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The MHC class I chain–related molecules (MICs) have previously been shown to be induced on most epi-
thelial tumor cells. Engagement of MIC by the activating immune receptor NKG2D triggers NK cells and 
augments antigen-specific CTL anti-tumor immunity. The MIC-NKG2D system was proposed to participate 
in epithelial tumor immune surveillance. Paradoxically, studies suggest that tumors may evade MIC-NKG2D–
mediated immunity by MIC shedding–induced impairment of effector cell function. Here we demonstrate the 
first evidence to our knowledge of a significant correlation of MIC shedding and deficiency in NK cell func-
tion with the grade of disease in prostate cancer. MIC is widely expressed in prostate carcinoma. The presence 
of surface target MIC, however, is counteracted by shedding. A significant increase in serum levels of soluble 
MIC (sMIC) and deficiency in NK cell function was shown in patients with advanced cancer. Finally, the defi-
ciency in NK cell function can be overcome by treatment with IL-2 or IL-15 in vitro. Our results suggest that 
(a) deficiency in MIC-NKG2D immune surveillance may contribute to prostate cancer progression, (b) sMIC 
may be a novel biomarker for prostate cancer, and (c) using cytokines to restore MIC-NKG2D–mediated 
immunity may have clinical significance for prostate cancer in cell-based adaptive immunotherapy.

Introduction
The C-type lectin–like stimulatory immune receptor NKG2D is 
expressed by all human NK and CD8+ T cells and by most γδ T 
cells (1–5). NKG2D-mediated immune activation can be triggered 
by interaction with its ligands (6–8): the family of stress-induced 
MHC class I chain–related molecules (MICs) MICA and MICB (5), 
and the UL16-binding protein (ULBP) family (9–11). In NK cells, 
the activation signal mediated by NKG2D was shown to dominate 
the inhibitory signal mediated by MHC class I binding to killer 
inhibitory receptors, leading to lysis of target cells that express 
NKG2D ligands (1–4). NKG2D-mediated activation signal also 
costimulates antigen-specific CD8+ T cell immunity and is neces-
sary for activation of cytotoxic γδ T cells (5, 12–15).

According to current available data, MIC molecules are the 
best-characterized ligands and are the most frequently expressed 
ligands on epithelial tumors. MIC is induced on a broad range 
of epithelial tumor cells, such as melanoma, colon, breast, lung, 
ovary, renal, and hepatocellular carcinomas, but is absent from 
normal tissues (16–18). Cells expressing MIC on their surface are 
susceptible to NK and antigen-specific T cell immunity. Thus, 
surface expression of MIC on transformed cells is proposed to 
mark nascent tumors for immune surveillance (6–8). MIC pro-

teins share structural homology with MHC class I molecules but 
have no role in antigen presentation (19). The two closely related 
MICs MICA and MICB share 84% amino acid sequence identity 
in the ectodomain and are suggested to be derived from recent 
gene duplication events (20).

Sequences directly related to MICA and MICB are conserved in 
the genomes of most if not all mammalian species with the excep-
tion of rodents (21, 22). In mice, the retinoic acid early inducible 
family of proteins RAE-1 (23–25), the minor histocompatibility 
antigen H60 (23–25), and the murine ULBP-like transcript 1 (26) 
were identified as mouse NKG2D ligands. Ectopic expression of 
RAE-1 or H60 on tumor cells resulted in potent tumor rejection 
by NK cells in syngeneic mice (27), which suggests a potential role 
for NKG2D-mediated activation of cytolytic effector cells in tumor 
immunity. However, little is known about the clinical significance 
of NKG2D-mediated immunity for human tumors. Studies 
have demonstrated that the MIC-NKG2D–mediated immunity 
is impaired in patients with progressive breast, lung, ovarian, or 
colon cancer (28, 29). In most of these cases, malignant tumors 
shed MIC and subsequently induce downregulation of surface 
NKG2D expression on NK cells and/or CTLs. Such a deficiency 
in NKG2D-mediated effector cell function has been proposed to 
be one of the mechanisms by which tumor cells evade NK cell and 
CTL immune surveillance and progress (28, 29). Nonetheless, to 
date, compelling evidence is lacking on how shedding or impair-
ment of MIC in NKG2D-mediated effector function correlates 
with disease stages or progression.

Here we investigated MIC expression in primary prostate carci-
noma and NKG2D-mediated NK cell function in prostate cancer 
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patients with various degrees of disease. Biopsy studies showed 
that MIC expression was prevalent in prostate carcinoma, sug-
gesting a role for MIC-NKG2D–mediated immunity in prostate 
cancer. However, membrane-bound MIC was predominant only 
in low-grade cancers and significant serum levels of soluble MIC 
(sMIC) were detected in higher-grade cancers, indicating that 
prostate tumors counteract MIC-stimulated, NKG2D-mediated 
immunity via MIC shedding. Importantly, serum levels of sMIC 
and a loss of NKG2D-mediated NK cell function significantly 
correlated with the degree of disease in prostate cancer patients. 
Furthermore, we investigated whether in vitro stimulation with 
cytokines can restore sMIC-impaired, NKG2D-mediated cytotoxic 
function in NK cells from prostate cancer patients.

Results
NKG2D-dependent NK cell cytotoxicity against prostate cancer cell lines. 
Transformation-associated MIC expression renders tumor cells 
more susceptible to NK cell cytotoxicity (1–8). Therefore, we first 
examined the expression of MIC molecules in prostate cancer cell 
lines. As shown by flow cytometry analysis with mAb BAMO1, 
which recognizes both MICA and MICB (together called MIC), 
MIC was abundantly expressed in the prostate cancer cell lines 
M12, PC-3, and LnCaP but was absent from normal prostate pri-
mary epithelial cells (PrECs) (Figure 1A).

Studies have shown that NK cell cytotoxicity against MIC-pos-
itive tumor cells may be NKG2D dependent or may be a result of 
combined activation of NKG2D and natural cytotoxicity recep-
tors, depending upon the source of target cells (30). We thus 
tested whether the susceptibility of these MIC-expressing pros-
tate cancer cells to NK cell cytotoxicity was NKG2D dependent. 
As shown in Figure 1B, M12 cells elicited NK cell target lytic 
activity and this response was substantially inhibited by either 
masking of MIC with mAb BAMO1 (31) or masking of NKG2D 
with mAb M585 (32). A similar NK cell lytic response was trig-
gered by PC-3 or LnCaP cells but not by normal prostate prima-
ry epithelial cells (data not shown). Moreover, stimulating NK 

cells with these MIC-expressing prostate cancer cells resulted in 
a significant level of IFN-γ release (data not shown). These data 
indicate a MIC-specific, NKG2D-dependent activation of NK 
cells against prostate cancer cells.

MIC expression in primary prostate carcinomas. We investigated the 
expression of MIC by prostate secretory epithelial cells using a 
set of tissue microarray slides. Each slide was composed of the 
following: prostate biopsies from normal individuals and from 
individuals with prostatic neoplasia, carcinomas of varying 
Gleason scores (GS), and high-grade prostatic intraepithelial 
neoplasia (HGPIN). MIC immunoreactivity was seen only in 
neoplastic prostates but not in benign prostate glands (Figure 
2A). Positive MIC immunoreactivity with varying patterns was 

Figure 1
MIC expression in prostate cancer cell lines and susceptibility of 
prostate cancer cells to NK cell activation in an NKG2D-dependent 
fashion. (A) Flow cytometry analysis of MIC expression in PrECs and 
the prostate cancer cell lines M12, PC-3, and LnCaP. White profiles 
represent staining with control mouse IgG (mIgG); black profiles repre-
sent staining with the BAMO1 mAb against MIC (MIC); and gray pro-
files represent staining with the W6/32 mAb against MHC I (MHC I).  
(B) Cytotoxicity of NK cells isolated from a healthy individual against 
M12 target cells at the indicated effector/target (E/T) ratios. NK cell 
cytotoxicity was inhibited by masking of NKG2D on NK cells or of MIC 
on M12 cells with 10 μg/ml of antibody M585 (+ anti-NKG2D) (31) or 
BAMO1 (+ anti-MIC) (30), respectively, but was not affected by control 
mouse IgG (+ IgG). Data shown are mean ± SD of triplicates. Results 
shown are representative of three independent experiments.

Figure 2
Immunohistochemical staining of MIC on human prostate biopsies. (A) 
No MIC immune reactivity in a benign prostate. (B and C) Predomi-
nant surface MIC immune reactivity in prostate secretory epithelia of 
HGPIN (B) and GS 5–6 prostate carcinoma (C). (D–F) MIC staining 
was no longer abundantly present on carcinoma cell surface and dif-
fuse stromal MIC immuoreactivity was shown in high-grade cancers 
(GS 8–10). Original magnification, ×40.
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exhibited in 95% of neoplastic prostate (Table 1). In HGPIN, 
MIC immunoreactivity was predominantly localized at the 
luminal surface of secretory epithelial cells (Figure 2B). In car-
cinomas with GS of 6–7, MIC immunoreactivity was no longer 
restricted to the epithelial cell surface but was diffusely distrib-
uted in the infiltrated glands (Figure 2C). In carcinomas with 
GS of 8–10, most tumor cells showed negative cell surface MIC 
immunoreactivity and diffuse MIC staining was shown in the 
stroma (Figure 2, D–F). These observations indicate that MIC 
is induced in the early stage of prostate luminal epithelial cell 
transformation (as early as HGPIN) and is expressed widely in 
prostate carcinoma. The data also suggest that loss of predomi-
nant surface localization of MIC may be associated with progres-
sion to invasive tumor or to progressively higher grades.

Serum levels of sMIC in prostate cancer patients. Our observations 
in prostate biopsy studies suggested an association of increased 
loss of cell surface MIC with higher grades of prostate cancer. 
We thus seek to investigate serum levels of sMIC in patients 
with prostate cancer of various grades. Sera from 23 character-
ized prostate cancer patients (Table 2) and from 10 age-matched 
healthy male donors were assayed for sMICA by noncompet-
ing solid-phase ELISA. AMO1 (specific for the α1α2 domain of 
MICA) and BAMO3 (specific for the α3 domain of MICA and 
MICB) were used as capture and detection antibodies, respec-
tively (30). Significant amounts of sMICA, as high as 21 ng/ml, 
were detected in sera from nearly all patients (Student’s t test,  
P < 0.05, Figure 3A). No significant levels of sMICA were detected 
in sera from healthy donors. Furthermore, significantly higher 
levels of sMICA were seen in sera from patients with more 
advanced disease, that is, with primary carcinoma at a GS greater 
than 7 at the time of diagnosis and/or with recurrent androgen-
independent disease (Student’s t test, P < 0.05; Figure 3A). Inter-
estingly, although in some cases patients with high serum levels 
of prostate-specific antigen (PSA) tended to have higher levels of 
sMICA (p14, p17, p18, p20, p21, and p23; Table 3), serum levels 
of sMICA did not seem to correlate significantly with PSA overall 
(Figure 3B; ANOVA, r = 0.2, P = 0.38).

Deficiency in NKG2D-mediated NK cell function in advanced pros-
tate cancer. Our observation that MIC is induced frequently in 
transformed prostate epithelial cells suggests a potential role 
for NKG2D-mediated anti-tumor immunity in prostate cancer. 
However, the MIC-NKG2D immune surveillance may not be 
effective in prostate cancers, probably due to at least two fac-
tors. One is loss of the tumor cell surface target molecule MIC, 
as shown by our immunohistochemistry study of prostate tissue 

microarrays (Figure 2 and Table 1). The other is sMIC-induced 
downregulation of surface NKG2D expression on effector cells. 
The sMIC-induced impairment in NKG2D-mediated effector 
cell function has been demonstrated in other cancers (28, 29). To 
investigate whether deficiency in NKG2D-mediated effector cell 
function is associated with prostate cancer, we analyzed surface 
NKG2D expression on circulating NK cells freshly isolated from 
the 23 prostate cancer patients (Table 2) and from 10 healthy 
donors, using the M585 mAb against NKG2D in combination 
with anti-CD3 and anti-CD56. As demonstrated in Figure 4, A 
and B, significantly reduced surface NKG2D expression was seen 
in NK cells from prostate cancer patients compared with those 
of healthy donors (Student’s t test, P < 0.05). A more significant 
reduction in NK cell surface NKG2D expression was shown in 
patients with advanced disease (GS 8–10; P < 0.001). Interestingly, 
in nearly all patients with cancers with GS of 6–8 and nonmeta-
static cancer with a GS of 9, two populations of CD3–CD56+ NK 
cells, NKG2Dlow and NKG2Dnormal, were seen and an increase in 
NKG2Dlow population was likely to be associated with cancer of 
a higher GS or with higher levels of serum sMIC. In all patients 
with cancer with a GS of 10 and metastatic cancer with a GS of 
9, only the NKG2Dlow population was seen. In all cases, no dif-
ference in CD56 expression was noted between NKG2Dlow and 
NKG2Dnormal NK cells (data not shown). Nevertheless, a signifi-
cant inverse correlation between serum levels of sMIC and levels 
of NK cell surface NKG2D expression was found in all patients by 
ANOVA (Figure 4C; r = 0.56, P = 0.0049).

Table 2
Patient characteristics in this study

Patient GS PSA (ng/ml) Age (yr) Treatment received
p1 6 3.8 79 Casodex
p2 6 5.2 60 NT
p3 6 8.9 67 NT
p4 6 5.5 61 NT
p5 7 10.0 68 Zoladex
p6 7 9.9 74 NT
p7 7 3.5 74 Zoladex
p8 7 3.4 60 NT
p9 7 4.3 62 NT
p10 7 4.5 61 Zoladex
p11 8 2.4 59 Zoladex
p12 8, Met 5.7 70 Zoladex
p13 8 9.3 63 Prostate removed 1 mo ago
p14 9, Met 39.0 79 Castrated
p15 9 3.0 64 Zoladex
p16 9, Met 8.0 87 Zoladex, ext. beam 2 yr ago
p17 9, Met 454.0 74 Zoladex, Casodex
p18 9, Met 204.0 76 Zoladex, Casodex
p19 9 20.0 75 NT
p20 9, Met 210.0 55 Casodex
p21 10, Met 30.0 68 Zoladex
p22 10, Met 3.0 60 Zoladex
p23 9, Met 113 67 Casodex

Patients p2, p3, p4, p6, p8, p9, and p19 were newly diagnosed and their 
GS were based on needle biopsy specimens. GS for the patients with 
androgen-independent disease were based on biopsy specimens at 
the time of initial diagnosis prior to castration. PSA measurements were 
performed at the time of blood sample collection. Bone metastases 
were diagnosed by bone scans. Met, bone metastasis; NT, no treat-
ment received; ext. beam, external beam.

Table 1
MIC immunoreactivity in primary prostate carcinoma

GS  Number  Surface MIC  Stromal MIC  
 of lesions frequency frequency
6 62 60/62 36/62
7 37 33/37 36/37
8 25 8/25 23/25
9 27 7/27 25/27
10 14 0/14 14/14

These data were obtained from the immunohistochemistry of prostate 
tissue microarray slides. GS of sections of biopsies were evaluated by 
H&E staining.
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We next examined the NKG2D-dependent tumor lytic ability of 
freshly isolated polyclonal NK cells from representative prostate 
cancer patients and healthy donors. As presented in Figure 5, NK 
cell cytotoxicity against MIC-positive prostate cancer M12 cells 
was substantially decreased in all representative prostate cancer 
patients. A more pronounced decrease was seen in patients with 
high-grade cancers (GS 8–10). These cytotoxic responses were 
inhibited by pre-masking of NKG2D on NK cells with the antibody 
M585 or preincubation of M12 cells with the anti-MIC BAMO1 
(data not shown). These results not only demonstrated deficiency 
of NKG2D-mediated NK cell anti-tumor function in prostate can-
cer patients but also demonstrated the correlation of severity of 
NK cell functional impairment with degree of disease.

Downmodulation of normal NK cell surface NKG2D expression by 
sMIC in prostate cancer serum. Studies have shown that several sol-
uble factors in prostate cancer serum can inhibit NK cell func-
tion (33–36). To ascertain the association of cancer serum sMIC 
with the deficiency in NKG2D-dependent NK cell cytotoxicity, 
we investigated the effect of serum from patients with prostate 
cancer with a GS of 9 (p14 and p23) or a GS of 10 (p21 and p22) 
on normal NK cell surface NKG2D expression. A decrease in sur-
face NKG2D expression was observed after 12 hours (data not 
shown) and a maximum reduction of 5- to 7-fold was observed 
after 48 hours (Figure 6A). When the sera were preincubated 
with mouse IgG, the same reduction in surface NKG2D expres-
sion as in Figure 6 was observed (data not shown). In contrast, 
when the sera were pretreated with the BAMO1 mAb against 
MIC, no significant reduction in surface NKG2D expression was 
observed, even at 48 hours (Figure 6B), suggesting that sMIC 
in the sera of prostate cancer patients was the main factor that 
downregulated NK cell surface NKG2D expression. Subsequent-
ly, after 48 hours of incubation with cancer serum of NK cells 

from a healthy donor, we observed a significant reduction in 
IFN-γ secretion and NKG2D-dependent cytotoxicity of these NK 
cells against M12 cells (data not shown).

Restoring NKG2D-mediated NK cell function by in vitro cytokine stim-
ulation. Studies have shown that IL-15 can upregulate NKG2D 
expression in vitro in both CD8+ T cells (37) and NK cells (32). Very 
recent studies have demonstrated a similar effect of IL-2 on CD8+ 
T cells in vitro (38). We thus addressed whether in vitro cytokine 
stimulation could overcome the NKG2D-mediated functional 
deficiency of NK cells from prostate cancer patients. We cultured 
NK cells from patients with cancers with a GS of 7 (p6) or a GS of 
8 (p11) in normal media containing 100 U/ml of IL-2 or 20 ng/ml 
of IL-15. After 24 hours, an increase in surface NKG2D expres-
sion on these NK cell was observed (data not shown). A maximum 
of increase was shown after 36 hours of culture (Figure 7A). In 
the presence of IL-15, a more pronounced increase in NKG2D 
expression was seen (Figure 7A). Moreover, these NK cells exhib-
ited substantially enhanced cytotoxicity against M12 cells (Figure 
7B). These lytic responses were inhibited when surface NKG2D 

Figure 3
Serum levels of sMIC and PSA. (A) Serum levels of sMIC in healthy sub-
jects (Healthy; n = 10) and prostate cancer patients with primary carcino-
mas with a GS of 6–7 (n = 13) or a GS of 8–10 (n = 10). Horizontal lines 
indicate mean value of respective groups. *P < 0.05; ***P < 0.001. Data 
shown are mean values of three independent ELISA measurements.  
(B) Lack of correlation of serum levels of sMIC with PSA in prostate 
cancer patients (r = 0.02, P = 0.48).

Table 3
Serum levels of sMIC and PSA and relative surface NKG2D 
expression on CD56+ NK cells in patients with prostate cancer

Patient GS sMIC PSA  NKG2D on NK cells  
  (ng/ml) (ng/ml) (geo MFI)
p1 6 2.1 3.8 18.80
p2 6 2.1 5.2 19.90
p3 6 0.8 8.9 33.84
p4 6 3.1 5.5 15.10
p5 7 4.2 10.0 12.83
p6 7 2.3 9.9 15.50
p7 7 1.8 3.5 21.1
p8 7 1.1 3.4 28.4
p9 7 1.0 4.3 28.71
p10 7 0.1 4.5 40.8
p11 8 5.9 2.4 12.51
p12 8, Met 3.5 5.7 14.04
p13 8 1.5 9.3 28.86
p14 9, Met 12 39.0 9.02A

p15 9 3.8 3.0 12.30
p16 9, Met 6.2 8.0 9.40A

p17 9, Met 7.4 454.0 9.46A

p18 9, Met 7.3 204.0 10.30A

p19 9 5.0 20.0 12.00A

p20 9, Met 5.7 210.0 10.59A

p21 10, Met 21.0 30.0 9.16A

p22 10, Met 15.0 3.0 9.92A

p23 9, Met 20.0 113 10.26A

Relative surface NKG2D expression was measured as geometric 
mean fluorescence intensity (geo MFI). AOnly the NKG2Dlow  
population was seen.
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was masked with mAb M585 (Figure 7C), indicating an NKG2D-
dependent enhancement in NK cell cytotoxicity.

Discussion
In this study, we determined the significance of MIC-specific, 
NKG2D-mediated immune surveillance in prostate cancer for 
the first time, to our knowledge. Our data showed prevalent MIC 
expression in prostate carcinoma and the susceptibility of MIC-
expressing prostate cancer cells to NK cell activation, suggesting 
that MIC-NKG2D tumor immune surveillance can play an impor-
tant role in the eradication of prostate cancer cells. Consistent 
with studies in other epithelial tumors, our data demonstrated 
negative effects resulting from MIC shedding. One effect was the 
loss of predominant surface localization of MIC in high-grade 
prostate carcinomas. The data showed that although it was high-
ly expressed on prostate carcinomas, membrane-bound surface 
MIC was prevalent only in HGPIN and low-grade cancers. Indeed, 
serum levels of sMIC in prostate cancer patients were found to 
correlate significantly with the grade of the disease. The second 
effect was sMIC-induced impairment of NK cell surface NKG2D 
expression. According to our preliminary data, surface expression 
of NKG2D was also impaired in peripheral CD8+ T cells from 
prostate cancer patients (J.D. Wu, unpublished observations). An 
sMIC-induced deficiency in effector function has been shown in 
other cancers (28, 29); however, we are the first, to our knowledge, 
to correlate the levels of sMIC and deficiency in NK cell function 
with the degree of disease in prostate cancer.

Our cross-sectional clinical data showed a significant increase 
in serum levels of sMIC in patients with high-grade and/or 
invasive prostate cancers. Although the GS were characterized 

at the time of diagnosis of the primary carcinomas, most of 
the patients with high-grade cancers had recurrent androgen-
independent disease, including bone metastasis. Profoundly 
higher levels of sMIC were shown in the sera of patients with 
bone metastasis. The serum levels of sMIC did not show sig-
nificant correlation with PSA; however, most if not all patients 
with androgen-independent metastatic disease tended to have 
high serum levels of sMIC and PSA (Table 3). This suggests that 
serum levels of sMIC may be a potential serum marker comple-
mentary to PSA for prostate cancer prognosis. A systematic 
and intensive clinical investigation to evaluate the correlation 
between serum levels of sMIC with PSA and cancer progression 
is currently underway in our laboratory.

Notably, our data showed that surface NKG2D expression on 
polyclonal NK cells from prostate cancer patients was not uni-
form. This heterogeneity of NK cells was also observed previously 

Figure 4
Surface NKG2D expression by NK cells from normal male donors and from prostate cancer patients. Cells were isolated and stained as described 
in Methods. (A) Plots show surface NKG2D expression of CD3–CD56+ NK cells from a representative healthy subject and three representative 
prostate cancer patients (GS 7, GS 8, and GS 9). Note that NKG2Dlow and NKG2Dnormal populations were present in the patients with cancer 
with GS of 7 and 8. (B) Geometric mean fluorescence intensity (geo MFI) of surface NKG2D on CD3–CD56+NK cells from 10 healthy subjects, 
13 prostate cancer patients with primary carcinoma with a GS of 6–7, and 10 patients with prostate cancer with a GS of 8–10. Data shown are 
from three independent flow cytometry measurements. Horizontal lines indicate mean value of respective groups. *P < 0.05; **P < 0.01. Note 
that surface NKG2D expression on CD56+ cells was measured as geo MFI, due to the heterogeneous expression of surface NKG2D. (C) Inverse 
correlation of surface NKG2D expression on CD3–CD56+ NK cells with serum levels of sMIC in prostate cancer patients (r = 0.57, P = 0.0049).

Figure 5
Deficiency in NK cell anti-tumor cytotoxicity in prostate cancer patients. 
Freshly isolated NK cells from peripheral blood of healthy subjects and 
representative prostate cancer patients (GS 6–7 and GS 8–10) were 
used as effector cells against M12 target cells in a 4-hour 51Cr-release 
assay. Data showed a significant reduction in cancer patient NK cell 
cytotoxicity against M12 cells. Effector/target: 10/1. *P < 0.05; **P < 0.01.
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in colon cancer patients, and most of the NKG2Dlow NK cells were 
shown to lack the homing receptor CXCR1, which can also be 
downmodulated by serum sMIC (29). The fact that we did not 
observe any difference in CD56 expression between NKG2Dlow 
and NKG2Dnormal NK cells indicates this discrepancy is indepen-
dent of the two main subsets of human NK cells. In contrast, we 
observed that the numbers of NKG2Dlow NK cells increased in 
patients with more-advanced cancers, including bone metasta-
ses. In all cases, higher levels of serum sMIC were detected. As 
both surface expression of NKG2D and CXCR1 can be impaired 
by sMIC (29), the possibility of competition for sMIC cannot 
be ruled out. Furthermore, sMIC-induced downmodulation of 
NKG2D expression was shown to be required for internalization 
of surface CXCR1 (29), suggesting multiple and complex mecha-
nisms are involved, which remain to be explored.

Long-term immunosuppression increases the incidence of 
many forms of malignancies. Systemic and local immune defects 
have been demonstrated in prostate cancer progression (33–36, 
39). Several possible tumor-associated candidate substances 
within the prostate were found to be associated with suppres-
sion of host immune responses to cancer cells. The best described 
substance is TGF-β1, which is expressed during progression of 
prostate cancer to androgen independence and is highest in the 
most poorly differentiated, highest-grade primary human can-
cer samples (40). TGF-β1 was proposed to function as lympho-
cyte proliferation inhibitor in prostate cancer (40). Other sub-
stances, such as PSA and inducible nitric oxide synthases, have 
also been found to suppress T lymphocyte proliferation (41, 42). 

Recent studies have shown that TGF-β downregulates NKG2D 
expression at the transcriptional level in some but not in all NK 
clones or in polyclonal NK cells (43). The mechanism by which 
TGF-β regulates NKG2D expression remains unclear. It should 
be emphasized that according to our data, should high levels of 
TGF-β in the serum of prostate cancer patients downregulate 
NKG2D expression on NK cells, the effect would be secondary to 
the prevalent sMIC-induced and presumably direct internaliza-
tion of surface NKG2D. Our study has identified a new form of 
tumor-mediated immunosuppression in prostate cancer.

There is in vivo evidence that implantation of functional 
human NK cells into mice xenografted with MIC-positive human 
tumors or ectopic overexpression of MIC in human tumor cells 
induces potent tumor cell sensitization to NK cells (29, 44). In 
this study, we showed that MIC-expressing prostate cancer cells 
are susceptible to NKG2D-mediated NK cell destruction in vitro. 
This suggests that MIC could serve as a tumor antigen target 
in prostate cancer for immunotherapy, tagging tumor cells for 
immune destruction. We also demonstrated loss of the tumor 
cell surface antigen MIC and impaired NKG2D-mediated anti-
tumor responses in patients with prostate cancer of high grades. 
Therefore, counteracting tumor shedding of surface MIC and 
sustaining the NKG2D-mediated immune response could be 
a new therapeutic option for prostate cancer. Recent evidence 
has shown that production of sMIC results from MMP activity 
(31). Our preliminary investigations have also suggested that 
inhibition of MMP activity would inhibit shedding of MIC in 
prostate cancer cell lines (J.D. Wu, unpublished observations). 
Upregulation of MMP-9 and MMP-2 and downregulation of tis-
sue MMP inhibitors TIMP-1 and TIMP-2 have been found to be 
associated with malignant progression of prostate cancer (45, 
46). Therefore, identifying and targeting the specific MMPs that 
contribute to the shedding of MIC in prostate cancer would be a 
potential strategy for enhancing the presence of cell surface MIC 
and for rendering tumors susceptible to MIC-specific, NKG2D-
mediated immune destruction.

MIC expression is induced on many epithelial tumors (16–18) 
and, as presented here, on 95% of prostate carcinomas. The 
MIC gene transcriptional regulatory sequences contain heat 
shock elements similar to those in the hsp70 promoter, and 
studies have shown that MIC expression can be upregulated 
by heat shock treatment (47). Limited information is available 
about how MIC expression is regulated, particularly in specific 
tumors. Recently, Jinushi et al. (18) showed that retinoic acid 
upregulates MIC expression in hepatoma cells, and Molinero et 
al. (48) showed that activation of the MAPK intracellular signal-
ing pathway upregulates MICA expression on activated T lym-
phocytes. However, the specific mechanisms of the induction of 
MIC expression remain unclear.

Figure 6
Effect of prostate cancer serum on normal NK cell surface NKG2D 
expression. Normal NK cells were cultured for 48 hours in media con-
taining 20% serum from representative healthy donors (h1 and h2) and 
patients with prostate cancer with a GS of 9 (p14 and p23) or a GS of 
10 (p21 and p22). (A) A reduction in NK cell surface NKG2D expres-
sion after cultured in serum from cancer patients was seen. (B) The 
effect on NKG2D expression was inhibited by pretreatment of serum 
from cancer patients with the BAMO1 mAb against MIC. Results shown 
are representative of three independent experiments.
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In summary, our study has suggested that a deficiency in MIC-
NKG2D immune surveillance may contribute to prostate cancer pro-
gression. Our study also suggests that sMIC may potentially be an 
additional marker for prostate cancer. Our results using cytokines to 
enhance NKG2D-mediated NK cell function in vitro have provided 
an alternative for cell-based immune therapy for prostate cancer.

Methods
PBMCs and sera. Blood samples were obtained from 23 prostate cancer 
patients (age 58–80) with primary tumors with a GS of 6 or greater (Table 
2) and 10 healthy male donors (age 50–65). Whole blood was collected in 
heparinized tubes. Serum was collected and PBMCs were separated by 
Ficoll-Hypaque density gradient centrifugation. This study was approved 
by University of Washington Human Subject Review Board (Seattle, Wash-
ington, USA) and all subjects gave written informed consent.

Cell culture. The human prostate cancer epithelial cell line M12 was 
previously established in our laboratory (49). The human prostate can-
cer epithelial cell lines PC-3 and LnCaP were purchased from American 
Type Culture Collection (Manassas, Virginia, USA). Normal human 
PrECs were purchased from Cambrex BioWhittaker (Walkersville, 
Maryland, USA). All cells were cultured at 37°C with 5% CO2 in RPMI 
1640 medium supplemented with 5% FBS, 10 ng/ml EGF, 0.02 mM 
dexamethasone, 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium, 
fungizone, and gentamycin.

Antibodies and cytokines. BAMO1 and M585 are mAb’s specific for MIC 
and NKG2D, respectively (31, 32). The W6/32 mAb against MHC I was 
from Sigma-Aldrich (Saint Louis, Missouri, USA). Immunohistochemistry-
specific rabbit polyclonal anti-MIC antiserum H-300 was from Santa Cruz 
Biotechnology Inc. (Santa Cruz, California, USA). Isotype control mouse 
IgG and anti-CD3 were from BD Biosciences (San Diego, California, USA). 
Anti-CD56 and phycoerythrin-conjugated (PE-conjugated) goat anti-
mouse IgG were from SouthernBiotech (Birmingham, Alabama, USA). IL-2 
and IL-15 were from PeproTECH (London, United Kingdom).

Flow cytometry. For detection of surface MIC expression on epithelial 
cells, cells were trypsinized and washed and were incubated with a spe-
cific primary antibody followed by PE-conjugated goat anti-mouse IgG. 
For assays of surface NKG2D expression on PBMCs, cells were incubat-
ed on ice for 30 minutes with the M585 mAb against NKG2D or with 
isotype control mouse IgG1, followed by PE-conjugated goat anti-mouse 
secondary reagent. Cells were washed, blocked with 10 μg/ml of mouse 
IgG, and further stained with peridinin chlorophyll protein–conjugated 
anti-CD3 in combination with FITC-conjugated anti-CD56. Cells were 
analyzed with a BD FACScan cytometer and CellQuest software from BD 
Biosciences (San Jose, California, USA).

Immunohistochemistry. Tissue microarray slides containing formalin-
fixed, paraffin-embedded sections of prostate lesions (a generous gift from 
J.L. Ware, Virginia Commonwealth University, Richmond, Virginia, USA) 
were dewaxed in Citrosolv (Fisher Scientific, Fair Lawn, New Jersey, USA) 
and were rehydrated in graded ethanol alcohol. Antigens were unmasked 
with 0.01 M citric acid (pH 6.0) at 95°C for two 5-minute incubations. 
Slides were allowed to cool for 30 minutes followed by sequential rinsing 
with PBS. Endogenous peroxidase activity was quenched by incubation 
with 0.3% H2O2 in methanol for 15 minutes. After being blocked for 1 
hour with 1.5% normal goat serum in PBS containing 0.05% Triton X-100, 
slides were incubated with rabbit polyclonal anti-MIC antiserum H-300 
(1 μg/ml) for 1 hour followed by sequential incubation with biotinylated 
goat anti-rabbit IgG for 30 minutes, peroxidase-labeled avidin for 30 
minutes (Santa Cruz Biotechnology) and diaminobenzidine/hydrogen 
peroxide chromogen substrate (Vector Laboratories, Burlingame, Califor-
nia, USA) for 5–10 minutes. All incubation steps were performed at room 
temperature. Slides were counterstained with hematoxylin and mounted 
with Permount (Fisher Scientific). As a negative control, rabbit IgG (Vec-
tor Laboratories) was used instead of the primary anti-MIC. Slides were 
examined with a Zeiss microscope (Carl Zeiss, Jena, Germany) and digital 
images were obtained. The pathology of H&E–stained tissue microarray 
slides was reviewed for assignment of GS.

Figure 7
Recovery of the NKG2D-mediated anti-tumor function of NK cells from prostate cancer patients by in vitro stimulation. NK cells from representa-
tive patients with cancer with a GS of 7 (p4) or a GS of 8 (p11) were cultured for 36 hours with 100 U/ml of IL-2 or 50 ng/ml of IL-15. (A) Increased 
NK cell surface NKG2D expression after IL-2 or IL-15 stimulation. (B) Increased NK cell cytotoxicity against M12 cells. Effector/target: 10/1. Data 
shown are representative of three independent experiments. (C) NK cell cytotoxicity against M12 cells were blocked by preincubation with the 
M585 mAb against NKG2D. Effector/target: 10/1. Fresh, freshly isolated NK cells.
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ELISA. A human MICA ELISA kit (IMMATICS Biotechnologies, Tubigen, 
Germany) was used to detect sMIC in sera following a protocol described 
previously (31). Briefly, plates were coated with the AMO1 capture mAb 
against MICA at a concentration of 2 μg/ml in PBS, then were blocked 
with 15% BSA overnight at 4°C and washed. Standard recombinant sMICA 
and serum samples (diluted 1:3) were added to the plates, which were then 
incubated at room temperature for 2 hours. After washing, detection mAb 
BAMO3 (IgG2a, specific for MICA and MICB) was added, followed by incu-
bation at room temperature for 2 hours, then 1 hour of incubation at room 
temperature with HRP-conjugated anti–mouse IgG2a (SouthernBiotech). 
Color was developed with the tetramethylbenzidine system (KPL, Gaith-
ersburg, Maryland, USA) and the reaction was terminated with 1 M phos-
phoric acid. Absorbance was measured at 450 nm. A standard curve of the 
logarithmic relationship between concentration and absorbance was used 
to calculate the sMIC concentration in serum samples.

Cytotoxicity and cytokine-release assay. NK cells were isolated by depletion 
of T cells and B cells from fresh blood with the RosetteSep NK cell enrich-
ment cocktail (Stem Cell Technologies, Vancouver, British Columbia, Can-
ada) according to the manufacturer’s protocol. The isolated CD56+ NK cell 
purity was more than 80%. For Figures 1 and 6, freshly isolated polyclonal 
NK cells were used. For Figure 4, polyclonal NK cells isolated from healthy 
donors were cultured for 48 hours at 37°C with 5% CO2 in RPMI 1640 
medium in the presence of 20% serum from prostate cancer patients, 2 
mM L-glutamine, and antibiotics and then were used for cytotoxicity and 
cytokine-release assays. Cytotoxicity was assessed in triplicate with a 4-hour 
51Cr-release assay using labeled M12 cells, as described previously (14). For 
the IFN-γ–release assay, 1 × 105 NK cells were cocultured in a 96-well plate 

for 24 hours with an equal number of γ-irradiated M12 cells. Supernatants 
were combined from three replicates and IFN-γ was measured by ELISA at 
the Cytokine Analysis Laboratory of the Fred Hutchinson Cancer Research 
Center (Seattle, Washington, USA).

Statistical analysis. Differences among subject groups were assessed by 
ANOVA. Statistical significance between means of two paired groups was 
assayed using Student’s t test with Bonferroni correction. A 95% confidence 
interval (P < 0.05) was considered significant.
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