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The activating receptor NK cell group 2 member D (NKG2D) mediates antitumor immunity in experimen-
tal animal models. However, whether NKG2D ligands contribute to tumor suppression or progression clini-
cally remains controversial. Here, we have described 2 novel lines of “humanized” bi-transgenic (bi-Tg) mice 
in which native human NKG2D ligand MHC class I polypeptide-related sequence B (MICB) or the engineered 
membrane-restricted MICB (MICB.A2) was expressed in the prostate of the transgenic adenocarcinoma of the 
mouse prostate (TRAMP) model of spontaneous carcinogenesis. Bi-Tg TRAMP/MICB mice exhibited a mark-
edly increased incidence of progressed carcinomas and metastasis, whereas TRAMP/MICB.A2 mice enjoyed 
long-term tumor-free survival conferred by sustained NKG2D-mediated antitumor immunity. Mechanistically, 
we found that cancer progression in TRAMP/MICB mice was associated with loss of the peripheral NK cell 
pool owing to high serum levels of tumor-derived soluble MICB (sMICB). Prostate cancer patients also dis-
played reduction of peripheral NK cells and high sMIC levels. Our study has not only provided direct evidence 
in “humanized” mouse models that soluble and membrane-restricted NKG2D ligands pose opposite impacts 
on cancer progression, but also uncovered a mechanism of sMIC-induced impairment of NK cell antitumor 
immunity. Our findings suggest that the impact of soluble NKG2D ligands should be considered in NK cell–
based cancer immunotherapy and that our unique mouse models should be valuable for therapy optimization.

Introduction
NK cell group 2 member D (NKG2D) and its ligands are impor-
tant in antitumor immunity, as evidenced in experimental ani-
mal models. NKG2D is an activating receptor expressed by all 
NK cells, most NKT cells, subsets of γδ T cells, all human CD8 
T cells, and activated mouse CD8 T cells (1, 2). Engagement 
of NKG2D can activate NK cells and costimulate CD8 and γδ  
T cells in vitro (3–5). Enforced expression of NKG2D ligand 
causes tumor cells to be rejected in syngeneic mice in a manner 
that is dependent on NK cells and, in some cases, primed CD8  
T cells (6, 7). Neutralizing NKG2D in vivo with a specific anti-
body enhances host sensitivity to carcinogen-induced spontane-
ous tumor initiation (8). NKG2D-deficient transgenic adenocar-
cinoma of the mouse prostate (TRAMP) mice are 3 times more 
likely to develop aggressive poorly differentiated (PD) prostate 
carcinoma than NKG2DWT TRAMP counterparts (9). Moreover, 
in NKG2DWT TRAMP mice, progression to PD prostate carci-
noma was mostly associated with downregulation of NKG2D 
ligand expression by tumor cells (9).

Curiously, most human tumors, in particular those of epithe-
lial origins, express abundant NKG2D ligands yet progress to 
advanced diseases (10, 11), suggesting that NKG2D function is 
compromised in cancer patents. Various mechanisms have been 
proposed to explain how tumor cells evade NKG2D immunity. 
One prevailing concept is that exhaustion of NKG2D function 

by chronic exposure to its ligands contributes significantly to 
tumor immune evasion and progression (12–19). However, the 
prognostic value of NKG2D ligand expression in cancer patients 
is inconsistent at best (20–24). Levels of NKG2D ligand expres-
sion were reported to correlate with better clinical prognosis in 
colorectal cancer and early stages of breast cancer (22–24), but 
with poor survival in ovarian and invasive breast cancer (20, 21). 
Moreover, the underlying mechanisms for NKG2D exhaustion 
in cancer patients are also under debate. One hypothesis pro-
poses that soluble NKG2D ligands, as a result of tumor-associ-
ated shedding, are the negative regulator for NKG2D function 
and confer the mechanisms of immune evasion. Indeed, clinical 
data demonstrated that elevated serum levels of soluble NKG2D 
ligands correlated with advanced epithelial malignancies (13, 14, 
25–29). An alternative hypothesis proposes that chronic expo-
sure to membrane-bound NKG2D ligands on tumor cell surface 
also impairs NKG2D immunity, based on observations that con-
stitutive and ectopic expression of NKG2D ligands in normal 
mouse downmodulates NKG2D function (12, 15, 19). These 
inconsistent, to some extent confusing, findings have caused 
puzzlement in stratifying NKG2D-based immunotherapy for 
human malignancies (30). Thus, more studies are necessary to 
clarify the impact of NKG2D ligands on cancer progression.

Currently, there are no suitable mouse models for studying the 
impact of human NKG2D ligands on cancer progression and 
host immunity due to divergence of NKG2D ligands between 
humans and mice. Although NKG2D function is conserved 
between humans and rodents, the nature and expression pattern 
of its ligands are highly dissimilar between the 2 species (10, 31). 
In humans, known ligands for NKG2D include the MHC class I  
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chain-related molecules (MIC) family members MHC class I 
polypeptide-related sequence A (MICA) and MICB and a family 
of UL-16–binding proteins (ULBPs) 1–5 (10, 31). In murine sys-
tems, the known ligands for NKG2D include the retinoic acid 
early inducible family of proteins RAE-1, the minor histocompat-
ibility antigen H60 and its variants, and the murine ULBP-like 
transcript 1 (MULT1) (10, 31). No homolog of human MIC has 
yet been described in mice. In general, human or mouse NKG2D 
does not recognize the ligands of their counterparts, except that 

mouse NKG2D can recognize human MICB and selective alleles 
of human MICA (32–34). Most importantly, tumor shedding 
of NKG2D ligands to downregulate NKG2D function has been 
described and proposed as one of the immune evasion mecha-
nisms in human cancer, but has not been described in mice. In 
mice, NKG2D-mediated suppression of ligand expression on 
tumor cells was postulated to be the main mechanism of tumor 
immune evasion (9). These differences create a barrier to studying 
the impact of human NKG2D ligands on cancer progression.

Figure 1
Prostate-specific expression of native MICB promotes the development of PD prostate carcinoma and metastasis. (A) Kaplan-Meier plot show-
ing significantly reduced survival of TRAMP/MICB mice in comparison with TRAMP mice (P < 0.001). Only tumor-associated incidence of death 
was considered in the analyses. Numbers indicate animals were surveyed during the indicated survival time. (B) Significant increased prostate 
weight in cohorts of 24-week-old TRAMP/MICB mice (n = 12) in comparison with TRAMP littermates (n = 13). (C) Representative images of gross 
appearance of tumors and associated LNs from TRAMP/MICB mice (representative of 4 out of 12 mice) and TRAMP littermates (representative 
of 12 out of 13 mice). (D) Representative images of H&E staining of prostate carcinomas from TRAMP/MICB and TRAMP mice. Note that WD 
tumors from TRAMP and TRAMP/MICB mice share the same pathological characteristics; thus, data only representatively shows WD tumors 
from TRAMP mice. (E) Representative images of H&E staining of LNs from TRAMP/MICB and TRAMP mice. Inserts are the magnified view of 
the boxed area. Arrowhead indicates tumor metastatic deposits. (F) SV40 Tag immunostaining (brown) of LNs from TRAMP and TRAMP/MICB 
mice to confirm tumor metastatic lesions. Scale bars: 50 μm (D–F).
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To clarify the impact of human NKG2D ligands on cancer, we 
exploited the knowledge that the human NKG2D ligand MICB 
can stimulate mouse NKG2D immunity (33, 34) and generated 2 
unique lines of “humanized” bi-transgenic (bi-Tg) mouse models, 
TRAMP/MICB and TRAMP/MICB.A2. The former expresses the 
native human MICB, which can be shed by tumor cells, while the 
latter expresses an engineered membrane-restricted MICB (desig-
nated as MICB.A2) in the prostate of the autochthonous TRAMP 
mouse (33, 35, 36). Using these models, for what we believe is the 
first time, we conclusively demonstrate the distinct roles of mem-
brane-bound NKG2D ligands and tumor-derived soluble NKG2D 
ligands on cancer progression. Moreover, we have also shown that 
prostate cancer metastatic progression is associated with pro-
found loss of peripheral NK cells and elevated levels of circulating 
soluble NKG2D ligands in both men and mice.

Results
Bi-Tg TRAMP/MICB mice exhibit accelerated progression to PD prostate 
carcinoma and metastasis. To define the role of NKG2D ligand in 
tumor progression, we used the minimal rat probasin (rPb) pro-
moter (35) to direct the expression of the native human NKG2D 
ligand MICB and the engineered membrane-restricted MICB.A2 
(36) encoding transgenes to the prostate epithelium in indepen-
dent lines of C57BL/6 mice (designated as MICB/B6 and MICB.
A2/B6 respectively, Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI69369DS1). 
Single copy integration and prostate-specific expression of the 
transgenes were confirmed, respectively, by genomic PCR against 
a limited template dilution standard (data not shown) and RT-
PCR (Supplemental Figure 1). These transgenic mice exhibit nor-
mal prostate physiology and immune constitution as wild-type B6 
animals (Supplemental Figures 1 and 2).

To investigate the role of native human NKG2D ligand on 
tumor immunity, male MICB/B6 mice were crossed with TRAMP 
female mice on a B6 background to generate the bi-Tg TRAMP/
MICB mice. Normally, male TRAMP mice of B6 background 
develop hyperplasia and adenocarcinomas by 18 weeks of age and 
metastatic disease by 30 weeks of age (35, 37), with rare incidence 
of PD carcinomas. Remarkably, TRAMP/MICB mice elicited much 

more aggressive tumor growth and progression than TRAMP lit-
termates, with significant reduction in overall survival (Figure 1A 
and Table 1). When specifically examined at 24 weeks of age, 33% 
(4/12) of the TRAMP/MICB mice had palpable prostate tumors 
and had significantly elevated prostate weight at sacrifice in com-
parison with age-matched TRAMP mice (n = 13) (Figure 1B). The 
palpable tumors were grossly large in volume and uniformly found 
to be PD carcinomas in histology (Figure 1, C and D). Among the 
nonpalpable tumors from TRAMP/MICB mice, 75% (6/8) exhib-
ited well-differentiated (WD) carcinomas characterized by intact 
glandular architecture (Table 1). The remaining tumors (2/8) 
were mildly differentiated (MD) carcinomas, a transitional lesion 
in progression that was characterized by nearly anaplastic sheets 
of cells with remnants of glandular architecture (Figure 1D and 
ref. 37). In age-matched TRAMP male littermates (n = 13), only 
8% (1/13) had palpable prostate tumor which, however, did not 
exhibit the pathological characteristics of PD lesions, but phyl-
loides-like (PHY) lesions characterized by staghorn luminal pat-
terns (Table 1 and Figure 1D), similar to a rare lesion in human 
prostate cancer with unclear prognosis (37, 38). Furthermore, all 
the 4 TRAMP/MICB mice that developed palpable PD carcinomas 
had metastatic deposits in the pelvic draining LNs, lung, and/or 
liver, as confirmed by immunostaining for the SV40T oncoprotein 
(Figure 1, E and F, and data not shown). Conversely, none of the 
13 age-matched TRAMP littermates had evidence of metastatic 
lesions in the LNs, lung, liver, or bone (Table 1). These observa-
tions demonstrate that expression of native NKG2D ligand MICB 
accelerated carcinoma progression in TRAMP mice.

Rapid progression of prostate carcinoma in TRAMP/MICB mice is 
associated with elevated serum levels of soluble MICB. To understand 
the underlying mechanism under which expression of NKG2D 
ligand MICB expedites the progression of prostate carcinoma in 
TRAMP mice, we first examined MICB expression in the pros-
tate of TRAMP/MICB mice by immunohistochemistry with the 
mAb 6D4.6, which is specific for the α1α2 ectodomain of MICA 
and MICB (11). Interestingly, premalignant prostate intraepi-
thelia neoplasia-like (PIN-like) lesions and WD carcinoma dis-
played intensive MIC immunostaining, predominantly located 
on the epithelial cell surface of the prostate gland, whereas little 
or no MICB expression was detected on the surface of PD tumor 
cells (Figure 2, A and B). Instead, intense MIC immunostaining 
in the interstitial spaces of the PD lesions was seen (Figure 2A, 
arrow). This pattern of MICB immunoreactivity in WD and PD 
carcinomas is similar to what was found in our previous obser-
vation of MIC expression in high-grade and low-grade prostate 
carcinomas in cancer patients (28). Furthermore, quantitative 
RT-PCR revealed that MICB was expressed equally in WD and PD 
lesions at the mRNA level (Figure 2C), suggesting that the loss of 
tumor cell surface MICB expression in the PD lesions was due to 
modifications at the posttranscriptional level. In prostate cancer 
patients, loss of tumor cell surface MIC was shown to be a result 
of shedding (28). We thus tracked serum levels of soluble MICB 
(sMICB) in these mice during carcinoma development. sMICB 
was detected in all TRAMP/MICB mice at all ages at varying levels 
(Figure 2D). However, mice that developed PD carcinomas (n = 4) 
by 24 weeks of age had remarkably elevated levels of serum sMICB 
compared with those that only developed WD carcinomas (n = 6) 
(Figure 2D, P < 0.01). Furthermore, there is a significant correla-
tion between serum sMIC and final tumor volume as determined 
at the age of 24 weeks (Figure 2E, R2 = 0.88, P < 0.001). Together, 

Table 1
Pathological comparison of TRAMP and TRAMP/MICB mice  
at 24 weeks

Pathology	 TRAMP	 TRAMP/MICB
Normal/early PIN	 0/13	 0/12
PIN	 0/13	 0/12
Tumor	 13/13	 12/12
Palpable tumors	 0/13	 4/12
WD	 12/13 (91.7%)	 6/12 (50%)
PD	 0/13	 4/12 (33%)
MDA	 1/13	 2/12 (17%)
PhylloidesB	 2/13 (12.5%)	 0/13
MetastasisC	 0/13	 4/12 (33%)
Prostate weightD	 0.30 ± 0.04	 0.82 ± 0.29
Median survival (wk)	 43.5	 34

AMD lesions are in transition to PD lesions. BPhylloides, a staghorn type 
of lesion. Among the 2, 1 is a MD lesion and the other is a WD. CAmong 
the 4 animals with PD tumors, 3 had metastasis in lung and LNs; 1 had 
only lung metastasis. DExpressed as mean ± SEM (g).
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these data strongly suggest that the progression to PD carcinomas 
in TRAMP/MICB mice was associated with loss of tumor cell sur-
face membrane-bound MICB and elevated serum levels of sMICB.

Tumor shedding of NKG2D ligands to impair the NKG2D 
receptor function has been demonstrated in many types of human 
cancers and proposed to be one of the mechanisms of immune 
evasion. In TRAMP mice, however, tumors have been shown to 
evade NKG2D immune surveillance via an alternative mechanism. 
Guerra et al. have demonstrated that expression of the endoge-
nous NKG2D ligand, e.g., RAE-1, was downregulated by the recep-
tor NKG2D during tumor progression (9). To address whether 
this alternative mechanism contributes, at least in part, to the 
development of PD tumors in TRAMP/MICB mice, we examined 
the expression of RAE-1, the most abundantly expressed endog-
enous mouse NKG2D ligand in TRAMP tumors (9). Comparable 

mRNA and protein levels of RAE-1 expression were found in PD 
and WD tumors from TRAMP/MICB mice (Figure 2, F and G). 
These data suggest that development of PD carcinoma in TRAMP/
MICB mice is not due to immune editing of endogenous NKG2D 
ligand expression. We thus conclude that tumor-derived sMICB is 
the major cause of tumor progression.

sMICB perturbs NK cell peripheral maintenance and facilitates tumor 
metastasis. To understand the mechanisms by which sMICB facili-
tates tumor progression, we examined splenic CD8 T and NK 
cell populations and their NKG2D expression in TRAMP/MICB 
mice versus their TRAMP littermates. All the TRAMP/MICB and 
TRAMP mice had comparable frequency and absolute numbers of 
splenic CD8 T cells (Figure 3A and Supplemental Figure 3A). Only 
a small fraction of the CD8 T cells expressed NKG2D, and the 
expression levels were not significantly different between TRAMP/

Figure 2
Accelerated progression to PD carcinomas in TRAMP/MICB mice is associated with elevated serum sMICB and loss of surface MICB. (A) Rep-
resentative IHC staining demonstrating the pattern of MICB expression (brown) in TRAMP/MICB mice. Scale bars: 100 μm. (B) Summary IHC 
score of surface MICB expression on tumor cells. (C) Quantitative RT-PCR showing comparable levels of MICB expression in PD and WD tumors 
at the mRNA level. (D) ELISA measurement of serum levels of sMICB in the cohorts of 24-week-old TRAMP/MICB mice at various ages during 
carcinoma development. *P < 0.01; **P < 0.001. Note that development of PD carcinomas is associated with marked elevation of serum levels 
of sMICB. (E) Correlation of serum sMICB with tumor volume in TRAMP/MICB mice at the age of 24 weeks. (F) Quantitative RT-PCR showing 
comparable levels of endogenous NKG2D ligand RAE-1 expression in PD and WD tumors at the mRNA level. (G) Representative micrograph and 
added summary scores of IHC staining demonstrating pattern of endogenous NKG2D ligand RAE-1 expression in TRAMP/MICB carcinomas. 
Scale bars: 100 μm. Data represent results from 4 independent analyses.
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MICB and TRAMP mice. Given that NKG2D is only expressed by 
activated mouse CD8 T cells and that antigen-specific CD8 T cell 
tolerance is well documented in TRAMP mice (39, 40), this obser-
vation is expected. Intriguingly, the frequency and absolute num-
ber of NK cells in the spleen were significantly reduced in TRAMP/
MICB mice that developed PD carcinomas and metastasis (Figure 
3B and Supplemental Figure 3B). There was a significant inverse 
correlation between serum levels of sMICB and numbers of resid-

ual splenic NK cells in the cohort of TRAMP/MICB mice (Figure 
3C, P = 0.002, R2 = –0.94). No major difference in the splenic NK 
cell population was observed among the TRAMP littermates.

We further addressed whether sMICB-associated depletion of 
splenic NK cells in TRAMP/MICB mice is a systemic effect or 
splenic-specific effect due to impaired trafficking. Despite marked 
reduction of splenic NK cells in association with high serum lev-
els of sMICB, no accumulation of CD3–NK1.1+ cell population in 

Figure 3
Prostate carcinoma progression is associated with sMICB-induced impairment in NK cell peripheral maintenance. (A and B) Comparisons of 
splenic CD8 (A) and NK (B) cells and NKG2D+ population in cohorts of 24-week-old TRAMP/MICB, TRAMP, and wild-type B6 mice. Left panel, 
representative dot plots of flow cytometry analyses. Right panel, pooled statistical data of flow cytometry analyses of each cohort. **P < 0.001 in 
comparison with TRAMP mice or with TRAMP/MICB mice that developed WD tumors. (C) Significant inverse correlation of serum sMICB with 
splenic NK cell population as analyzed from the cohort of 24-week-old TRAMP/MICB mice. (D) Representative dot plots of flow cytometry analyses 
and statistics of pooled data demonstrating systemic (LN, BM, and blood) depletion of NK cells in TRAMP/MICB mice that developed PD carci-
noma. (E) Representative dot plots of flow cytometry analyses and statistical data demonstrating significant reduction of NK cells in tumor infiltrated 
lymphocytes (TILs) in PD tumors from TRAMP/MICB mice. All data show represents results from 3 independent assays of at least 5 animals.
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Figure 4
sMICB impairs NK cell peripheral homeostasis and facilitates lung metastasis in experimental TRAMP-C2 lung metastatic model. (A) Experiment 
design. (B) Representative images of H&E staining (left panel) and quantification of lung deposits of micrometastasis (arrowhead on micrograph, 
right arrowhead). (C) Representative dot plots (left panel) of flow cytometry analyses and pooled statistical data (right panel) demonstrating NK1.1 
frequency in bone marrow, LNs, and spleens. *P < 0.05 in comparison with anti-sMICB treatment group and all animals injected with TRAMP-C2 
cells. (D) Representative flow cytometry analyses and quantification of splenic BrdU+ NK cell accumulation over 5 days. Data are representative 
of 5 animals per subgroup and 3 independent experiments.
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the LNs or bone marrow was seen. Rather, a significant reduction 
of NK cell frequency in the LNs was also observed (Figure 3D). 
Only a modest but not significant reduction of NK cells was seen 
in the bone marrow (Figure 3D). Consistent with the findings in 
the peripheral lymphoid organs, NK cell infiltration in the tumor 
parenchyma of PD carcinomas was also significantly reduced 
(Figure 3E), whereas CD8 T cell infiltration was not affected (Sup-
plemental Figure 3C). Nevertheless, NKG2D+ CD8 T cells were 
significantly reduced among CD8 T cells infiltrated in the PD car-
cinomas (Supplemental Figure 3C). These observations strongly 
suggest that the loss of NK cells in the secondary lymphoid organs 
is not due to development block or increased egress of NK cells 
into the tumor parenchyma.

To confirm that tumor progression and metastasis is facilitat-
ed by sMICB through impairing NK cell homeostasis, we deter-
mined the growth characteristics of TRAMP carcinoma-derived 
syngeneic metastatic cell line TRAMP-C2 (TC2) (41, 42) with and 
without sMICB expression after intravenous inoculation (Figure 
4A). Three weeks after implantation, animals were treated with the 
sMICB-neutralizing antibody B10G5 or control IgG for a 2-week 
duration (Supplemental Methods and Supplemental Figure 4). As 
expected, micrometastatic deposits in the lung were significantly 
higher in mice implanted with TC2 cells expressing sMICB (TC2-
sMICB) than in those implanted with TC2 cells (Figure 4B). Con-
comitantly, a significant reduction of NK cells was found in the 
spleen, LNs, and lung of mice implanted with TC2-sMICB cells in 
comparison with those implanted with TC2 cells (Figure 4C and 
Supplemental Figure 5). Moreover, lung micrometastatic deposits 
of TC2-sMICB were significantly reduced by sMICB-neutralizing 

antibody (Figure 4B), with the concurrent restoration of a periph-
eral pool of NK cells (Figure 4C). By BrdU pulsing, we found that 
highly proliferating NK cells failed to accumulate in the spleen 
of TC2-sMICB–bearing mice, but restored with the treatment of 
sMICB-neutralizing antibody (Figure 4D). Taken together, these 
data clearly show that sMICB facilitates metastasis of tumor cells 
and that such an activity is associated strongly with disruption of 
NK cell peripheral maintenance.

To further address whether the maintenance of established NK 
cell populations is negatively affected by sMICB and to confirm 
the potential underlying mechanisms, we adoptively transferred 
cell trace dye V450-labeled congenic CD45.1+ splenocytes into 
mice 4 weeks after implantation with TC2 or TC2-sMICB cells as 
described above. These mice were pretreated with sMICB-neutral-
izing antibody B10G5 or control IgG (twice weekly) 1 week prior 
to the transfer. Five days after transfer, we examined the frequency 
of congenic NK cells in the spleen and LNs. In comparison with 
mice implanted with TC2 cells, mice that were implanted with 
TC2-sMICB cells had significantly reduced frequency of CD45.1+ 
NK cells in both spleens and LNs (Figure 5, A and B, and Supple-
mental Figure 6A). However, treatment with sMICB-neutralizing 
antibody led to a significant increase of congenic CD45.1+ NK cells 
in mice inoculated with TC2-sMICB cells (Figure 5, A and B, and 
Supplemental Figure 6A). The sMICB-neutralizing antibody did 
not have a significant effect on the frequency of CD45.1+ NK cells 
in mice implanted with TC2 cells (Figure 5, A and B, and Supple-
mental Figure 6A). V450 dilution analyses of the transferred con-
genic CD45.1+ cells revealed a significant increase in proliferation 
of CD45.1+ NK cells in both spleen and LNs with the treatment of 

Figure 5
sMICB perturbs NK cell proliferation 
in metastatic TRAMP-C2-sMICB mice.  
1 × 107 V450-labeled CD45.1+ congenic 
splenocytes were transferred into CD45.2+ 
mice that were implanted with TRAMP-C2-
sMICB or into TRAMP-C2 mice. These mice 
were treated with sMICB-neutralizing anti-
body or control IgG before and after receiv-
ing CD45.1+ congenic splenocytes. Mice 
were euthanized 5 days after congenic 
transfer. (A and B) Percentage of CD45.1+ 
NK cells in the total CD45.1+ population in 
the spleen (A) and LNs (B). (C and D) sum-
mary of V450 dilution assay indicating that 
sMICB perturbs congenic CD45.1+ NK cell 
proliferation in the spleen (C) and LNs (B). 
5–8 animals were used in each group. Data 
represent 3 independent experiments.
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sMICB-neutralizing antibody in mice implanted with TC2-sMICB 
cells (Figure 5, C and D, and Supplemental Figure 6B). We did not 
detect a significant difference of the expression of NK cell homing 
receptor CD62L in the spleen or LNs among all groups of animals 
(Supplemental Figure 6C), suggesting that sMIC-associated loss 
of NK cells in the peripheral was not likely due to impaired NK 
trafficking. This adoptive transfer experiment has clearly and con-
clusively demonstrated that sMICB perturbs NK cell peripheral 
maintenance, in part through impairing NK cell proliferation.

Stable expression of the nonshedding membrane-bound NKG2D ligand 
by tumor cells prevents tumorigenic progression. To further determine 
that tumor progression in TRAMP/MICB mice is driven by sMICB 

rather than tumor surface MICB and to define the role of mem-
brane-bound NKG2D ligands in tumor immunity, we generated 
bi-Tg MICB.A2/TRAMP mice by crossing male MICB.A2/B6 mice 
to female TRAMP (B6 background) mice. Of note, the engineered 
MICB.A2 was generated by replacing a shedding regulatory region 
of MICB with the corresponding sequence of HLA-A2. MICB.
A2 could not be shed from tumor cell surface and is membrane-
restricted (36). Overall, more than 90% of the TRAMP/MICB.A2 
mice showed long-term, tumor-free survival (Figure 6A). When 
cohorts of TRAMP/MICB.A2 mice was examined at 24 weeks of 
age, prostate weights (0.20 ± 0.01 g) were only slightly higher than 
those of wild-type B6 littermates (0.17 ± 0.01 g; P = 0.16) but sig-

Figure 6
Expression of membrane-restricted NKG2D ligand MICB.A2 in the TRAMP prostate prevents tumor progression. (A) Kaplan-Meier plot demon-
strating tumor-free survival of TRAMP/MICB.A2 mice. Numbers indicate animals being surveyed. (B) Significantly reduced prostate weight in 
TRAMP/MICB.A2 bi-Tg mice (n = 21) in comparison with age-matched TRAMP (n = 13) littermates. Age-matched wild-type B6 are shown as 
normal controls. Numbers of animals are shown in parentheses. (C) Representative images of H&E and p63 IHC staining demonstrate benign 
prostate histology in TRAMP/MICB.A2 mice. The expression of SV40 Tag in the benign prostate epithelium was also shown. Scale bars: 50 μm. 
(D) No sMICB was detected in the sera of TRAMP/MICB.A2 mice by ELISA. Asterisk indicates sera from TRAMP/MICB mice as the assay posi-
tive control. (E) Blocking NKG2D function with an antibody in TRAMP/MICB.A2 mice resulted in significantly elevated prostate weight. Data in E 
represent 2 independent experiments.
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nificantly lower than those of TRAMP littermates (0.30 ± 0.04 g;  
P < 0.01, Figure 6B). Remarkably, no single TRAMP/MICB.A2 
mouse developed prostate carcinoma. The normal architecture 
of prostate gland was mostly preserved, as demonstrated by p63 
immunostaining (Figure 6C). Among the 21 TRAMP/MICB.A2 
mice, prostate glands from 8 animals exhibited normal histology, 
with intact basal cell layers. Prostates from the remaining 13 of 
these animals exhibited varying grades of PIN-like lesions repre-
sented by reduced p63 positivity in the interior of the multilay-
ered lesions and an increased ratio of luminal cell to p63-positive 
basal cells (Figure 6C and ref. 37). Furthermore, the SV40T onco-
genic protein that drives carcinoma development in TRAMP mice 
remained present in the epithelium of prostates from all TRAMP/
MICB.A2 mice (35). Importantly, no soluble form of sMICB was 
detected in the sera of these animals (Figure 6D). These data clear-
ly demonstrate that the membrane-bound form of MICB sup-
presses prostate cancer oncogenesis and progression.

To ascertain that tumor suppression in TRAMP/MICB.A2 mice 
is mediated by NKG2D immunity as a consequence of prostate-
specific expression of MICB.A2, cohorts of TRAMP/MICB.A2 
mice (n = 6/cohort) of 16 to 18 week of age were treated with the 
NKG2D-blocking antibody C7 or control rat IgG twice weekly for 
an 8-week duration. Without exception, all the mice treated with 
C7 had elevated prostate weight and developed prostate carcino-
ma (Figure 6E and data not shown).

Remarkably, unlike TRAMP/MICB mice, which exhibited a 
significant reduction of NK cells in the spleen (Figure 3), the fre-
quency of both NK and CD8 T cell populations was comparable 
to that of TRAMP or wild-type B6 littermates (Figure 7). The level 
of NKG2D expression on NK cells in TRAMP/MICB.A2 mice was 
also unperturbed (Figure 7A). Moreover, when stimulated with the 
NKG2D ligand RAE-1–expressing cell line ex vivo, splenic NK cells 
from TRAMP/MICB.A2 and wild-type mice showed comparable 
levels of IFN-γ production and NKG2D-dependent cytotoxicity 

Figure 7
Membrane-restricted MICB.A2 sustains NKG2D antitumor immunity in both NK and CD8 T cells. (A) Flow cytometry analyses of splenic NK cells 
from cohorts of 24-week-old TRAMP/MICB.A2, TRAMP, and wild-type B6 mice and relative levels of NKG2D expression. Left panel, representative 
dot plots. Right panel, quantification of pooled data. (B and C) Splenic NK cells form TRAMP/MICB.A2 mice and B6 mice have comparable levels of 
IFN-γ production (B) and lytic ability (C) when stimulated with RMA–RAE-1 cells for 4 hours. Cytotoxicity assay was performed using the standard 51Cr  
release assay. Anti-mouse NKG2D antibody C7 was used as the blocking antibody. (D) Representative dot plots of flow cytometry analyses and 
statistics of splenic CD8 T cell population and their NKG2D expression. All data represent 3 independent analyses of a minimum of 5 animals.
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sis with loss of NK cells in the peripheral lymphocyte pool 
and high serum levels of sMIC in patients and confirmed 
the close immunological and pathological similitude of our 
TRAMP/MICB mouse model to prostate cancer patients.

Discussion
Ample evidence from experimental animal models sup-
ports the significance of NKG2D function in tumor immu-
nity. However, to date, studies have not been able to clarify 
whether sustained expression of NKG2D ligands on tumor 
cells or chronic exposure of NKG2D to its ligands expressed 
on tumor cells is most beneficial for tumor immunity (12, 
15, 19). To this end, we established “humanized” bi-Tg 
TRAMP/MICB and TRAMP/MICB.A2 mouse models in 
which a human NKG2D ligand was specifically expressed 
on a spontaneous tumor with concurrent expression of 

the oncogenic protein SV40T, closely emulating human cancers. 
Moreover, we differentially expressed 2 forms of NKG2D ligands to 
distinguish their effects on tumor progression: the native NKG2D 
ligand MICB, which can be shed by tumors to generate the soluble 
form as naturally occurred in cancer patients, and the mutant 
membrane-restricted NKG2D ligand MICB.A2, which could not 
be shed from tumors. With these 2 lines of mouse models, we 
have for what we believe is the first time clearly demonstrated that 
membrane-restricted and soluble NKG2D ligands pose opposite 
impacts on tumor progression and metastasis. We conclusively 
demonstrate that membrane-restricted NKG2D ligand MICB.A2 
could sustain NKG2D protective immunity and prevent spontane-
ous tumorigenesis and that native NKG2D ligand MICB facilitates 
tumor progression through soluble ligand-mediated impairment 
of NK cell peripheral maintenance.

Mechanisms such as downmodulation of NKG2D expression 
by tumor-derived soluble NKG2D ligands (13, 14, 25, 28, 43) and 
TGF-β (44) and obstruction of MIC-NKG2D interaction by core2 
O-glycans (45) have been described as tumor-immune evasions of 
NKG2D-mediated immunity. An observation was made in our cur-
rent study regarding the profound impairment of NK cell homeo-
stasis in both mice and men by tumor-derived soluble NKG2D 
ligands. We found that peripheral NK cells were profoundly deplet-
ed as a result of high levels of circulating sMIC in bi-Tg TRAMP/
MICB mice. This tumor evasion mechanism was further confirmed 
in an experimental lung TRAMP-C2-sMICB model and also indi-
cated to be of significance in prostate cancer patients. As shown in 
the animal models, depletion of NK cells was most profound in the 
peripheral lymphoid organs and less so in the bone marrow, sug-
gesting that homeostatic maintenance of the NK cell pool in the 
peripheral was affected. This point was further strengthened by our 

(Figure 7, B and C). Moreover, the splenic NKG2D+ CD8 T cells 
increased in frequency in TRAMP/MICB.A2 mice in comparison 
with TRAMP littermates, although total CD8 T cell frequency 
remained similar (Figure 7D). These data support the notion that 
expression of membrane-bound NKG2D ligands on tumor cells 
promotes CD8 T cell response because NKG2D expression cor-
relates with the activation status of mouse CD8 T cells (6). Col-
lectively, these data provided direct in vivo evidence that sustained 
expression of the membrane-bound form of NKG2D ligand does 
not impair, but rather stimulates host, immunity to suppress 
tumorigenic progression.

Metastatic prostate cancer in men is associated with reduced peripheral 
NK cells and elevated serum sMIC. To understand the clinical signifi-
cance of our findings, we analyzed CD3–CD56+ NK cell popula-
tions in the peripheral blood of 36 newly diagnosed treatment-
naive prostate cancer patients with varying Gleason scores, of 
whom 11 had distant metastatic diseases and 25 had only local-
ized diseases. We found that the frequency of circulating NK cells 
was profoundly reduced in prostate cancer patients (n = 36) in 
comparison with age-matched healthy men (n = 10). Strikingly, 
men who developed metastatic diseases had a significantly lower 
frequency of circulating NK cells than those who were only diag-
nosed with localized diseases (Figure 8A). No significant differ-
ence was observed in circulating T cells (CD3+CD56–) among all 
the analyzed subjects (Figure 8B). Moreover, serum levels of sMIC 
were significantly higher in men with metastatic disease than 
those with localized diseases (Figure 8C). Furthermore, there was 
a significant inverse correlation between the serum levels of sMIC 
and NK cell frequency in the circulation (Figure 8D). No correla-
tion of T cell frequency with sMIC was found (data not shown). 
These data revealed a clear association of prostate cancer metasta-

Figure 8
Development of metastatic prostate cancer in men is associ-
ated with reduced NK cell frequency in the blood and high lev-
els of serum sMIC. Data show NK cell (CD3–CD56+) frequency 
(A), T cell (CD3+CD56–) frequency (B), and serum levels of 
sMIC (C) from 36 treatment-naive prostate cancer patients, of 
whom 25 were diagnosed with localized disease and 11 were 
diagnosed with distant metastasis. Samples from age-matched 
healthy men (n = 10) were used as controls. Data represent 
results from 3 independent assays. (D) Significant inverse cor-
relation between serum sMIC and the frequency of circulating 
NK cells from all patients.
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whether NKG2D ligands present on tumor tissues were membrane 
bound or soluble. This ambiguity may account for the contradic-
tion in prognostic value of NKG2D ligands in patients, even with 
the same type of cancer at different disease stages. For example, 
high expression of NKG2D ligand MIC in tumors was reported to 
predict a good prognosis for early breast cancer but a poor prog-
nosis for invasive breast carcinoma (21, 24). Tumor shedding of 
sMIC is mediated by members of MMP families (50, 51). One of 
the members, MT1-MMP, that is shown to mediate MIC shedding 
(50) is upregulated in invasive breast carcinomas, and its expres-
sion suggests a poor clinical prognosis in patients with invasive 
breast cancer (52). Thus, it is possible that different forms of 
NKG2D ligands were detected in early and invasive breast cancer 
tissues. Because soluble NKG2D ligands negatively regulate the 
function of multiple antitumor effector cells within tumor tissue 
and systemically, we believe that a combination of vigilant scoring 
of NKG2D ligand expression in tumor tissues with serum levels of 
sMIC is needed to provide an accurate prognosis of a malignancy.

In summary, we have generated a mouse model of spontaneous 
carcinoma that recapitulates the specific interactions between 
NKG2D and its cognate ligands during tumor progression. We 
further demonstrate that metastatic progression of prostate can-
cer is associated with loss of NK cells in the circulating and high 
levels of soluble MIC in both mice and men. Our study not only 
clearly defines the impact of NKG2D ligand expression on tumor 
progression, but also presents a valuable preclinical autochthonous 
mouse model that can be exploited to develop and optimize cancer 
immunotherapy based on the biology of NKG2D and its ligands.

Methods
Human blood sample collection. Blood samples of treatment-naive and newly 
diagnosed prostate cancer patients (n = 36, age 52–79) were obtained from 
the outpatient Urology Clinics at the Veterans Affair Puget Sound Health 
Care System, the Seattle Cancer Care Alliance, and the Hollings Cancer 
Center. All subjects enrolled in this study had normal white blood cell 
counts (4,000–11,000 cells/μl). Twenty-five of these men were diagnosed 
with localized disease only. Eleven of these men were diagnosed with dis-
tant metastasis (bone or LNs). Blood samples from healthy control age-
matched men (n = 10, age 50–68) were obtained from human subjects 
recruited at the University of Washington. Healthy subject was defined as 
no history of cancer and no immunological disorder. Whole blood was 
collected in heparinized tubes. Serum was collected and PBMCs were sepa-
rated by Ficoll-Hypaque density.

Transgenic mice. Mice were bred and housed under specific pathogen–free 
conditions in the animal facility of the University of Washington and the 
Medical University of South Carolina in accordance with institutional 
guidelines with approved IACUC protocols. All mice used in this study 
were on the B6 background. The rPB-MICB and rPB-MICB.A2 expression 
cassettes were constructed by replacing the SV40T fragment from rPB-
SV40T expression cassettes (35) with the cDNA fragments encoding MICB 
or MICB.A2, respectively. The cDNA encoding for MICB.A2 was similarly 
described (33). Briefly, a small region of MICB α3 domain (aa 238–252) 
spanning the motif that regulates MICB shedding (36) was replaced with 
a corresponding sequence from HLA.A2. The molecule MICB.A2 has the 
same function as MICB in recognition of NKG2D (33, 36). The entire 
rPB-MICB or rPB-MICB.A2 expression cassette was gel purified following 
digestion with HindIII and was microinjected into fertilized B6 embryos, 
respectively (performed at University of Washington Comparative Medi-
cine Transgenic Core Facility). Transgenic progeny were identified by PCR 
analysis of DNA extracted from tail biopsies using the forward primer spe-

adoptive transfer experiment in which we observed the depletion of 
proliferating NK cells by sMICB that can be reversed by treatment 
of neutralizing antibody. Our findings are intriguing and could 
provide explanations, at least in part, for many clinical observa-
tions. For instance, decreased intratumoral NK cell numbers have 
been found to predict a poor clinical outcome in certain types of 
cancer patient (46, 47). Also, retrospective studies suggest that 
serum sMIC has a predictive value for epithelial cancer progres-
sion to metastasis (13, 14, 29). The failure of clinical trials of adop-
tive NK cell transfer to treat human malignancy (48, 49) may also 
be explained in part by soluble NKG2D ligand-mediated NK cell 
depletion. One of the challenges for improving the therapeutic out-
come is to sustain infused NK cells in cancer patients (48, 49). Our 
current study suggests that elimination of soluble NKG2D ligands 
may be one of the viable avenues for exploring way to improve NK 
cell–based cancer immunotherapy. Further studies are necessary 
to uncover the cellular and molecular mechanism by which sMIC 
impairs NK cell peripheral homeostasis.

Our finding that membrane-bound NKG2D ligand protects 
antitumor immunity contradicts the conclusion from other 
reports that chronic exposure to membrane-bound ligands impairs 
NKG2D function and thus increases susceptibility to tumorigen-
esis (15, 19). We reason that the discrepancy lies in the differences 
among various experimental models. In 2 studies, the ligand of 
NKG2D was constitutively and broadly expressed in non–tumor 
prone wild-type mice (15, 19), not in a tissue-specific fashion in 
the context of a spontaneous tumor, which is highly nonphysi-
ological. For instance, 1 transgenic mouse model that was created 
by expressing human MICA under the constitutive and ubiquitous 
mouse MHC class I H-2Kb promoter on a C57BL/6 background 
showed impaired ability of NK cells to reject MICA-transfected 
RMA tumors in comparison with the wild-type counterparts (19). 
In other models (15), NKG2D ligand RAE-1ε was expressed in 
normal mice under the constitutive involucrin promoter (induc-
ing squamous epithelium expression) or the ubiquitous chicken 
β-actin promoter; local and systemic NKG2D downregulation was 
noted in these mice in comparison with the wild-type counter-
parts. Notably, in these transgenic mouse models, NKG2D ligand 
expression was “ectopic” and under the direction of a constitutive 
or ubiquitous promoter in somatic cells. Given the magnitude of 
ligand-induced NKG2D signaling on activating NK cells, down-
modulation of NKG2D function is expected in these transgenic 
mice in comparison with an otherwise wild-type counterpart as 
a self-regulatory mechanism to allow normal embryonic devel-
opment. Thus, although the findings from these mouse models 
are interesting, they do not represent the real situation in cancer 
patients. On the contrary, we created unique transgenic mice that 
express NKG2D ligands in the prostate that is prone to develop 
cancer spontaneously due to concurrent expression of SV40 T 
antigen. The organ-specific and temporal expression of NKG2D 
ligand during cancer progression closely resembles that in human 
cancers. The results from our studies may reflect more closely 
what is happening in human patients, which is validated by our 
consistent clinical observations: prostate cancer progression cor-
related profoundly with increased soluble MIC and concurrent 
depletion of NK cells pools in the circulation.

Giving the opposing roles of membrane-bound and soluble 
NKG2D ligands in cancer progression, it is not surprising that 
the prognostic significance of NKG2D ligands in human cancer 
remains controversial (20–24). Most of the studies did not specify 
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intensity of staining (1, 2, or 3) multiplied by the percentage of immu-
nopositive cells (0%–100%). The maximum composite score was 300.

Pathological evaluation. Ten randomly selected fields of H&E-stained sec-
tions of the prostate from individual mice of each cohort were independent-
ly scored by 2 scientists for incidence and percentage of area corresponding 
to each pathologic stage. Pathologic grading of the prostate was performed 
according to the recommendations of published studies (35, 38).

Flow cytometry analysis. For analyses of NK cell frequency in human PBMCs, 
single-cell suspensions were stained with FITC-conjugated anti-human CD3 
and PE-conjugated anti-human CD56 antibodies (eBiosciences). Samples 
were analyzed with BD FACScan. NK cells were defined as CD3–CD56+. For 
analyzing mouse samples, single-cell suspensions of splenocytes, LN, and 
bone marrow were incubated on ice for 30 minutes with a combination of 
FITC-conjugated mNK-specific mAb NK1.1 or DX5 or mCD8-specific anti-
body (eBioscience) in combination with PE-conjugated anti-mouse NKG2D 
mAb CX5 (eBioscience) and PerCP-conjugated anti-mouse CD3 antibody 
(eBioscience). Cells were analyzed using a BD FACscan or Fortessa. Data were 
analyzed using the BD FlowJo software (Tree Star).

Cytotoxicity assay. Mouse NK cells were isolated as previously described 
from pooled splenocytes from 2 to 3 representative mice with similar pros-
tate disease progression within the same experimental group and were 
used as effectors (33). 51Cr-labeled TRAMP-MICB.A2 cells were used as 
target cells. Cyototoxicity assay was performed using a standard 4-hour 
51Cr release assay as described previously (33). 30 μg/ml of anti-NKG2D 
antibody C7 (eBioscience) was for blocking NKG2D function.

ELISA for sMIC. Serum was diluted 1:2 with PBS. Amount of soluble MIC 
in human serum was measured using MICA DuoSet Sandwich ELISA kit 
(R&D Systems) following the manufacture’s protocol. Amount of sMICB 
in mouse serum was measured using the human MICB DuoSet Sandwich 
ELISA kit (R&D Systems) as previously described (33).

Statistics. All statistical data were expressed as mean ± SEM. Difference 
between means of populations was compared by standard Student’s t test 
for unpaired, 1-tailed samples. Survival was determined via Kaplan-Meier 
analysis with comparison of curves using the Mantel-Haenszel log-rank 
test. A P value of 0.05 or less was considered significant. GraphPad Prism 
software was used for all analyses.

Study approval. The collection and the use of human peripheral blood 
samples and relevant clinical information were approved by the University 
of Washington Institutional Review Board and the Medical University of 
South Carolina. All subjects gave written informed consent for the study. 
All animal studies were approved by the IACUC of the University of Wash-
ington and the Medical University of South Carolina.
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cific for rPB (5′-ACAAGTGCATTTAGCCTCTCCAGTA-3′) and the reverse 
primer specific for MICB (5′-TGTGTCTTGGTCTTCATGGC-3′) or MICB.
A2 (5′-CAGAGACAGCGTGGTGAGTCATATG-3′).

The male rPB-MICB and rPB-MICB.A2 animals were bred with female 
TRAMP mice to generate the experimental male TRAMP-MICB and 
TRAMP-MICB.A2 animals. Presence of double transgenes was identified 
by PCR analysis of DNA extracted from tail biopsies using the primers spe-
cific for SV40 Tag (forward, 5′-GATATGGCTGATCATGAACAGACT-3′; 
reverse 5′-TTTGAGGATGTAAAGGGCACTG-3′) and MICB or MICB.A2 as 
described above. All experimental mice were randomly assigned to cohorts 
and sacrificed at the defined age for evaluation. In some cohorts, animals 
were administrated i.p. with anti-NKG2D blocking antibody C7 (100 μg/ 
mouse, eBiosciences) or control IgG twice weekly for an 8-week duration. 
Prostates, LNs, liver, lung, and femur were collected for histological evalu-
ation. In some experiments, LN and bone marrow were also collected along 
with spleens for single-cell suspension and immunological evaluation. 
Blood were collected for assaying serum levels of sMICB by ELISA.

Experimental lung metastatic model. TRAMP-C2 (TC2) or TC2 cells express-
ing sMICB (TC2-sMICB) were i.v. transplanted into 2 groups of syngenic 
MICB/B6 transgenic mice (n = 6) (0.5 × 106 cells/mouse) at the age of 8 to 10 
weeks. As mice do not naturally express homologs to human MIC, we chose 
to use the transgenic MICB/B6 mice instead of B6 mice in this experiment 
to avoid the effect of autoantibody against the human molecule sMICB 
during the experiment. Six weeks after transplantation, mice in each group 
were further randomized into 2 subgroups: with anti-MICB mAb B10G5 
(Supplemental Methods) treatment or control mouse IgG. Each mouse in 
the treatment group received i.p. the dose of 100 μg mAb B10G5 or mouse 
IgG twice weekly for 2 weeks before sacrifice. For BrdU feeding, mice were 
supplied with 0.8 mg/ml of BrdU (Sigma-Aldrich) in drinking water made 
fresh daily. For congenic experiments, 1 × 107 congenic CD45.1+ splenocytes 
were labeled with Cell Trace Dye V450 before being transferred i.v. into each 
mouse. After euthanization, spleens, bone marrows, and LNs were harvested 
for single-cell suspension analyses. Lung were harvested, fixed in 10% neutral 
fixation buffer, paraffin embedded, and sectioned for histology evaluation.

Histological and immunohistochemical examination. The mouse prostate and 
other soft tissues were fixed in 10% formaldehyde and embedded in paraffin 
wax. The bone tissues were decalcificated for 24 hours before they were embed-
ded. Five-micrometer sections were cut and stained with H&E for pathologi-
cal evaluation. Sections were also stained with the following: (a) anti-MICB 
(and MICB.A2) mAb 6D4.6 (mouse IgG; 1:500; Biolegend); (b) anti–pan-
RAE-1 antibody (rat mAb IgG2a; 1:500; R&D); (c) anti-SV40T antigen (rab-
bit polyclonal IgG, 1:200; Santa Cruz Biotechnology Inc.); (d) anti-mouse p63 
antibody (mouse mAb IgG2a; 1:200; Thermo Scientific). Sections were depa-
raffinized and incubated for 10 minutes in 10 mM citrate buffer (pH 6.0) at 
95°C for antigen retrieval. Endogenous peroxidase activity was quenched with 
3% hydrogen peroxide. After quenching endogenous peroxidase activity and 
blocking nonspecific binding, slides were incubated with specific primary anti-
body overnight at 4°C followed by subsequent incubation with the appropri-
ate biotinylated secondary antibody: goat anti-rabbit IgG (Vector); rabbit anti-
rat IgG (Vector); and goat anti-mouse IgG (Vector) at a 1:1000 dilution for 20 
minutes at 37°C. Immunoreactive antigens were detected using the Vectastain 
Elite ABC Immunoperoxidase Kit and DAB. All slides were counterstained 
with hematoxylin (Vector) and mounted with Permount (Fisher Scientific).

IHC evaluation. Scoring of IHC staining was similar to that described 
previously (53). Briefly, the intensity of specific staining was double-blind 
graded on a scale of 1 to 3 (1 = weak staining, 2 = moderate staining, and 
3 = strong staining). A semiquantitative score on a 10% increment scale 
ranging from 0% to 100% was used to assess the percentage of stained 
cells of the intensity. Approximately 500 cells were analyzed for each case. 
The final composite staining score for immunostaining was based on the 
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