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Activated T cell and tumor cell contact-dependent Rae-1 induction 

        As Rae-1 induction by the co-administration of IL-12 plus doxorubicin was not 

through the stress signaling-mediated mechanism, there must be an alternative mechanism. 

This alternative mechanism could be either through the direct effect from IL-12 plus 

doxorubicin or the tumor infiltrating lymphocytes. To test whether the direct effect of IL-12 

plus doxorubicin accounts for Rae-1 induction, we treated CT26 and K7M3 tumor cells 

with low dose of IFNγ (50ng/ml) and doxorubicin (40nM). The doses were calculated based 

on their concentration in blood after the co-administration (124) (Figure 20A, 20B). The 

reason we treated tumor cells with IFNγ instead of IL-12 was because most tumor cells lack 

IL-12 receptor to transduce the signaling. It is unlikely that IL-12 directly acts on tumor 

cells to augment doxorubicin-mediated Rae-1 induction. IFNγ is the hallmark effector 

molecule produced by the IL-12 signaling in vivo. Unexpectedly, no Rae-1 induction on 

tumor cells was detected after the IFNγ plus doxorubicin treatment in vitro (Figure 20A, 

20B).  

        In our previous publication as well as some of the experiments in chapter 4, we have 

demonstrated that the co-administration could facilitate NKG2D+CD8+T cells infiltration 

into tumors (Figure 12). Therefore, we hypothesized the cytokines secreted by tumor 

infiltrating immune cells could induce NKG2D ligands on tumor cells. If this working 

hypothesis is true, we should be able to observe Rae-1 induction on tumor cells after 

treating tumor cells with T cell condition medium. To test this hypothesis, we indirectly co-

incubated CT26 tumor cells with IL-12 plus doxorubicin-treated splenocytes via boyden 

chamber system (Figure 20C). Tumor cells were plated at the bottom chamber, while the 

activated splenocytes were seeded in the top chamber. The tumor cells and splenocytes did 

not have direct interaction, but the cytokines secreted by the immune cells could freely flow 

into the tumor cell culture medium. Twenty four hours after the co-incubation, we 
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Figure 27 Rae-1 induction on K7M3 tumor cells after co-incubation with different sub 
populations of immune cells. NK cells (A), CD4 T cells (B) and CD8+T cells (C) were 
enriched by using the corresponding immune cell enrichment kits as described in Material 
and Methods (Chapter 2). The immune cell enrichment efficiency was tested via flow 
cytometry assay. (D) K7M3 cells were co-incubated with enriched NK cells, CD4 T cells or 
CD8+T cells. Rae-1 level was examined on tumor cells after co-incubation with different 
sub population of immune cells comparing to the wild type tumor cells via flow cytometry 
assay. The lower panel shows the statistical analysis of Rae-1 in different treatment groups 
based on the Rae-1 MFI value in flow cytometry assay. This result represents three 
independent replicates. ***, p<0.001. 
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The expression levels of B7 and TNF family receptors among multiple tumor cells lines 

        To determine which receptor in the B7 family (CD80, CD86, PD-L1, PD-L2, B7H3 

and B7H4) and in the TNF family (CD40, OX40L, 41BBL and CD70) involves in the 

activated splenocytes-mediated Rae-1 induction, the expression levels of each receptor was 

examined on tumor cells (Figure 28). The highly expressed receptor is more likely to 

interact with splenocytes and transduce the signals to induce the Rae-1. The expressing 

levels of each receptor were analyzed via flow cytometry. On CT26 cells, CD80 had the 

highest expressing level among all the receptors (Figure 28A), and CD86 was also stained 

positive (Figure 28B). However, other receptors including PD-L1, PD-L2, B7H3 and B7H4 

in B7 family (Figure 28 C-F), as well as CD40, OX40L, 41BBL and CD70 in TNF family 

were negative (Figure 28 G-J). On K7M3 cells, CD80 also showed positive (Figure 29A), 

but CD86 was not expressed (Figure 29B). Therefore, CD80 seemed to be the most possible 

receptor leading to Rae-1 induction. To confirm this hypothesis, we tested the CD80 

expression levels on LM8 (murine osteosarcoma lung metastasis cell line) cells in which the 

activated splenocytes failed to induce Rae-1expression (Figure 30A). As we expected, LM8 

is a CD80 negative cell line (Figure 30B). Our results reveal that CD80 is the best candidate 

of the critical receptor which communicates with activated splenocytes and in turn transmits 

the signal to induce Rae-1 expression.  
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Figure 28 B7 family and TNF family receptor expression levels on CT26 cells. CD80 (A), 
CD86 (B), PD-L1 (C), PD-L2 (D), B7H3 (E), B7H4 (F), CD40 (G), 41BBL (H), CD70 (I) 
and OX40L (J) expressing levels were tested on CT26 cells comparing to corresponding 
isotype controls (red) via flowcytometry. 
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Figure 29 CD80 and CD86 expression levels on K7M3 cells. CD80 (A) and CD86 (B) 
expressing levels were tested on K7M3 cells comparing to the isotype control (red) via flow 
cytometry.  
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Figure 30 CD80 expression level on LM8 cells. (A) Rae-1 expression on LM8 cells. LM8 
cells were co-incubated in the presence or absence of activated splenocytes. Rae-1 
expression level was determined by using flow cytometry. (B) CD80 expressing level (blue) 
was tested on LM8 cells comparing with isotype control (red) via flow cytometry. 
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CD80 overexpression in LM8 cells can facilitate the activated lymphocyte-mediated Rae-1 

induction 

        To investigate whether CD80 is sufficient to facilitate the activated splenocytes-

mediated Rae-1 induction in tumor cells, we exogenously introduced CD80 into LM8 cells. 

LM8 cells were transfected with either CD80 plasmid DNA or control vector by using 

electroporation (Figure 31). Since LM8 is a CD80 negative cells line, splenocytes co-

incubation fails to induce Rae-1 on LM8 cells (Figure 30A). After CD80 overexpression in 

LM8 cells, the activated splenocytes mediated Rae-1 induction is expected. CD80 

expression level was examined after CD80 encoding DNA or control vector transfection to 

confirm the transfection efficiency (Figure 31A). In presence or absence of activated 

splenocytes co-incubation, we compared Rae-1 expression levels in control vector- versus 

CD80 encoding DNA-transfected LM8 cells. As expected, the activated splenocytes-

mediated Rae-1 induction was observed in the CD80 encoding DNA transfected LM8 cells, 

but not in the control vector-transfected LM8 cells (Figure 31B). We concluded that CD80 

holds key for activated splenocytes-mediated Rae-1 induction, suggesting that CD8+T cells 

binding to CD80 is sufficient to induce Rae-1 in tumor cells.  

 

 

 

 

 

 

 

 

 



88 

 

 

 

Figure 31 CD80 overexpression facilitated the splenocytes co-incubation induced Rae-1. 
(A) LM8 cells were transfected with control DNA or CD80 DNA. The transfection 
efficiency was determined by using flow cytometry. (B) Rae-1 level was examined on 
control DNA or CD80 transfected LM8 cells with or without the splenocytes co-incubation. 
The result represents three independent replicates. ***, p<0.001. *, p<0.05. 
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CD80 reduction in CT26 cells can abolish activated splenocytes-mediated Rae-1 

induction 

        To validate activated splenocytes-mediated Rae-1 induction relies on CD80, CD80 

expression was reduced by CD80 siRNA transfection in CD80 high CT26 cells (Figure 32). 

Reduction of CD80 expression was confirmed after the CD80 or sham siRNA transfection 

(Figure 32A). In the presence or absence of activated splenocytes co-incubation, Rae-1 

induction was compared between sham siRNA and CD80 siRNA transfected CT26 cells. 

After reducing the level of CD80 expression in CT26 cells, a significant decrease in Rae-1 

induction was observed, suggesting that CD80 is required for activated splenocytes-

mediated Rae-1 induction (Figure 32B).  

        Our direct incubation, CD80 overexpression and CD80 reduction experiments clearly 

suggest that Rae-1 induction is triggered by activated splenocytes binding to CD80 on 

tumor cells.  

 

 

 

 

 

 

 

 

 

 

 

 



90 

 

 

 

 

Figure 32 Reduction of CD80 abolished the splenocytes co-incubation induced Rae-1. (A) 
Control siRNA or CD80 siRNA were introduced into CT26 cells. Flow cytometry was 
performed to determine the CD80 reduction. (B) CT26 cells transfected with control siRNA 
or CD80 siRNA were co-incubated with splenocytes. Rae-1 level was determined by using 
flow cytometry. The results represent three replicates. **, p<0.01. ***, p<0.001. 
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Summary 

        In this chapter, we illustrated the mechanism through which Rae-1 was induced in 

tumors by the co-administration of IL-12 DNA plus doxorubicin. The conventional view is 

that the activation of stress signaling pathway induces Rae-1. Our study found that stress-

signaling mediated Rae-1 only operates in vitro, but not work in vivo (21). A novel CD8+T 

cell-dependent mechanism accounts for IL-12 plus doxorubicin–mediated Rae-1 induction. 

This mechanism is validated by T cell depletion study (Figure 23) and a T cell deficient 

model (Figure 23). A newly established in vitro model is confirmed in two different tumor 

cell lines (Figure 21).  

        In this chapter, not only did we clarify the novel mechanism of Rae-1 induction, we 

also explained why the co-administration caused impressive improvement of antitumor 

therapeutic effect. The reason is the co-administration of IL-12 DNA plus doxorubicin 

could promote NKG2D+CD8+T cells infiltration into tumor microenvironment, and then the 

infiltrating CD8+T cells facilitate Rae-1 induction on tumor cells via the direct contact with 

tumor cells (Figure 26-27). The increasing levels of Rae-1 on tumor cells in turn activate the 

NKG2D receptor function dependent antitumor immune response. Our next question is 

through what receptor(s) CD8+T cells and tumor cells could communicate and induce Rae-1 

on tumor cells.  

         The examination of B7 and TNF family receptors on tumor cells showed CD80 is only 

receptor that is expressed on both CT26 and K7M3 cells (Figure 28-29). More importantly, 

there is no CD80 expression on LM8 cells which fail to induce Rae-1 after co-incubating 

with activated splenocytes (Figure 30). CD80, therefore, becomes the most likely receptor 

which contributes to the splenocytes-mediated Rae-1 induction. 

          To validate the critical role of CD80 on Rae-1 induction, we transiently transfected 

CD80 into LM8 cells by using electroporation. We found that the splenocytes failed to 
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induce Rae-1 on the control vector transfected LM8 cells, but dramatically induced Rae-1 

on the CD80 encoding DNA transfected LM8 cells (Figure 31), suggesting CD80 is crucial 

and sufficient for Rae-1 induction. To test the role of CD80 on splenocytes-mediated Rae-1 

induction, we also reduced the level of CD80 expression on CT26 cells by transfecting 

CD80 siRNA. We found that CD80 reduction partially abolished Rae-1 induction (Figure 

32), suggesting that CD80 is required by the activated splenocytes-mediated Rae-1 

induction.  
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Chapter 8 

Discussion       

        IL-12 is a cytokine produced mainly by antigen presenting cells. Several known 

mechanisms account for IL-12-mediated antitumor efficacy, including induction of IFN-γ, 

activation of NK cells, promotion of TH1 response, and stimulation of CD8+T cell antitumor 

response (148, 149). Likewise, doxorubicin has been shown to act through several 

mechanisms, including disruption of DNA synthesis, initiation of DNA damage, and 

compromising the cell membrane, leading to apoptosis (116, 150). Not only can 

chemotherapeutic agents directly inhibit tumor cell proliferation and survival, some 

chemotherapeutic agents also prevent immunosuppressive effects by either alone or properly 

combining them with other treatments (151). Moreover, chemotherapeutic agents were 

found to promote antitumor immuno-survillence via facilitating immune cells infiltration 

into tumor microenvironment and sensitizing tumor cells to antitumor immune response 

(126). However, the underlying mechanism of therapeutic compound-enhanced immune cell 

infiltration is not clear. In this study, we hypothesized that doxorubicin may enhance IL-12–

mediated NKG2D expression which may promote immune cell localizing in tumors. This 

hypothesis is supported by others’ observation that IL-12 induces modest level of NKG2D 

expression (65). This hypothesis is also supported by our observation that IL-12 plus 

doxorubicin increases the number of tumor infiltrating CD8+T cells (124), and leads to 

NKG2D function-dependent antitumor effect (unpublished data).         

        In chapter 3, we discovered that doxorubicin, which has potent effects against multiple 

types of tumors, was able to effectively augment IL-12-mediated increase of NKG2D 

positive splenocytes (Figure 8). We further demonstrated that the subset of splenocytes with 
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induced NKG2D receptor is CD8+T cells, but not NK cells or CD4+T cells (Figure 9-11). 

Different from the old notion in which NKG2D receptor is mainly expressed on NK cells 

and activates NK cell function, we observed a substantial NKG2D induction on CD8+T cells 

instead of NK cells after the co-administration (Figure 9). This discovery may disturb the 

traditional view that the NKG2D receptor is expressed mainly on NK cells, but it is not 

exclusive. For example, there are reports of NKG2D expression on CD8+T cells. One study 

found that mouse NKG2D was expressed only on mature CD8+T cells (38). Furthermore, 

induction of NKG2D and activation of its signaling pathway on CD8+T cells could trigger T 

cell-mediated NK cell–like cytolytic activity (38). This observation was validated by both 

NK and T cell-depletion studies (Figure 10-11). We found in CD8+T cell- depleted tumor-

bearing mice, the co-administration failed to induce NKG2D receptor on lymphocytes, but 

in NK cell depleted tumor-bearing mice, just like in wild-type mice, NKG2D receptor was 

induced on lymphocytes and CD8+T cells (Figure 10-11). These results clearly show that 

CD8+T cells but not NK cells are critical for NKG2D induction by the co-administration of 

IL-12 and doxorubicin.  

     Our study via different approaches shows that NKG2D high expressing cells efficiently 

infiltrate into tumors.  A substantial increase of NKG2D receptor in tumors was detected 

after the co-administration by using northern blot (Figure 12A), suggesting that IL-12 plus 

doxorubicin could promote NKG2D positive immune cells infiltrating into tumors. In the 

immunocytochemistry assay, we observed a dramatic promotion of NKG2D and CD8+T 

positive immune cells in the tumor sections receiving IL-12 plus doxorubicin treatment 

(Figure 12B), but we did not observe any NKG2D+CD4+T cells or NK cells in tumor 

sections received any treatment (Figure 12C, 12D). To better demonstrate our discovery, we 

performed co-localization staining on tumor sections from NK cell depleted mice and 

CD8+T cell depleted mice. Not surprisingly, NK cell depletion did not affect the NKG2D+ 
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CD8+T cell infiltrating into tumors after the co-administration (Figure 13A). However, 

CD8+T cell depletion totally abolished the co-administration-promoted NKG2D positive 

immune cell infiltrating into tumors (Figure 13B). Our results suggest that upregulation of 

NKG2D in CD8+T cells by doxorubicin plus IL-12 appears to be critical for the increased 

infiltration of immune cells into tumors. 

        We noticed that the IL-12 plus doxorubicin-mediated NKG2D induction on 

lymphocytes or CD8+T cells is just 3-5 times higher than IL-12 or doxorubicin treatment 

alone (Figure 8), but the co-administration promoted NKG2D+ CD8+T cell infiltration is 

more than 10 times higher than the single treatment alone (Figure 12A, 12B). The 

discrepancy is very likely caused by the duration of NKG2D expression by the co-

administration of IL-12 plus doxorubicin. The persistent expression of NKG2D receptor on 

CD8+T cells by the co-administration gave rise to immune cell infiltration into the tumors.  

        Results from others showed that IL-12 alone could induce modest level of NKG2D 

receptor on lymphocytes (65), but our discovery suggests that doxorubicin is not only a 

cytotoxic chemical compound but also, at low doses, a booster of immune response. This 

discovery illustrates that chemotherapy-induced promotion of antitumor immune response 

and regulation of T-cell localization in tumors could be achieved through induction of 

NKG2D expression on CD8+T cells. Moreover, there is currently no established biomarker 

for chemotherapeutic agents-induced immune response. From a broad point of view, this 

discovery shows that measuring NKG2D expression in circulating T cells may be a valuable 

screening method to discover new immune stimulatory medicines.  

        Currently, there are few reliable markers to predict antitumor immune responses. We 

believe that increased expression of NKG2D in CD8+T cells may be established as an 

antitumor immune response endpoint, because one approach to eradicating tumor cells is to 
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create an environment in which effector immune cells constitutively express the NKG2D 

receptor, thereby triggering NKG2D-dependent tumor cell death (28). Others found that a 

modest dose of doxorubicin had the potential to boost immune response and potentiate the 

IL-2 response against tumor cells (152-154). In fact, another report demonstrated that the 

doxorubicin-mediated therapeutic effect against cancer requires CD8+T cells and IFN-γ 

(155). Although the mechanism was unknown in both cases, we speculate that the immune 

response may be boosted by upregulating NKG2D through a combination of doxorubicin 

plus IL-2 or doxorubicin plus IFN-γ. Of course, IL-2 and IFN-γ are different from the IL-12 

that we used in this study, but they are all TH1 cytokines which induce signals in T cells. 

        One significant question is how these NKG2D+ CD8+T cells infiltrated into tumors. In 

tumor immunosurveillance, immune cells could be bound to tumor cells by NKG2D-

NKG2D ligand interaction. So next, we investigated whether the co-administration could 

also increase NKG2D ligands level on tumor cells, and therefore facilitating NKG2D+ 

CD8+T cells infiltrating into tumors.        

        Others have shown that chemotherapeutic agents induce NKG2D ligands on tumor 

cells in vitro (58), our results support this possibilities because different levels of NKG2D 

ligand Rae-1 induction were found in tumor cells after the treatment of various 

chemotherapeutic agents (Figure 14A, 14B). However, Rae-1 induction was not observed in 

tumors from K7M3 tumor-bearing mice which received the same chemotherapy treatment 

as we used in vitro (Figure 14C). It means that unlike the in vitro cell treatment, systemic 

injection of chemotherapeutic agents in vivo failed to induce Rae-1 in tumors. This result 

agrees with our previous observations, in which we found although NKG2D receptor was 

induced by doxorubicin, there was no tumor infiltrating NKG2D+ CD8+T cells detected, 

suggesting that the substantial increase of NKG2D+ CD8+T cells infiltrating into tumors 

after the co-administration is very likely due to Rae-1 induction in tumors. The co-
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administration of IL-12 plus doxorubicin could best induce Rae-1 in tumors comparing to 

other combinations of cytokines and chemotherapeutic agents (Figure 15). This result is not 

surprising, because we have demonstrated in Chapter 3-4 that the co-administration could 

increase NKG2D positive CD8+T cells and dramatically promote NKG2D+ CD8+T cell 

infiltrating into tumors (Figure 12). The tumor cells with increasing levels of Rae-1 could 

attract more NKG2D+ CD8+T cells infiltrating into tumor microenvironment. The increase 

of Rae-1 on tumor cells and NKG2D receptor on CD8+T cells enhanced the NKG2D-

NKG2D ligand interaction-mediated antitumor immune response, which absolutely 

explained why the co-administration could induce much better antitumor therapeutic effect 

against tumors.  

        We also noticed in previous study that the co-administration had long term effect to 

inhibit primary tumor growth as well as to prevent metastatic tumor occurrence. This led us 

to test whether the co-administration mediated Rae-1 induction in tumors was also a long 

term effect. A time course study was performed to determine Rae-1 levels in tumors at 

different time points (Figure 18). We found that Rae-1 induction in tumors by the co-

administration started after the second treatment. Both IL-12 alone and the co-

administration could induce Rae-1 4 days after the second treatment, but the co-

administration could induce Rae-1 at a higher level for at least 8 days after the second 

treatment. Only the co-administration could maintain Rae-1 induction in tumors for this 

long. Such long term induction of Rae-1 effectively reduces the dose and frequency of 

cancer treatment so as to reduce toxicity (Figure 18). 

        To understand whether the Rae-1 induction by the co-administration was tumor model 

specific, we tested our 4 standard treatments (control DNA, control DNA plus doxorubicin, 

IL-12 DNA or IL-12 DNA plus doxorubicin) on several tumor models in both BALB/C and 

C57BL/6 mice. Rae-1 expression levels were examined by using western blotting, flow 
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cytometry and immunohistochemistry assays (Figure 16). We clearly showed that the co-

administration could dramatically increase Rae-1 in all the tested tumor models by different 

assays (Figure 16). Another concern was whether Rae-1 induction by the co-administration 

also occurred in normal organs. If so, the NKG2D+ CD8+T cells could also infiltrate into 

normal organs to kill normal cells, which would cause severe toxicity to patients. Therefore, 

it was important for us to determine whether the Rae-1 induction was tumor specific. We 

examined Rae-1 expression levels in hearts, livers, spleens, lungs and kidneys (Figure 17). 

Fortunately, we did not detect any Rae-1 induction after the co-administration in the normal 

organs (Figure 17), meaning that the Rae-1 induction after IL-12 plus doxorubicin treatment 

was tumor specific. It makes the NKG2D+ CD8+T cells more efficiently infiltrate into 

tumors to recognize the Rae-1 positive tumor cells with very limited side effects and toxicity 

to the normal organs.  

        In Chapter 6, we studied the mechanism by which Rae-1 is induced by the co-

administration in vivo. The traditional mechanism for Rae-1 induction is through the DNA 

damage-induced stress signaling (58). We wanted to determine whether the co-

administration mediated Rae-1 induction is also through the stress signaling or through a 

novel mechanism. Firstly, we ruled out the possibility that the Rae-1 induction was through 

the DNA damage-induced stress signaling ATM/ATR-chk1/chk2 (Figure 19), which means 

the Rae-1 induction by the co-administration was through a novel mechanism. Since our 

treatment could promote immune cell infiltrating into tumors to enhance tumor 

immunosurveillance, the possible novel mechanism should be immune cell dependent. Our 

in vitro result showed that the Rae-1 induction was not due to the cytokines released from 

activated splenocytes (Figure 20). Another hypothesis was Rae-1 induction was induced by 

the direct communication between the tumor cells and the immune cells in tumor 

microenvironment. Rae-1 expression levels were examined after the direct incubation of 
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tumor cells with activated splenocytes, and a dramatic induction of Rae-1 was observed on 

both murine tumor cell lines we tested (Figure 21). Moreover, we demonstrated that human 

NKG2D ligands could also be induced after co-incubating human colon tumor cells or 

osteosarcoma cells with stimulated human PBMCs (Figure 22). This result on human tumor 

cells suggests that the IL-12 plus doxorubicin co-administration may yield the same 

therapeutic effect in human cancer patients as in tumor-bearing mice. Results from others 

indicated that high levels of NKG2D ligands in tumors associated with long term survival in 

colorectal cancer patients (66), neuroblastoma patients (Oncogenomics) and Triche 

Rhabdomyosarcoma patients (Oncogenomics). Here, we proposed a novel mechanism of 

Rae-1 induction on tumor cells by direct contact of tumor cells with activated splenocytes. 

This novel mechanism explained how Rae-1 could be induced in tumors by the co-

administration, and also showed the great potential to be applied in cancer treatment.  

        Moreover, we found that the co-administration failed to increase Rae-1 in the T cell 

deficient mice while substantially inducing Rae-1 in the wild-type mice bearing the same 

tumor model (Figure 24). As the nude mice lack mature T cells, our result suggests that the 

Rae-1 induction by the co-administration required mature T cells (Figure 24). In vivo, we 

also performed the co-administration on tumor-bearing mice with certain immune cell 

(CD4+T cells, CD8+T cells or NK cells) depleted, and tested Rae-1 expression levels in 

tumors (Figure 23). We found Rae-1 was dramatically decreased only in CD8+T cell 

depleted mice, but not in other immune cell depleted mice or the control antibody treated 

mice. In vitro, consistent with the result from the in vivo experiment, only the CD8+T cell-

depleted splenocytes failed to induce Rae-1 on tumor cells (Figure 25), meaning that CD8+T 

cells were the crucial subpopulation of immune cells that interact with tumor cells and 

increase Rae-1 in vivo and in vitro. Among various enriched immune cell subpopulations, 

only CD8+T cells dramatically induced Rae-1 on tumor cells (Figure 26, 27). NK cells or 
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CD4+T cells failed to change Rae-1 expressing level. Interestingly, in Chapter 3 and 4, we 

found the co-administration could induce NKG2D receptor only on CD8+T cells and then 

facilitate those CD8+T cells to localize in tumor sites (Figure 9, 12). In Chapter 6, we 

discovered Rae-1 induction by the co-administration was also dependent on CD8+T cells 

(Figure 23, 24).  

        Not only did we clarify that the novel mechanism of Rae-1 induction requires the 

physical interaction between immune cells and tumor cells, we also investigated which 

tumor cell receptor contacts with CD8+T cells and transmit the signals to induce Rae-1 in 

tumor cells. CD8+T cells were shown to play the absolutely critical role in the immune cell 

interaction-mediated Rae-1 induction (Figure 26, 27). Hence, the Rae-1 induction should be 

through receptors that interact with CD8+T cells. Although the co-stimulatory receptors 

which interact with immune cells and regulate immune response are primarily expressed on 

antigen presenting cells, we found that some of the receptors are also express on tumor cells. 

Therefore, we hypothesized that the immune cell-tumor cell interaction-dependent Rae-1 

induction was through the co-stimulatory receptors. After the examination of various co-

stimulatory receptors on multiple tumor cell lines, we found CD80 is the only receptor that 

is expressed on both CT26 and K7M3 cells (Figure 28, 29), but not on LM8 cells (Figure 

30B). Since the activated splenocytes-mediated Rae-1 induction occurs on CT26 and K7M3 

cells (Figure 21), but not LM8 cells (Figure 30A), we hypothesized CD80 plays the critical 

role in activated splenocytes-mediated Rae-1 induction.  

        Supporting this hypothesis, overexpression of CD80 in LM8 cells promoted the 

activated splenocytes-mediated Rae-1 induction (Figure 31B), while the reduction of CD80 

from CT26 cells abolished Rae-1 induction (Figure 32B). We demonstrated that the tumor 

cell and immune cell co-incubation induced Rae-1 induction is through tumor cell receptor 

CD80. Besides what previous publications had indicated that CD80 and immune cell 
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interaction could activate immune cells, we found that the immune cell-tumor cell 

interaction through CD80 also transduces signals to induce Rae-1in tumor cells.  

        Taken together, our results from the NKG2D receptor study and the Rae-1 study 

elucidated the picture of the mechanism (Figure 33): the co-administration augments 

NKG2D positive CD8+T cells and promotes these CD8+T cells infiltrating into tumors to 

contact with tumor cells through CD80, which transduces the signals to induce Rae-1 on 

tumor cells. Rae-1 induction on tumor cells and NKG2D induction on CD8+T cells enhances 

their interaction, which triggers CD8+T cells- mediated NKG2D dependent antitumor 

cytotoxicity.  
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Figure 33 The mechanism of IL-12 plus doxorubicin induced tumor inhibitory effect. IL-
12 plus doxorubicin treatment could effectively inhibit tumor progression by simultaneously 
inducing NKG2D receptor on CD8+T cells and NKG2D ligand on tumors.  
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Chapter 8 

Conclusion 

        In summary, we have shown in vivo evidence that IL-12 plus doxorubicin induces 

CD8+T cell–specific NKG2D upregulation (Figure 8-11). This upregulation facilitates the 

infiltration of these NKG2D-expressing CD8+T cells into the tumor site (Figure 12-13). The 

interaction between CD8+T cells and tumor cells was through CD80 to induce NKG2D 

ligand Rae-1 levels in the tumor cells (Figure 26, 27, 31, 32). The Rae-1 induction is due to 

the direct contact to CD80 in tumor cells. Simultaneous induction of NKG2D receptor on 

CD8+T cells and NKG2D ligand on tumor cells after IL-12 plus doxorubicin treatment 

seems to be the real mechanism to boost the antitumor immune response. Therefore, the 

improved therapeutic effect against primary and metastatic tumors by the IL-12 plus 

doxorubicin treatment is largely dependent on the NKG2D function in vitro and in vivo.
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Chapter 9 

Future directions  

Rae-1 regulation in tumor cells 

        NKG2D ligands are present on tumor cells at different levels. The regulation of 

NKG2D ligands expression associates with complex processes that have not been fully 

understood. Recent publications suggest that besides gene transcription and translation, 

multiple post-transcriptional and post translational modifications also contribute to 

NKG2D ligands expression levels (56, 156, 157). MicroRNAs targeting MICA and MICB 

3’UTR have been discovered to downregulate the protein levels (158).  Mult1, a murine 

NKG2D ligand, was expressed at high level of mRNA in certain normal cells, but absent at 

protein level. The mechanism is that Mult1 protein underwent ubiquitination in normal 

cells, which was reduced upon stress stimulation to regulate the protein levels (159). 

HDACs (histone deacetylase) upregulation in cancers were recently proved to associate 

with repression of tumor suppressor genes. HDAC inhibitors such as TSA (trichostatin A) 

and sodium butyrate were reported to induce NKG2D ligands on tumor cells in vitro (57, 

160). One possible well studied mechanism involves in the remodeling of chromatin by 

histone acetylation which opens the chromatin structure and allows the access to 

transcription factors. Another novel mechanism participates in directly adding acetyl group 

to lysines on proteins, in our case, NKG2D ligands. Protein acetylation could also 

contribute to protein stabilization (161).  

       Our preliminary data suggested that neither the co-administration in vivo nor the 

splenocytes co-incubation in vitro induce Rae-1 at mRNA level in tumor cells. The 
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translational signaling is not dramatically activated by the treatment either. Therefore, it is 

very likely that epigenetic changes account for Rae-1 induction after the co-administration 

or splenocytes co-incubation. Firstly, we are going to determine whether Rae-1 increase is 

because of Rae-1 stabilization. To address this question, we will treat tumor cells with 

translation inhibitor in the presence or absence of splenocytes incubation. If we observe an 

acute decrease of Rae-1 expression on tumor cells in the absence of splenocytes, but a 

gradual downregulation of Rae-1 expression in the presence of splenocytes, it means the 

splenocytes co-incubation could stabilize Rae-1 after shutting down the translation 

signaling and therefore to increase Rae-1 level. Secondly, we will be interested in studying 

which post-translational modification could contribute to Rae-1 stabilization. Since results 

from others suggested ubiquitination and acetylation occur in some other NKG2D ligands 

to regulate the expression levels, it will be exciting to investigate whether our treatment 

could inhibit ubiquitination- mediated degradation or enhance acetylation-mediated 

stabilization. Last but not least, we are going to investigate what is the intracellular 

mediator which is recruited to CD80 after CD8+T cells binding to tumor cells, and initiates 

the regulation of Rae-1 post-translational modification.  

Adoptive T cell transfer 

         Adoptive cell transfer has been successfully applied in clinical trials in cancer 

treatment. Several trails have shown the impressive effect of adoptive T or NK cell transfer 

on extending patients’ survival. For example, 113 stage II and III NSCLC patients received 

TIL plus IL-2 or control treatment, and the patients’ median survival was increased 8 

months by the TIL plus IL-2 treatment (n<0.05) (162). In another trial, 88 melanoma 

patients were given TIL plus IL-2 or IL-2 alone. The TIL treatment dramatically decreased 

the relapse rate (p=0.028), and increased the survival time (p=0.039) (162). Other cancers 

including gastric cancer and renal cancer also respond to the adoptive cell transfer treatment 
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(162). The adoptive cell transfer strategy has experienced different steps, from TIL transfer 

in which the TILs are isolated from patients, ex vivo expanded in the presence of IL-2, and 

reinfused back into the patient. The expanded tumor targeting lymphocytes are expected to 

migrate into tumors with antitumor cytotoxicity. A more effective strategy is to engineer 

tumor-targeting molecules on lymphocytes before expanding the cells. Therefore, the 

reprogrammed lymphocytes are directed to eradicate the target tumor cells. A promising 

approach is the chimeric antigen receptor (CAR) expressing T cell transfer in which single 

chain monoclonal antibody (e.g. anti-CD19 CAR) is graft onto T cell by retrovirus or 

sleeping beauty transposon-transposase system (163). However, in some cases, introducing 

an exogenous molecule onto lymphocytes may cause cell apoptosis. 

                     Our study suggests that the co-administration of IL-12 plus doxorubicin could 

promote NKG2D on CD8+T cells and induce NKG2D ligands on tumor cells. These 

findings led us to believe that a novel strategy of adoptive cell transfer could rely on 

inducible receptors. We treat lymphocytes with IL-12 plus doxorubicin, which should 

induce NKG2D expression on CD8+ T cells. The NKG2D+ CD+8 T cells will be isolated 

and expanded. Then, we will treat the host also with the co-administration to induce 

NKG2D ligand expression in tumors. With induced NKG2D ligand in tumors, NKG2D+ 

CD+8 T cells are expected to effectively infiltrate into tumors and kill NKG2D ligand 

positive tumor cells. The advantage of our adoptive cell transfer strategy is that we induce 

NKG2D receptor on immune cells instead of using any gene delivery method that could be 

risky to the host. Moreover, we induce NKG2D ligands on tumor cells, which facilitates the 

transferred immune cells more efficiently targeting to tumors.  
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Chapter 10 

Translational implications 

      A novel function of chemotherapeutic agents has been identified to facilitate 

immune effector cells infiltrating into tumors and sensitize tumor cells to immune cell 

attack. Immune response becomes a potential predictor of the therapeutic outcomes in 

cancer patients after chemotherapy. However, the mechanism by which chemotherapy 

promotes immune responses is largely unknown. We discovered that a 

chemotherapeutic agent doxorubicin effectively promoted IL-12-induced NKG2D 

expression in CD8+T cells. NKG2D induction in CD8+T cells in turn regulated tumor-

specific localization of CD8+T cells and associated with NKG2D-dependent inhibition 

of tumor growth and metastasis in vivo. This discovery is significant in chemo-immune 

therapy because our discovery illustrates at a molecular level how chemotherapy 

promotes an antitumor immune response and directs T cell to localize into tumors. Our 

study also suggested that increased expression of NKG2D will possibly serve as an 

established antitumor immune response endpoint of chemotherapy in cancer patients. 

        Besides, our findings of  the simultaneous induction of NKG2D on CT8+T cells and 

NKG2D ligand on tumor cells after IL-12 plus doxorubicin treatment could contribute to 

inducible adoptive T cell transfer in cancer treatment. Current adoptive cell transfer 

treatment started from collecting tumor infiltrating immune cells, expanding these cells ex 

vivo, and eventually reintroducing these immune cells back into the patient to boost the 

tumor targeting immune response. An improved strategy is to reprogram immune cells from 

healthy donors with CAR (chimeric antigen receptor), which is usually a single chain 

antibody targeting to a specific molecule on tumor cells, and then introduce the expanded 

immune cells to cancer patients. The problems of current strategy include: Firstly, the gene 
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delivery system such as retrovirus system could be dangerous to patients. Secondly, some 

proteins (e.g. NKG2D) after overexpression induce cell apoptosis. Our inducible system 

could avoid above problems, because the IL-12 plus doxorubicin treatment simultaneously 

induces NKG2D receptor and ligands. NKG2D receptor can be induced by IL-12 plus 

doxorubicin treatment, therefore the induction of NKG2D does not need any gene delivery 

method. Then, NKG2D ligands can also be induced in tumors by the co-administration. 

Adoptive transfer of NKG2D+ CD8+T cells to patients who received the IL-12 plus 

doxorubicin treatment should direct the CD8+T cells specifically targeting to tumors. The 

NKG2D ligand induction in tumors should greatly improve the efficiency of antitumor 

immune response.  

         Our IL-12 plus doxorubicin treatment could also combine with other treatment to 

enhance the antitumor efficacy. Publications from others already suggested that high levels 

of NKG2D ligands in tumors benefit cancer patients with longer survival time (62, 66). Our 

findings suggest that IL-12 plus doxorubicin treatment substantially induces a long term of 

Rae-1 expression. Therefore, together with other agents, it is expected to be a promising 

antitumor strategy that associates with substantially improved clinical outcomes. 
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Appendix 

The selection of Rae-1 monoclonal antibody 

Rationale  

        In order to study Rae-1 expression in tumors after each treatment, we need a Rae-1 

antibody that can recognize Rae-1 protein in various assays. The commercially available 

Rae-1 antibodies are mainly for flow cytometry assay. To develop a better monoclonal 

antibody that specifically recognizes Rae-1 in common used experiments, in collaboration 

with our core facility, we applied a novel strategy of antigen preparation and animal 

immunization in the process of generating Rae-1 monoclonal antibody. Since it is the first 

time to develop Rae-1 antibody in this way, the efficiency of the antibody was unpredictable. 

The selection of the most efficient clone of Rae-1 monoclonal antibody becomes really 

important for the later study.  

Results 

CT26-Rae-1 and CT26-GFP stable cell lines 

         We stably transfected full length Rae-1 beta in retrovirus vector pBMNgreen into 

murine cells CT26, the vector transfected cells as control, and immunized animals with the 

antigen expressing cells. Transfection was confirmed under fluorescence microscope and 

flow cytometry assay (Figure A1). The details of Rae-1 monoclonal antibody development 

were described in chapter 2 Materials and Methods.  
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Figure A1 Rae-1 overexpression in CT26 cells. (A) GFP expression in Rae-1 stable cell 
line. CT26 cells were transfected with Rae-1 in retrovirus vector pBMNgreen fusion with 
GFP. Rae-1 stable transfected CT26 cells were observed under fluorescence microscopy to 
detect GFP expression. (B) Rae-1 expression in Rae-1 stable cell line. Rae-1 stable 
transfected CT26 cells were stained with PE-Rae-1 antibody or isotype control antibody. 
Rae-1 level was determined by using flow cytometry.  
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Screening of the effective anti-Rae-1 subclones 

        We received anti-Rae-1 serum from 60 different subclones. To do the first round 

screening for the effective antibodies, every 6 antibodies were mixed and stained Rae-1 

positive YAC-1 cells in flow cytometry assay (Figure A2). The Rae-1 expression on YAC-1 

cells was firstly confirmed by using flow cytometry stained with a commercial purchased 

Rae-1 antibody (Figure A2A). We found antibodies in group 4 are effective to recognize 

Rae-1 in flow cytometry assay (Figure A2B).  The second round of screening was done to 

test each anti-Rae-1 serum subclone in group 4 comparing with the commercial purchased 

Rae-1 antibody (Figure A2C). We found two subclones 52A and 60A which stain positive on 

YAC-1 cells. 52A seemed almost as good as the commercial antibody, and 60A also 

recognized Rae-1 in flow cytometry assay.  
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Figure A2 Screening of effective anti-Rae-1 monoclonal antibody. (A) Validation of Rae-
1 expression on YAC-1 cells. YAC-1 cells were stained with PE-Rae-1 or isotype control 
antibody, and Rae-1 expression on YAC-1 cells was confirmed using flow cytometry. (B) 
First round screening to determine the best group of Rae-1 antibodies. YAC-1 cells were 
stained with 10 groups of anti-Rae-1 serum mixture. Isotype control antibody was used as 
the negative control, and the commercial Rae-1 antibody was used as the positive control. 
The efficiency of anti-Rae-1 serum was determined by using flow cytometry. (C) Second 
round screening to determine the clones of anti-Rae-1 serum that specifically recognizes 
Rae-1. YAC-1 cells were stained with each clone of anti-Rae-1 serum in group 4. Isotype 
control antibody was used as the negative control, and the commercial Rae-1 antibody was 
used as the positive control. The efficiency of anti-Rae-1 serum was determined by using 
flow cytometry.  
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Clone 52A and 60A anti-Rae-1 efficiency determined by ELISA, flow cytometry and 

immunofluoresecence assays 

        The Rae-1 targeting ability of purified anti-Rae-1 serum from subclone 52A and 60A 

was tested by using ELISA. The anti-Rae-1 serum from both clones was diluted into 

different concentrations, and the affinity to Rae-1 protein was measured by reading optical 

density (OD). The result from ELISA showed that the 52A (Figure A3A) and 60A (Figure 

A3B) serum even after 50 times and 25 times dilution, respectively, still had strong reaction 

with Rae-1 expressing cells, suggesting that both clones specifically recognize Rae-1.  

        To validate the efficiency of Rae-1 monoclonal antibody clone 52A, we stained several 

Rae-1 negative and positive cell lines, and tested by using flow cytometry. Like the result 

from commercial Rae-1 antibody, we confirmed Rae-1 positive cell lines K7M3 (Figure 

A4A), LLC (Figure A4B) and TC1(Figure A4C), and Rae-1 negative cell line CT26 (Figure 

A4D) and B16F10 (Figure A4E). 

         We tested the Rae-1 monoclonal antibody on immunofluorescence assay. Rae-1 

overexpressing cells were stained with Rae-1 monoclonal antibody (clone 52A) or isotype 

control antibody, followed by FITC anti-mouse IgG and DAPI. The slides were observed by 

using a fluorescence microscopy with appropriate filter (Figure A5). Our Rae-1 monoclonal 

antibody (clone 52A) could specifically recognize Rae-1 protein on tumor cell surface.  

        Besides, we also compared our antibody (clone 52A) and commercial Rae-1 antibodies 

on western blot, immunoprecipitation and immunohistochemistry assays. We observed 

similar results by using our antibody and the commercial Rae-1 antibodies (data not shown). 

Therefore, instead of using several commercial Rae-1 antibodies for different assays, in our 

study, we used our Rae-1 monoclonal antibody (clone 52A). 
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Figure A3 The efficiency of Anti-Rae-1 serum determined by ELISA. Anti-Rae-1 serum 
clones 52A and 60A were diluted into various concentrations. Their affinity to Rae-1 was 
determined by using ELISA.  

 

 

Figure A4 Rae-1 levels on multiple cell lines determined by 52A. K7M3 cells (A), LLC 
cells (B), TC1 cells (C), CT26 cells (D) and B16F10 cells (E) were stained with anti-Rae-1 
antibody (clone 52A) or isotype control antibody, and FITC anti-mouse IgG. Rae-1 level 
was tested by using flow cytometry. 
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Figure A5 Rae-1 expression determined by immunofluorescence. Rae-1 overexpressing 
CT26 cells were stained with Rae-1 antibody (clone 52A) or isotype control antibody, 
followed by FITC anti-mouse IgG and DAPI. Rae-1 expression was observed using 
fluorescence microscopy with appropriate filter.  
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Summary 

        We developed anti-Rae-1 monoclonal antibody by immunizing mice with a Rae-1 

overexpressing stable cell line. The subclones of anti-Rae-1 serum were screened two 

rounds by testing a Rae-1 positive cell line YAC-1. Two clones of anti-Rae-1 serum 

specifically recognized Rae-1 on YAC-1 cells, and one clone was comparable to the 

commercial Rae-1 antibody. We also validated the efficiency of anti-Rae-1 monoclonal 

antibody (clone 52A) via ELISA, flow cytometry and immunofluorescence assays. In 

ELISA assay, our Rae-1 monoclonal antibody still had strong reaction with Rae-1 

overexpressing cells after 50 times dilution. In flow cytometry assay, the Rae-1 antibody 

identified Rae-1 positive cell lines K7M3, LLC and TC1. In immunofluorescence assay, 

Rae-1 overexpressing cells were recognized by the monoclonal antibody. The 

monoclonal antibody was also proved to be comparable with commercial Rae-1 

antibodies on western blot, immunoprecipitation and immunohistochemistry. This 

monoclonal antibody was used in all the Rae-1 studies.  
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Rae-1 expression induces tumor rejection 

Rationale 

         NKG2D ligand overexpression-induced tumor rejection was reported in others’ study 

in which Rae-1 and H60 transfected EL4 and B16 tumor cells failed to develop tumors in 

mice (61), while wild-type tumors grew rapidly. Results from others also suggested that the 

expression levels of NKG2D ligands in tumors correlated with survival time (66).  

Colorectal cancer patients with high level of NKG2D ligands expression seemed to have 

higher 10 year survival rate than the patients carrying the same grade of cancer but with low 

level of NKG2D ligands expression (66).  

        CT26 is the main tumor model we used to study IL-12 plus doxorubicin-induced Rae-1. 

However, there is no study showing that the Rae-1 expression in CT26 tumors could benefit 

the tumor-bearing animals with lower tumor burden and longer survival time. We 

hypothesized that Rae-1 overexpressing in CT26 cells inhibit tumor progression and extend 

animal survival time.  
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Results 

Rae-1 suppresses CT26 tumor growth and extends survival time in vivo 

        To compare the tumor cell growth rate of CT26-GFP and CT26-Rae-1 cells in vitro, 

1×103 CT26-GFP and CT26-Rae-1 cells were cultured 24, 48, 72, 96 and 120 hours in 96-

well plates (n=5). The cell viability was determined by using MTT assay. The cell growth 

curve of these two cell lines overlapped with each other, suggesting that these two cell lines 

have similar growth rate in vitro (Figure A6). Thus, the difference of their tumor growth rate 

in vivo all depends on Rae-1-mediated antitumor immune response.  

        To determine the role of Rae-1 on tumor progression and survival time in vivo, CT26-

GFP or CT26-Rae-1 cells were introduced into BALB/C mice (n=7), and tumor volume was 

measured twice a week. Animals were euthanized due to their big tumor burden. The 

survival rate of tumor-bearing mice was estimated by Kaplan- Meier curve. We observed 

that Rae-1 overexpression could significantly inhibited CT26 tumor growth in vivo since 12 

days after the inoculation (Figure A7A). CT26-Rae-1 tumor-bearing mice also showed a 

substantial extended survival time comparing to the CT26-GFP bearing mice (Figure A7B). 

Like what others have found, we concluded that high expression of Rae-1 in CT26 tumors 

effectively inhibited tumor progression.  
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Figure A6 The tumor cell growth rate of CT26-GFP vs. CT26-Rae-1 in vitro. Tumor cell 
growth rate of CT26-GFP and CT26-Rae-1 cells were determined by using MTT assay 
(n=5). No significant difference was observed.  

 

Figure A7 Tumor volume and survival time of CT26-GFP vs. CT26-Rae-1 carrying mice 
in vivo. CT26-GFP and CT26-Rae-1 cells were inoculated to BALB/C mice (n=7) via s.c. 
injection. (A) Tumor volume was measured twice a week. (B) Animal survival rate was 
determined by Kaplan-Meier curve.  
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Summary 

        Others have indicated that high expression levels of NKG2D ligands gave rise to tumor 

rejection and extended survival time in vivo in many cancers, but there was no study 

showing how Rae-1 could affect CT26 tumor progression. Since CT26 tumor model is 

throughout our Rae-1induction study, we are interested in investigating how Rae-1 

overexpression in tumors affects tumor progression.  

        We observed similar tumor cell growth rate of CT26-GFP and CT26-Rae-1 cells 

determined by MTT assay. Then, tumor volume and survival time were compared between 

mice carrying CT26-GFP tumors versus the ones with CT26-Rae-1 tumors. Our result 

clearly suggested that, like what has been found in other tumor models, Rae-1 

overexpression dramatically inhibits CT26 tumor progression and extends the survival time 

in vivo. 
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