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Abstract

Immune cells, including natural killer (NK) cells, recognize transformed cells and eliminate them 

in a process termed immunosurveillance. It is thought that tumor cells evade immunosurveillance 

by shedding membrane ligands that bind to the NKG2D activating receptor on NK cells and/or T 

cells, and desensitize these cells. In contrast, we show that in mice, shedding of MULT1, a high 

affinity NKG2D ligand, causes NK cell activation and tumor rejection. Recombinant soluble 

MULT1 stimulated tumor rejection in mice. Soluble MULT1 functions, at least in part, by 

competitively reversing a global desensitization of NK cells imposed by engagement of membrane 

NKG2D ligands on tumor-associated cells, such as myeloid cells. The results overturn 

conventional wisdom that soluble ligands are inhibitory, and suggest a new approach for cancer 

immunotherapy.

NK cells and some T cells employ activating receptors such as NKG2D to recognize and 

eliminate infected and transformed cells that upregulate ligands for these receptors (1). 

There are 6–8 different NKG2D ligands, which are poorly expressed by normal cells but 

upregulated in cancer cells (2). Many tumor cells release soluble NKG2D ligands through 

proteolytic shedding, alternative splicing, or exosome secretion (2, 3). Numerous reports 

conclude that excreted NKG2D ligands modulate NKG2D from the cell surface and 

desensitize anti-tumor effector cells (4, 5), although a functional impact of soluble NKG2D 

ligands is not always observed (6–9). To study shed NKG2D ligands in a controlled setting, 

we focused on the mouse ligand MULT1, which is commonly upregulated in primary tumors 
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(10) and is a transmembrane protein like the human ligands MICA, MICB, ULBP4 and 

ULBP5 (11). Analysis of fibroblasts transduced with either N- or C-terminally tagged 

MULT1 revealed an N-terminal species (23 kD after deglycosylation) shed into the culture 

supernatant (fig. S1A), and a 24 kD membrane “stub” in the cell lysates, in addition to full 

length (around 42 kD) MULT1 (fig. S1B). Inhibiting matrix metalloproteinases blocked 

MULT1 shedding (fig. S1C).

HA-MULT1-transduced fibroblasts produced nearly 8-fold more shed MULT1 than 

untransduced fibroblasts (fig. S2). WEHI-7.1 and C1498 but not human 293T cell lines 

excreted MULT1 produced endogenously. We detected serum MULT1 (mean concentration 

~250 ng/ml) in most tumor-bearing Eμ-myc transgenic mice, which frequently develop 

MULT1+ tumors (10), but not in most non-transgenic littermates (Fig. 1A). Very high 

concentrations of soluble MULT1 were also detected in sera of Apoe−/− mice fed a high fat 

diet (Fig. 1A). Given that atherosclerosis and liver inflammation in such mice are largely 

dependent on NKG2D function (12), it seemed unlikely that soluble MULT1 inhibits 

NKG2D function. Thus, MULT1 is released from cell lines that naturally or ectopically 

express MULT1, and accumulates in sera of animals with spontaneous tumors and NKG2D-

dependent inflammatory disease.

Purified shed HA-MULT1 bound to NKG2D with high affinity (average KD of 13 nM±3.8 

nM) (fig. S3), similar to the affinity reported for recombinant MULT1 (13). In parallel, we 

engineered fibroblasts to secrete an ectodomain fragment of HA-MULT1 (which we call 

secMULT). SecMULT1 also bound to NKG2D with high affinity (19 nM±4.3 nM) (fig. S3).

To test the function of soluble MULT1, we engineered two NKG2D ligand-negative B6 

strain tumor cell lines to secrete secMULT1. Surprisingly, both cell lines were rejected by 

syngeneic B6 mice compared to cells transduced with empty vector (Fig. 1B, fig. S4A), 

despite the absence of cell surface MULT1 (fig. S4B). Tumor cells transduced with full-

length MULT1 (mutated in the cytoplasmic tail to optimize cell surface expression (14), fig. 

S4B) were also rejected (Fig. 1B). B16-secMULT1 cells were still rejected in B6 hosts that 

had been depleted of CD8+ cells but grew progressively in B6 and Rag1−/− hosts that had 

been depleted of NK1.1+ cells (Fig. 1C, fig. S5). Hence, NK cells but not CD8+ cells 

participate in the rejection of B16-secMULT1. B16 cells with inducible secMULT1 (fig. S6) 

were also partially rejected (Fig. 1D). In this case, the secMULT1 lacked an epitope tag, 

showing that rejection occurs without a tag. A mixture of B16 (90%) and B16-secMULT1 

(10%) cells was also rejected, demonstrating that sec-MULT1 acts extrinsically (Fig. 1E). 

These data ruled out the possibility that rejection was due solely to intrinsic stress responses 

in sec-MULT1 expressing tumor cells. Instead, the data suggested that secMULT1 mobilizes 

or activates anti-tumor effector cells.

To address whether tumor cells secreting secMULT1 activate NK cells, we adapted a short-

term in vivo NK induction protocol (15, 16), by injecting irradiated tumor cells 

intraperitoneally in normal mice. Injection of B16-secMULT1 or B16 cells induced similar 

modest increases in the percentages of NK cells in the peritoneal washes 3 days later (fig. 

S7), but B16-secMULT1 cells induced more potent ex vivo killing activity against NK-

sensitive YAC-1 tumor cells (Fig. 2A). Similar results were obtained with RMA-secMULT1 
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cells (fig. S8A). Furthermore, higher percentages of peritoneal NK cells from mice injected 

with B16-secMULT1 cells produced IFNγ after stimulation ex vivo with YAC-1 tumor cells 

(Fig. 2B) or immobilized antibodies against NK activating receptors (Fig. 2C, fig. S8B). To 

allow the recovery of intratumoral NK cells at early times after subcutaneous transfer, we 

implanted 3–5 × 105 tumor cells mixed with matrigel. Seven days later, NK cells extracted 

from B16-secMULT1 tumors exhibited stronger IFNγ responses after stimulation ex vivo 

(Fig. 2D). Therefore, soluble MULT1 stimulated NK cell functional capacities in both 

subcutaneous and peritoneal tumors.

Recombinant MULT1 (rMULT1) is similar in size to shed MULT1. When injected with B16 

tumor cells (fig. S9A), rMULT1 resulted in partial tumor rejection (Fig. 2E, fig. S9B), and 

NK cells extracted from the tumors exhibited increased functional activity after stimulation 

ex vivo (Fig. 2F). The rMULT1 sample was devoid of endotoxin or other PAMPs that 

activate macrophages (fig. S9C). These data established that soluble MULT1 causes tumor 

rejection, likely by activating NK cells.

secMULT1 and shed MULT1 are monomeric (fig. S10A–C), and should not crosslink 

NKG2D, which is typically necessary for immune receptor activation. Indeed, monomeric 

rMULT1 failed to stimulate IFN-γ production when incubated with peritoneal NK cells for 4 

hours (fig. S11A). Soluble MULT1 may form a multivalent array in vivo, but preliminary 

staining analyses failed to detect such arrays. These data argue that soluble MULT1 

stimulates NK cells by other mechanisms.

Target cells bearing membrane NKG2D ligands, including MULT1, caused downregulation 

of cell surface NKG2D, presumably by aggregating the receptor and triggering receptor 

endocytosis (8, 17) (Fig 3A). Tumor cells secreting secMULT1, in contrast, caused NKG2D 

upregulation on NK cells in vivo (Fig. 3A, 3B), without affecting an irrelevant receptor, 

DNAM-1 (Fig 3B). NKG2D upregulation occurred without increases in NKG2D mRNA 

(fig. S12) or intracellular protein. These findings suggested the following hypothesis (Fig. 

3C): that untransformed host cells express membrane NKG2D ligands that persistently 

engage NK cells, cause NKG2D downregulation, and globally desensitize the NK cells as 

the tumors progress; and that soluble MULT1 enhances responsiveness and cell surface 

NKG2D expression by blocking these interactions.

Consistent with the hypothesis, host CD11b+F4/80+ myeloid cells associated with either 

peritoneal or subcutaneous B16 or B16-secMULT1 tumors displayed the NKG2D ligand 

RAE-1 (but not MULT1) on the cell surface (Figure 3D, E). Monocytes in patients with 

several types of cancer also expressed NKG2D ligands (18). Tumors may cause an increase 

in RAE-1 expression by myeloid cells in the peritoneum (Fig. 3D) and possibly other sites 

(19). Hence, myeloid cells, and possibly other host cells, express NKG2D ligands in vivo. 

We further demonstrated that rMULT1 competitively blocks binding of RAE-1ɛ-Fc fusion 

protein to NKG2D on NK cells (Fig. 3F), confirming a distinct prediction of the hypothesis.

To test whether RAE-1 expressed on endogenous cells caused NK cell inactivation, we 

employed the CRISPR/Cas9 method to disrupt both B6 strain RAE-1 genes, Raet1d and 

Raet1e. Peritoneal NK cells from Raet1d−/−Raet1e−/− mice exhibited significant increases in 

Deng et al. Page 3

Science. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



membrane NKG2D expression as well as functional responses (Fig. 4A–C). Greater 

differences occurred when the mice were injected with irradiated B16 tumor cells, 

suggesting that greater NK desensitization and NKG2D downregulation occurs in the 

presence of tumors. The increase did not fully account for the effects of secMULT1 (Fig. 

4A, 4B), suggesting that secMULT1 may also operate by other mechanisms. Notably, NK 

cells in Raet1-deficient mice exhibited greater responses to both NKG2D-dependent stimuli 

(e.g. to YAC-1 cells, Fig. 4B) and NKG2D-independent stimuli (e.g. to anti-NKp46, Fig. 

4C), consistent with published reports that persistent stimulation by cells expressing 

NKG2D ligands results in a global desensitization of NK cells (17, 20). In mice injected 

with B16-secMULT1 tumor cells, smaller differences were observed, as predicted if 

secMULT1 blocks NKG2D interactions with RAE-1-expressing cells. Indeed, addition of 

rMULT1 to cultures of peritoneal wash cells, which contain NK cells and RAE-1+ myeloid 

cells, resulted in increased responses of NK cells to stimulation, when tested 8–20hrs later 

(fig. S11B, C). These data indicated that interactions of NK cells with RAE-1 molecules on 

non-tumor cells cause NKG2D downregulation and functional desensitization, and that this 

may be accentuated in tumor-bearing mice.

Our model further predicts that NKG2D receptor deficiency, or blocking with antibody, 

should have a similar effect as soluble MULT1. NK cells from NKG2D-deficient (Klrk1−/−) 

mice exhibited a modest increase in functional activity (fig. S13A), confirming recent 

findings (21, 22). A larger effect was evident in NKG2D-deficient NK cells on a Rag2−/− 

background (Fig. 4D). Similarly, i.p. injections of B6 mice with F(ab′)2 fragments of 

blocking NKG2D antibody resulted in enhanced functional responses ex vivo (Fig. 4E). 

Most remarkably, NKG2D-deficient Rag2−/− mice exhibited a strongly enhanced rejection 

response against B16 and B16-secMULT1 tumors, compared to the responses of Rag2−/− 

mice (Fig. 4F, G). Furthermore, incorporation of F(ab′)2 fragments of blocking NKG2D 

antibody into B16 tumors that were established in subcutaneous matrigel plugs resulted in 

partial tumor rejection and augmented responsiveness of NK cells within the residual tumors 

(fig. S13B, C). Thus, NKG2D deficiency, or blockade, results in enhanced NK cell 

responsiveness and tumor rejection. These data strongly support the proposed model (Fig. 

3C).

The finding that NK cells persistently stimulated through NKG2D or other receptors are 

broadly desensitized is consistent with published data (20, 23) and may reflect a defect in 

MAPK/ERK signaling (23). Blocking or disabling NKG2D restores killing of B16 cells 

because NK cells use receptors distinct from NKG2D to target B16 cells. A more complex 

outcome should pertain with tumor cells that express membrane NKG2D ligands, because 

the NK cells, while more active, will be partly blocked in tumor cell recognition. Tumor 

cells often express multiple NKG2D ligands, suggesting that therapeutic efficacy may be 

maximized by blocking only the specific NKG2D ligands expressed by host cells, rather 

than blocking NKG2D altogether.

Our results are surprising as they show that soluble NKG2D ligands in vivo stimulate tumor 

rejection and increase membrane NKG2D, whereas the literature suggests they should 

suppress tumor rejection and decrease membrane NKG2D. It is notable, however, that 

NKG2D downregulation is frequently not observed in patients with soluble MICA/MICB 
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(6–9). Moreover, MULT1 and MICA/MICB ligands differ in a key respect: affinity. Soluble 

MULT1 is a high affinity (KD ~ 10 nM) monomeric ligand. Soluble MICA and MICB are 

low affinity ligands (KD ~ 1 μM), which are present in patient sera at concentrations below 1 

nM (4, 24), meaning that NKG2D occupancy is predicted to be extremely low. This 

consideration suggests that systemic effects of soluble MICA and MICB may be indirect, or 

that the active form of soluble MICA or MICB is actually a multimeric exosome form (25, 

26), which can bind and crosslink the receptors despite a low affinity and low concentration. 

Binding and crosslinking are conditions known to cause modulation of other immune 

receptors from the cell surface (27). B16 cells secreting the low affinity MICA ligand, when 

injected i.p., failed to induce significant NKG2D upregulation or increased NK functional 

activity (fig. S14), in line with our expectations. In conclusion, the results identify an 

unexpected mechanism of immune activation and support efforts to evaluate the potential of 

soluble NKG2D ligands or antibodies that block NKG2D or its ligands for immunotherapy 

of cancer. Studies suggest that engagement of other NK activating receptors, such as NKp46, 

may also lead to NK cell desensitization, suggesting that multiple targets exist for 

amplifying NK function (28).
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Figure 1. NK cells promote the rejection of tumors that shed MULT1
(A) ELISA detection of soluble MULT1 in sera from tumor bearing Eμ-Myc mice, 

nontransgenic littermates, and diseased Apoe−/− mice fed a Western diet (n=6–8). Each 

point represents a different mouse. (B) Comparison of growth of 2 × 104 subcutaneously 

transferred B16 melanoma tumor cells transduced with secMULT1, full length MULT1 or 

empty vector, in WT B6 mice (n=4 mice). Rejection was usually partial but was complete in 

some animals in some experiments. (C) Subcutaneous growth of B16-secMULT1 tumors in 

B6 mice (2 × 104 cells were inoculated) treated with control IgG, NK1.1 antibody or CD8 

antibody (n=13 mice). (D) After inoculation of 2 × 104 B16 cells transduced with pFG12-

secMULT1, mice were treated or not with doxycycline starting from the time of tumor 

implantation (n=6 mice). (E) Mice (n=6) received 2 × 104 B16 cells alone, or 2 × 104 B16 

cells mixed with 2 × 103 B16-secMULT1 cells. Panels show representative examples of ≥3 

(panels B and E) or 2 (panel D) experiments performed, whereas panel C includes combined 

data from 3 experiments. Tumor volumes ± SE are shown. Panel A was analyzed with a 

Mann-Whitney test, and panels B-E were analyzed by 2 way ANOVA with Bonferroni 

multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Figure 2. Soluble MULT1 amplifies NK cell responses and causes tumor rejection
(A–C) B6 mice were injected i.p. with 5 × 106 irradiated B16 or B16-secMULT1 cells, or 

PBS. Peritoneal wash cells (pooled from 5 mice) were recovered three days later and tested 

for killing of YAC-1 target cells (A) or tested for intracellular IFNγ after stimulation with 

YAC-1 cells (B) or immobilized NKp46 antibody (C); control responses to PBS are depicted 

by white segments of the bars. (D) B6 mice were injected subcutaneously with 3–5 × 105 

B16 or B16-secMULT1 cells in 100 μl matrigel. The tumors were dissociated 7 days later, 

and gated NK cells from individual mice (n=5) were tested for responses to immobilized 

NKp46 or NKRP1C Abs. (E–F) Subcutaneous tumors were established with 3–5 × 105 B16 

cells in matrigel. The tumor cells in one group were mixed with 1 μg of recombinant 

MULT1 (rMULT1). After 4 days, an additional 1 μg of rMULT1 (or PBS for control mice) 

was injected into each matrigel/tumor for that group. On day 7, tumors were extracted, 

weighed (E), dissociated, and the tumor cells were counted (E). The immune cells within the 

tumors were stimulated with immobilized NKp46 and NKRP1C Abs, and the IFNγ 

responses of gated NK cells were determined (F). Panels show representative examples of 2 

(panel A) or ≥3 (panels B–F) experiments performed. Panels A–D and F were analyzed by 

2-way ANOVA with Bonferroni multiple comparison tests, panel E was analyzed by Mann-

Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Figure 3. Mechanisms of immune activation by soluble MULT1
(A, B) Membrane NKG2D staining after exposure of NK cells to secMULT1 in 

intraperitoneal (A) or subcutaneous (B) tumors. (C) Model of secMULT1 action. Persistent 

NKG2D engagement by endogenous NKG2D ligand-expressing cells associated with the 

tumor desensitizes NK cells. Soluble MULT1 competitively blocks the NKG2D receptor, 

preventing NK cell desensitization and therefore augmenting tumor rejection mediated 

through distinct NK activating receptors. (D) Expression of NKG2D ligand RAE-1 by gated 

CD11b+F480+ peritoneal myeloid cells in mice injected i.p. 3 days before with PBS or 5 × 

106 irradiated B16 or B16-secMULT1 tumor cells. Cells were stained with biotin-pan-

RAE-1 Ab (blue). The staining was specific as it could be blocked by including an excess of 

unconjungated pan-RAE-1 antibody in the reaction (red). Grey shows isotype control 

staining. (E) Expression of RAE-1 by gated CD11b+F480+ intratumoral myeloid cells in 

mice injected SC with 2 × 104 B16 or B16-secMULT1 tumor cells 20 days before. (F) 

rMULT1 and NKG2D antibody (MI6 clone, in F(ab′)2 form) block RAE-1 binding to 

NKG2D on NK cells. The MFI of RAE1ɛ-Fc staining of NK cells was used to calculate % 

inhibition. Panel A is combined data from 14 experiments. Panels B, D–F show 

representative examples of ≥3 experiments performed. Panel A was analyzed by one-way 

ANOVA Kruskal-Wallis test, panel B was analyzed by 2-way ANOVA with Bonferroni 

multiple comparison tests, ns indicates P>0.05, *P < 0.05, and ***P < 0.001.
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Figure 4. Augmented NK cell responses in RAE-1-deficient and NKG2D-deficient mice
(A–C) Peritoneal NK cells from Raet1d−/−Raet1e−/− mice (KO) exhibited increased amounts 

of cell surface NKG2D (A) and increased functional responses ex vivo to YAC-1 tumor cells 

(B) or NKp46 antibody stimulation (C); control responses to PBS are depicted by white 

segments of the bars. The effects were larger when the mice were injected 3 days earlier 

with irradiated B16 tumor cells, but smaller when they were injected with B16-secMULT1 

tumor cells. (D) NKG2D-deficient (Klrk1−/−) NK cells exhibited increased functional 

activity. Splenic NK cells from Rag−/− and Rag−/− Klrk1−/− mice were stimulated ex vivo 
with immobilized NKp46 or NKRP1C Abs, and the IFN-γ responses of gated NK cells were 

determined. (E) B6 mice were injected i.p. with 50 μg MI6 (anti-NKG2D) F(ab′)2 or F(ab′)2 

of rat IgG on days 0, 3 and 6. On Day 8, peritoneal NK cells were stimulated ex vivo with 

immobilized NKp46 Abs, and the IFNγ responses of gated NK cells were determined. (F, G) 

Increased tumor rejection responses in NKG2D-deficient mice. Growth of B16-secMULT1 

(F) or B16 (G) tumor cells in Rag2−/− or Rag2−/−Klrk1−/− mice (n=5). Panels F and G are 

from separate experiments. Separate, direct comparisons showed retarded growth of B16-

secMULT1 vs B16 tumors in Rag2−/− mice. All experiments show representative examples 

of ≥3 experiments performed. Tumor volumes ± SE are shown. Figure 4A–G were analyzed 

by 2-way ANOVA with Bonferroni multiple comparison tests. *P < 0.05, **P < 0.01, ***P 
< 0.001 and ****P < 0.0001.
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