5C) in a migration and invasion assay, which indicated that 
these characteristics of tumor cells changed after the vaccine-
induced remodeling of the tumor microenvironment caused 
by the reduction in TAMs. The ability to form tumor metas-

tases was confirmed in an in vivo experiment as the metasta-
sis scores and lung weights — measured 24 days after primary 
tumor excision in a therapeutic setting, as described in Methods 
— decreased significantly when compared with the 2 control 
groups (Figure 5D).

Elimination of TAMs in the tumor stroma results in reduction of tumor 
angiogenesis. Importantly, there also was a marked antiangiogenic 
effect after elimination of TAMs in the tumor stroma, particu-
larly since these M2 macrophages produced a wide range of pro-
angiogenic factors. This was established by Matrigel assays that 
detected new blood vessel growth in vivo, an effect that could be 
quantified by staining the endothelium with FITC-labeled isolec-
tin B4. These results clearly show that vessel growth was signifi-
cantly reduced after vaccination with pLegumain (Figure 6B). It 
was also clearly indicated that much more blood vessels grew in 
Matrigel plugs in mice immunized with empty vector after evalu-
ation by digital imaging and with Masson’s trichrome staining 
(Figure 6A). Furthermore, an immunochemical histology assay 

Figure 3
TAM population in the tumor stroma is decreased by CD8+-specific CTLs induced by the legumain-based DNA vaccine. (A) RAW macrophage 
cells, which highly express legumain after culturing with 10 ng/ml IL-4, IL-10, and IL-13, served as target cells in a 4-hour 51Cr release assay. 
Splenocytes isolated from mice immunized with the pLegumain vaccine were shown to effectively kill RAW cells treated with these cytokines in 
vitro at different effector-to-target (E/T) cell ratios but failed to induce cytotoxic killing of unstimulated RAW cells lacking legumain expression. 
**P < 0.005 compared with control groups. (B) The percentage of TAM populations with specific macrophage markers (CD206 and F4/80) in 
tumor tissue with or without vaccination was detected by flow cytometry. The percentage of TAM populations among tumor tissue cells isolated 
from mice treated with our DNA vaccine was shown to be reduced; however, there was no decrease in TAM populations isolated from mice 
treated with either empty vector or pLegumain following CD8+ T cell depletion (**P < 0.005). (C) The results of flow cytometry were confirmed by 
immunohistochemical staining evaluated by confocal microscopy. The population of TAMs in the tumor stroma was dramatically decreased after 
vaccination. 4T1 cancer cells are shown in blue and TAMs in red. Magnification, ×50 (H&E) and ×350 (control, empty vector, and pLegumain).
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was performed to assess the type of cells that actually migrated 
into the Matrigel plugs. The confocal images taken indicated that 
endothelial cells expressing CD31+ or macrophages expressing 
CD68+ grew or migrated into Matrigel plugs to a considerably 
greater extent in the empty vector control group than in the vac-
cine treatment group (Figure 6C).

Discussion
This study establishes the new paradigm whereby a reduction in 
the density of TAMs in the tumor stroma decreases the release 
of factors potentiating tumor growth and angiogenesis. This, in 

turn, remodels the tumor microenvironment so as to markedly 
suppress tumor cell proliferation, vascularization, and metastasis. 
However, targeting TAMs in the tumor stroma raises the concern 
that their abrogation could interfere with the normal immuno-
logical functions of these important components of the innate 
immune system. We addressed this question in view of the fact 
that circulating monocytes are versatile precursors with the ability 
to differentiate into the various forms of specialized macrophages 
(3). In fact, the cytokine milieu profoundly affects the differen-
tiation and function of tissue macrophages, and their functional 
polarization has been defined (3, 20, 21). Thus, macrophages 

Figure 4
MHC class I antigen–restricted specific CD8+ T cell response against legumain-expressing cells. (A) DNA vaccination enhances expression of 
costimulatory molecules by DCs. Lymphocytes from Peyer’s patches obtained 3 days after vaccination were stained with FITC-labeled anti-
CD11cAb in combination with PE-conjugated anti-CD80, anti–MHC class I, or anti-CD40 Abs. *P < 0.05 compared with control groups. (B) Intra-
cytoplasmic IFN-g release of CD8+ T cells was measured by FACS analysis. **P < 0.005 compared with control groups. (C) Production of specific 
IFN-g was verified at the single-cell level by ELISPOT. This is indicated for lymphocytes from immunized mice restimulated with either legumain+ 4T1 
tumor tissue cells or legumain– 4T1 cells, as indicated by the number of immunospots formed per well. **P < 0.005 compared with treatment group 
without stimulation; ##P < 0.005 compared with control groups. (D) Splenocytes isolated from treated mice were effective in killing TAMs according to 
a 51Cr release assay (#P < 0.01 compared with control groups). Inhibition experiments with Abs against H-2Kd/H-2Dd MHC class I antigens showed 
that T cell–mediated tumor cell lysis was MHC class I antigen restricted. Furthermore, in vivo depletions of CD4+ or CD8+ T cells indicated that 
lymphocytes isolated from vaccinated mice, which were thereafter depleted of CD8+ T cells, failed to induce cytotoxic killing of target cells. However, 
depletion of CD4+ T cells did not abrogate cytotoxic killing of these same target cells. #P < 0.01 compared with PBS or empty vector group.
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activated by bacterial products and Th1 cytokines are regarded 
as being of the M1 phenotype, i.e., classically activated macro-
phages with high bactericidal activity and cytotoxic function 
against tumor cells. However, macrophages activated by such Th2 

cytokines as IL-4 and IL-13 or immunosuppressors such as vita-
min D3 and IL-10 are classified as macrophages with an M2 phe-
notype: low cytotoxic functions but high tissue-remodeling activ-
ity. Whereas M1 cells have immunostimulatory properties and 

Figure 5
Abrogation of TAMs results in decreases of growth factor release, tumor cell migration, and metastases. (A) The vaccine decreased the release 
of growth factors by TAMs. 4T1 breast tumor tissue and mouse serum were harvested 12 days after vaccinations and tumor cell challenge. After 
24 or 48 hours culturing, the supernatants of tumor tissue cells were harvested, and the concentrations of TGF-b, TNF-a, and VEGF in serum 
or supernatants measured by ELISA. There were significant differences between the treatment and control groups. *P < 0.01; **P < 0.005. (B) 
Immunohistochemical staining was performed to determine expression of these growth factors in the tumor microenvironment. In the vaccine 
treatment groups, VEGF, TGF-b, and MMP-9 release was decreased after a reduction in TAMs, compared with the empty vector groups. The 
growth factors are shown in green and 4T1 breast cancer cells in blue. (C) A Transwell migration assay was performed to determine tumor cell 
migration after vaccination. The number of migrating cells isolated from 4T1 tumor tissue was markedly reduced after vaccination. #P < 0.001 
compared with the empty vector group. (D) In vivo experiments were performed to determine the ability of mice to form 4T1 tumor metastases. 
The mice were treated with the vaccine within the therapeutic setting as described above. Tumor metastasis scores and lung weights were 
measured 25 days after primary tumor excision. The metastasis scores are expressed as the percentage of lung surface covered by fused 
metastatic foci; 0: none; 1: <5%; 2: 5– 50%; 3: >50%. Scores for n = 8 mice/group were: PBS, 3, 3, 3, 3, 3, 3, 2, 2; empty vector, 3, 3, 3, 3, 3, 
3, 3, 2; pLegumain, 2, 2, 1 0, 0, 0, 0, 0. Differences in lung weights between the group of mice treated with vaccine and all control groups were 
statistically significant (**P < 0.005). Magnification, ×350 (B), ×50 (C).
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defend the host against pathogenic infections, M2 cells attenuate 
acute inflammatory reactions, potently scavenge cellular debris, 
and secrete a variety of pro-growth and angiogenic factors essen-
tial for the repair of injured tissues. In addition, macrophages 
derived from healthy or inflamed tissue are capable of lysing 
tumor cells, expressing immunostimulatory cytokines, and pre-
senting tumor-associated antigens to stimulate the proliferation 
and antitumor functions of T and NK cells. However, M2 macro-
phages, such as TAMs, show reduced levels of these activities. This 
may be the result of their exposure to tumor-derived antiinflam-
matory molecules such as IL-4, IL-10, TGF-β1, and prostaglandin 
E2 (22, 23). Indeed, this finding prompted Mantovani and col-

leagues to suggest that expo-
sure to IL-4 and IL-10 may 
induce monocytes in tumors 
to develop into polarized 
type II or M2 macrophages 
(24). To the extent that they 
have been investigated thus 
far, differentiated mature 
TAMs have a phenotype and 
function similar to those 
of type II macrophages (6). 
Therefore, cytokines pres-
ent in the tumor microenvi-
ronment have the potential 
to promote and orient the 
differentiation of recruited 
mononuclear phagocytes 
(25). Indeed, a growing body 
of evidence indicates that 
TAMs are skewed toward M2 
macrophages in the tumor 
microenvironment and pro-
duce a variety of pro-tumor 
growth and angiogenic fac-
tors as well as immunosup-
pressive molecules (1, 6, 26, 
27). Thus, the presence of 
TAMs at the tumor site and 
the continuous expression 
and release of their prod-
ucts may favor, rather than 
antagonize, tumor progres-
sion and metastasis.

In our study we demon-
strated that TAMs express 
abundant levels of CD206, 
a mannose receptor that is 
upregulated on M2 macro-
phages following exposure 
to IL-4 and IL-13 (27–30). We 
also established simultane-
ously that this population of 
macrophages expressed high 
levels of legumain. Impor-
tantly, we found that Th2 
cytokines IL-4, IL-10, and 
IL-13 could upregulate the 
expression of CD206 and 

legumain on the macrophage cell line RAW. This finding can best 
be understood when one considers that macrophages are derived 
from peripheral blood and differentiate into M2 macrophages once 
they are recruited into tumor sites where IL-4, IL-13, and IL-10 are 
released by tumor cells and tumor stromal cells (3, 19, 29, 31). Thus, 
targeting of M2 macrophages expressing legumain not only benefits 
suppression of tumor growth and metastases but also maintains the 
normal functions of macrophages with the M1 phenotype.

The relationship between infiltration by TAMs and prognosis in 
tumor patients has also been indicated by several studies (1, 5, 32, 
33), which concluded that the greater the macrophage infiltration, 
the worse the prognosis. Several lines of evidence indicate that a 

Figure 6
Elimination of TAMs results in a reduction in tumor angiogenesis. Suppression of VEGF-induced angiogenesis: 
BALB/c mice were vaccinated with empty vector, pLegumain, or pLegumain after either CD8+ or CD4+ T cell 
depletion in vivo. One week after the last vaccination, Matrigel was implanted s.c. into the midline of the abdo-
men of mice. Vascularization was induced by VEGF or bFGF. (A) The images were taken by a digital camera 6 
days after Matrigel plug implantation. Additionally, the section of Matrigel plugs stained with Masson’s trichrome 
indicate blood vessel growth in Matrigel plugs, as indicated by arrows. Magnification, ×50. (B) Quantification of 
vessel growth was performed after in vivo staining of endothelium with FITC-labeled isolectin B4 and evaluation 
by fluorimetry. There was a decrease in the VEGF-induced neovasculature only after vaccination with the vec-
tor encoding legumain but not after vaccination with the empty vector or with pLegumain after depletion of CD8+ 
T cells. **P < 0.005, *P < 0.01 compared with the legumain treatment group. (C) Immunohistochemical staining 
was performed and evaluated by confocal microscopy. The cross-sections of Matrigel plugs were stained to 
determine the cell type that grew in or migrated into these plugs. The images indicate that endothelial cells with 
the CD31 marker or macrophages with the CD68 marker grew in or migrated into Matrigel plugs as indicated 
(magnification, ×350). H&E staining served as a control (magnification ×50).
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symbiotic relationship exists in the tumor stroma between can-
cer cells and TAMs, whereby cancer cells attract TAMs and sustain 
their survival, while TAMs respond to tumor-derived molecules 
by producing important growth factors and extracellular matrix 
enzymes, which, in turn, stimulate tumor proliferation, angiogen-
esis, and invasion of surrounding tissues (18, 22, 26, 34). Thus, 
the attenuation of TAMs in the tumor environment can serve as 
an effective strategy to remodel the tumor stroma and to alter the 
tumor microenvironment (35).

In our study, a DNA construct encoding legumain evoked a 
robust CTL response against this asparaginyl endopeptidase, 
which functions as a stress protein that is highly overexpressed 
by TAMs. This immune response was shown to be MHC class I 
antigen restricted and CD8+ T cell specific. Importantly, our 
data also demonstrated that after immunization with the legu-
main-based DNA vaccines, the density of F4/80+/CD206+ macro-
phages, i.e., TAMs, decreased dramatically. Furthermore, a variety 
of factors such as VEGF, MMP-9, and TGF-β that are released by 
TAMs were shown to be at low levels in both the supernatant of 
cultured tumor cells and mouse serum. Thus, it is well known 
that VEGF and metalloproteinase MMP-9 play important roles 
during the formation of the tumor vasculature and initiation of 
tumor angiogenesis. TAMs are important in this regard, since 
they produce both VEGF and MMP-9 (36). Progressively inten-
sifying angiogenesis is associated with the upregulated expres-
sion of VEGF (37) and extracellular proteases, such as MMP-9 
(8, 36), whereas TGF-β is known as an important growth factor 
involved in the migration of tumor cells toward blood vessels. In 
fact, TGF-b can provide proliferative and antiapoptotic signals 
to tumor cells as well as activate urokinase-type plasminogen 
activators (uPAs), which might contribute to the extracellular 
matrix breakdown that is required for vascular invasion to occur 
(38). Significantly, our data demonstrate that once TAMs were 
abrogated in the tumor tissue by specific CD8+ CTLs, the tumor 
cells changed their character by becoming less malignant and less 
invasive. Also, the formation of a neovasculature in tumor tis-
sues was reduced, since all of the factors released by TAMs that 
contribute to tumor angiogenesis were drastically reduced. Addi-
tionally, TAMs were reported to be involved in immune suppres-
sion and tolerance in the tumor microenvironment (39). It is also 
well known that TAMs may inhibit T cell responses by inducing 
apoptosis of activated T cells via upregulation of NO, PGs, TNF-α 
release, and arginase activity (40, 41). These may be some of the 
reasons for tumor immune tolerance, a notion also supported by 
our data. After abrogation of TAMs, the specific CD8 T cell activ-
ity was markedly upregulated, further supporting the contention 
that our anti-TAM approach could be a good strategy to break 
immune tolerance against tumors.

Furthermore, our hypothesis that a therapeutic approach using 
a legumain-based DNA vaccine to target TAMs holds much prom-
ise was strongly supported by data obtained in 3 tumor metastasis 
models used in our study. Thus, in the 4T1 spontaneous mouse 
breast carcinoma metastasis model, a significant increase in life 
span was obtained, as 75% (6/8) mice survived up to 3 months 
after 4T1 tumor cell inoculation into the mammary gland, once 
surgical resection of the primary tumor was followed by treatment 
with the legumain-based DNA vaccine. It was even more impres-
sive that 62% (5/8) mice revealed no lung metastases at all. Similar 
results were obtained in prophylactic settings in the other 2 tumor 
models, i.e., D121 non–small cell lung carcinoma and CT26 colon 

carcinoma. These additional confirmatory data strengthen our 
contention that targeting of TAMs to remodel the tumor micro-
environment might be a universal antitumor strategy for suppress-
ing tumor cell invasion and metastases by reducing the concentra-
tion of factors released by TAMs that otherwise promote tumor 
growth and metastasis.

In summary, we critically evaluated the antitumor efficacy of tar-
geting TAMs via the induction of a specific CD8+ T cell response 
against legumain, which we identified for the first time as being 
a highly overexpressed target molecule on TAMs. In these experi-
ments, we demonstrated that abrogation of TAMs in tumor tissues 
effectively decreased the release of several pro-tumor growth and 
angiogenic factors. It is likely that such an antitumor strategy could 
be widely applicable and relevant for possible clinical applications.

Methods
Animals, bacterial strains, and cell lines. Female BALB/c and C57BL/6 mice, 
6–8 weeks of age, were purchased from The Scripps Research Institute 
Rodent Breeding Facility. The double-attenuated S. typhimurium strain 
RE88 (aroA–;dam–) was obtained from Remedyne Corp. The murine CT26 
colon cancer cell line was kindly provided by I.J. Fidler (MD Anderson Can-
cer Center, Houston, Texas, USA), and the murine D121 non–small cell 
lung carcinoma cells were a gift from L. Eisenbach (Weizmann Institute 
of Science, Rehovot, Israel). The murine 4T1 breast carcinoma cells were 
kindly provided by Suzanne Ostrand-Rosenberg (University of Maryland, 
College Park, Maryland, USA).

Immunohistochemical analyses. These were performed on 4T1 tumor tis-
sues and Matrigel plug sections. Legumain expression of macrophages 
was identified on 4T1 tumor tissue sections with biotinylated rat anti-
mouse CD68 mAb (BD Biosciences — Pharmingen), with GFP-conjugated 
streptavidin being the secondary reporter reagent. Rabbit anti-legumain 
antiserum was prepared by immunization with purified human legumain 
produced in Escherichia coli. (10) The reaction was visualized with Texas 
red–conjugated streptavidin. Additionally, 4T1 tumor tissue sections and 
Matrigel plug sections were fixed and stained with MMP-9, VEGF, TGF-β,  
and F4/80 antibodies (eBioscience and Santa Cruz Biotechnology Inc.) 
in 4T1 tumor tissue section, while CD68 and CD31 Abs (BD Biosciences 
— Pharmingen) were used in Matrigel plug sections. All tissue sections were 
visualized with Texas red– or GFP-conjugated streptavidin as the second-
ary reporting reagent, and the slides were analyzed with laser scanning by 
confocal microscopy (Bio-Rad). All the images were captured by a Spot 
Cooled Color Digital Camera System (Diagnostic Instruments Inc.).

Vector construction, protein expression, and transformation of S. typhimurium 
with DNA vaccine plasmids. Two constructs were made based on the vector 
pCMV (Invitrogen). The pLegumain construct consisted of polyubiqui-
tinated, full-length murine legumain. The empty vector construct served 
as a control. Protein expression of legumain was demonstrated by West-
ern blotting with a polyclonal rabbit anti-murine legumain Ab as well as 
anti-murine β-actin Ab (Santa Cruz Biotechnology Inc.) as a loading con-
trol. The specific protein was detected with a goat anti-rabbit HRP-con-
jugated IgG Ab (Bio-Rad). Attenuated S. typhimurium (aroA–;dam–) were 
transduced with DNA vaccine plasmids by electroporation as described 
in our previous publications (42, 43).

Immunization and tumor cell challenge. For the prophylactic model, BALB/c  
or C57BL/6 mice were each divided into 3 experimental groups (n = 8) and 
immunized with PBS, empty vector, or pLegumain. All mice were chal-
lenged by i.v. injection with 5 × 104 CT26 cells (BALB/c) or 2 × 105 D121 
cells (C57BL/6) or injected in the mammary gland fat pad with 7 × 103 
4T1 cells (BALB/c), 1 week after the last immunization, to induce either 
experimental or spontaneous pulmonary metastases. The lung weights 
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in experimental or control groups were determined 24 days after tumor 
cell challenge. For the therapeutic model, BALB/c mice were divided into 
3 experimental groups (n = 8) and first injected in the fat pad with 7 × 103 
4T1 cells on day 0 and then immunized 3 times with DNA vaccine starting 
on days 3, 7, and 11, and primary tumor was excised on day 12. The experi-
ment was terminated 24 days after primary tumor excision to determine 
lung weights and metastasis scores or mouse survival rates.

In vivo depletion of CD4+ or CD8+ T cells, cytotoxicity, and ELISPOT assays. 
Analysis of the depletion of CD4+ or CD8+ T cells in vivo was performed 
as previously described (44). Cytotoxicity was measured and calculated by 
a standard 51Cr release assay as previously reported (45). ELISPOT assays 
were performed with an ELISPOT kit (BD Biosciences — Pharmingen) 
according to instructions provided by the manufacturer.

In vivo Matrigel angiogenesis assay. Matrigel was used for evaluating the 
suppression of angiogenesis after vaccination. Briefly, BALB/c mice 
were injected s.c. 2 weeks after the last vaccination, in the sternal region, 
with Growth Factor Reduced BD Matrigel (BD Biosciences) containing 
bFGF-2 (200 ng/plug) and 4T1 tumor cells (5 × 103/plug) that were pre-
viously irradiated with 1,000 Gy. The endothelium was stained 6 days 
after Matrigel implantation by i.v. injection with Bandeiraea simplicifolica 
lectin I (isolectin B4), conjugated with fluorescein (Vector Laboratories). 
This was done along with staining the endothelium of control animals, 
and 30 minutes later, mice were sacrificed, Matrigel plugs extracted, 
and fluorescence evaluated by fluorimetry. Additionally, the Matrigel 
plugs were removed 6 days after Matrigel implantation, fixed in Bouin’s 
solution for 24 hours, and then embedded in paraffin. All tissues were 
sectioned, mounted onto slides, and stained with Masson’s trichrome. 
All of the images were captured by a SPOT cooled color digital camera 
system (Diagnostic Instruments Inc.)

Flow cytometry. DC cell markers were determined by staining freshly isolat-
ed lymphocytes from successfully vaccinated mice and control mice with PE-
labeled anti-CD11c Ab in combination with FITC-conjugated anti-CD40, 
anti-CD80 Ab, and Abs against MHC class II antigen. Macrophages bear-
ing high levels of CD206+ and F4/80+ were quantified by 2-color flow anal-
ysis. Tumor cells were isolated from successfully vaccinated BALB/c mice 
and then stained with anti-CD206 Ab conjugated with PE (Cell Sciences),  

anti-F4/80 Ab conjugated with APC, and anti-legumain Ab conjugated 
with FITC, followed by FACS analyses. All antibodies were purchased from 
BD Biosciences — Pharmingen. IFN-γ release at the intracellular level was 
determined in lymphocytes of Peyer’s patches obtained 3 days after one-
time immunization and stained with APC-conjugated anti-CD8 Ab. Cell 
were fixed, permeabilized, and subsequently stained with PE-labeled anti–
IFN-γ Ab to detect intracellular expression of IFN-γ.

Migration assay. Cell migration assays were performed using modified 
Boyden chambers (Transwell; Corning Inc.). Transwell migration assays 
were performed with tumor cells harvested from tumor tissue of either 
vaccine-treated or control groups of mice. After 4 hours culture, the cells 
on the lower surface of wells were fixed with 1% paraformaldehyde, stained 
with 1% crystal violet, and counted (46).

Statistics. The statistical significance of differential findings between 
experimental groups and controls was determined by Student’s t test. Find-
ings were regarding as significant if 2-tailed P values were less than 0.05. 
Kaplan-Meier analysis was used to evaluate the survival of mice.
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