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Abstract

Alcohol consumption increases the incidence of multiple types of cancer. However, how chronic 

alcohol consumption affects tumor progression and host survival remains largely unexplored. 

Using a mouse B16BL6 melanoma model, we studied the effects of chronic alcohol consumption 

on s.c. tumor growth, iNKT cell antitumor immune response, and host survival. The results 

indicate that although chronic alcohol consumption inhibits melanoma growth, this does not 

translate into increased host survival. Immunizing mice with a melanoma cell lysate does not 

significantly increase the median survival of water-drinking, melanoma-bearing mice, but 

significantly increases the median survival of alcohol-consuming, melanoma-bearing mice. Even 

though survival is extended in the alcohol-consuming mice after immunization, the mean survival 

is not different from the immunized mice in the water-drinking group. Immunization with tumor 

cell lysate combined with α-galatosylceramide activation of iNKT cells significantly increases 

host survival of both groups of melanoma-bearing mice compared to their respective non-

immunized counterparts; however, the median survival of the alcohol-consuming group is 

significantly lower than that of the water-drinking group. Alcohol consumption increases NKT 

cells in the thymus and blood and skews NKT cell cytokine profile from Th1 dominant to Th2 

dominant in the tumor-bearing mice. In summary, these results indicate that chronic alcohol 

consumption activates the immune system, which leads to the inhibition of s.c. melanoma growth 

and enhances the immune response to immunization with melanoma lysate. With tumor 

progression, alcohol consumption accelerates iNKT cell dysfunction and compromises antitumor 

immunity, which leads to decreased survival of melanoma-bearing mice.
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1. Introduction

Alcohol and its metabolite, acetaldehyde, are carcinogenic, and in 2012 were listed as group 

1 carcinogens by the International Agency for Research on Cancer. Chronic alcohol 

consumption increases the incidence of multiple types of cancer including melanoma [1-9]. 

The effects of alcohol consumption on cancer can be divided into two equal important 

aspects. One is how alcohol consumption induces cancer. The study of this aspect is focused 

on the investigation of the molecular mechanisms associated with alcohol-mediated 

carcinogenesis. Extensive studies have been conducted and profound progress has been 

made in this research area during the past decade [10-13]. The second aspect addresses how 

alcohol consumption affects tumor progression and the survival of cancer patients. 

Compared to studies on how alcohol consumption induces cancer, research on how alcohol 

consumption affects the progression of established cancer has largely been unexplored until 

recently [14-16]. Epidemiological studies indicate that alcohol consumption consistently 

decreases the survival of patients with upper aerodigestive cancers and Non-Hodgkin 

Lymphoma [5, 15-17]; however, the underlying mechanism is not known.

The progression of cancer is affected by multiple factors, and the immune system plays an 

important role. Tumor immunotherapy alone or combined with chemotherapy or 

radiotherapy has become one of the most promising approaches to treat cancer [18, 19]. It is 

well known that chronic alcohol consumption affects the immune system [20]. A large body 

of data indicates that chronic alcohol consumption in humans and mice activates the immune 

system, which is reflected in the activation of CD8+ T cells, dendritic cells (DC), and NKT 

cells, and increased production of pro-inflammatory cytokines such as IFN-γ and TNF-α 

[21-25]. We found that chronic alcohol consumption along with advancing growth of s.c. 

melanoma leads to inhibition in the expansion of memory and melanoma-specific CD8+ T 

cells, acceleration in the decay of Th1 cytokine producing CD8+ T cells [26], and 

compromised circulation of mature B cells [27]. Chronic alcohol consumption also increases 

invariant NKT (iNKT) cells and especially IFN-γ-producing iNKT cells [28] [29]. iNKT 

cells are specific T cells that recognize lipid antigens and produce a broad spectrum of 

cytokines upon activation [30]. Activation of iNKT cells can enhance the antitumor immune 

response [31]. Continuous activation of iNKT cells leads to iNKT cell anergy and inhibits 

antitumor immune responses [32].

How these functional changes in the immune system related to chronic alcohol consumption 

affect tumor progression and host survival and especially how they affect the response of the 

host to immunization and cancer immunotherapy are not known. Herein, we designed a 

series of experiments to determine not only how chronic alcohol consumption affects 

B16BL6 melanoma progression and host survival but also the response to immunization 

with melanoma lysates with and without activation of iNKT cells with α-galactosylceramide 

(αGalCer), a potent agonist of iNKT cells. We also studied how chronic alcohol 

consumption affects iNKT cells in B16BL6 melanoma-bearing mice. We found that chronic 

alcohol consumption inhibits melanoma growth but does not increase host survival. 

Immunization of the mice with melanoma lysate significantly increases the survival of 

chronic alcohol-consuming mice, but not water-drinking mice. Compared to their water-
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drinking counterparts, alcohol consumption significantly decreases the survival of the 

melanoma-bearing mice immunized with tumor cell lysate combined with activation of 

iNKT cells.

2. Material and Methods

2.1. Animals and alcohol administration

Female C57BL/6 mice at 6-7 weeks of age were purchased from Charles River Laboratories 

(Wilmington, MA). After arrival, mice were single housed in plastic cages with micro-filter 

tops in the Wegner Hall Vivarium, which is fully accredited by the Association for the 

Assessment and Accreditation of Laboratory Animal Care. Mice were allowed free access to 

Purina 5001 rodent laboratory chow and sterilized Milli-Q water. After one week of 

acclimation, mice were randomly divided into two groups. The control group was 

continuously provided with chow and Milli-Q water. The treatment group was provided with 

chow and 20% (w/v) alcohol diluted from 190-proof Everclear (St. Louis, MO) with 

sterilized Milli-Q water. Mice consume at least 30% of their caloric intake from alcohol 

[33]. They were used for experiments 3-6 months after starting alcohol consumption, since 

during this time period alterations in immune parameters induced by chronic alcohol 

consumption are relatively stable [34]. All studies were approved by the Institutional Animal 

Care and Use Committee at Washington State University.

2.2. Antibodies and reagents

The following PE, FITC and PerCP labeled anti-mouse monoclonal antibodies were 

purchased from BioLegend: anti-CD3 (145-2C11), anti-CD4 (RM4-5), anti-NK1.1 (PK136), 

anti-NKG2A (16A11), anti-IFN-γ (XGM1.2), anti-IL-4 (11B11). CD1d/PBS57-tetramer-PE 

was synthesized by NIH tetramer facility (Atlanta, Georgia). αGalCer was purchased from 

Avanti Polar Lipids, Inc.

2.3. Tumor cell culture and inoculation

The highly invasive and metastatic B16BL6 melanoma cell line originally obtained from the 

Mason Research Institute, Worcester, MA, was used in the study. Tumor cells were cultured 

in Dulbecco's modified Eagles medium supplemented with 10% FBS, 1% penicillin and 

streptomycin in a humidified incubator with 5% CO2 at 37°C. Cells were harvested when 

they reached 50-70% confluence. Each mouse was inoculated with 2×105 cells (in 200 μl 

PBS) subcutaneously in the right side of the hip.

2.4. Immunization of mice with tumor cell lysate

A melanoma whole cell lysate was used to immunize mice. In vitro cultured tumor cells 

were harvested and resuspended in PBS. The cells were washed three times with PBS at 

5-10 × 106 cells/50 ml PBS before they were frozen at -70°C. The frozen cells were thawed 

on ice and passed through a syringe fitted with a 27 gauge needle. The crude cell lysate was 

refrozen, thawed and passed through the syringe two additional times. The resulting cell 

lysate from 2×105 cells in 200 μl of PBS was injected into the peritoneal cavity of the mice 

and again 7 days later to enhance the immune response. Tumor cells were inoculated s.c. on 

day 14 after the first dose of tumor cell lysate.
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2.5. αGalCer administration

αGalCer, which activates iNKT cells, was used to boost the immune response induced by 

immunization with the melanoma tumor lysate. αGalCer was dissolved in DMSO at 1 

mg/ml to make stock solution and stored at -20°C. It was diluted in PBS from the stock 

solution to form a working solution at 20 μg/ml and 4 μg in 200 μl was injected i.p. 30 min 

before the first injection of tumor cell lysate.

2.6. Measurement of tumor growth

Tumor size was measured from day 8 through day 30 after tumor inoculation. The longest 

(length) and the shortest (width) diameters of the tumor were measured by calipers every 

other day. The tumor size was calculated using the following formula established by 

Feldman et al. [35]:  where V is volume, a is the length, b is the 

width.

2.7. Measurement of tumor metastasis

Tumor metastasis to the lung, draining inguinal and axillary lymph nodes (LN), which are 

the LN on the same side with the tumor, and control inguinal and axillary LN, which are the 

LN on the opposite side of the tumor, were examined at necropsy. Since most of the 

draining LN were fully covered by metastatic tumor and it was hard to identify the number 

of colonies, we classified the severity of the metastasis into 4 categories: 0, 1, 2, and 3. If 

there was no visible metastatic tumor colony, it was designated as 0; if there was some 

visible metastatic tumor colonies, it was designated as 1; if half or more of the surface of the 

lymph node was covered by metastatic tumors, it was designated as 2; if the whole lymph 

node was took over by the metastatic tumors, it was designated as 3.

2.8. Leukocyte isolation and cell phenotype analysis

Leukocytes from thymus, spleen and blood were isolated following our previous protocols 

[34]. Cell phenotypes were analyzed by flow cytometry using BD Biosciences CellQuest 

software as described [27].

2.9. Cytokine intracellular staining of IFN-γ and IL-4-producing iNKT cells

Splenocytes and PBL were cultured in RPMI 1640 medium supplemented with 10% FBS, 

1% penicillin and streptomycin. Two million cells per ml were stimulated with 150 ng/ml 

αGalCer, or 50 ng/ml PMA + 500 ng/ml Ionomycin. Cells also were treated with 5ug/ml 

Brefeldin A to inhibit extracellular transport of the cytokines. Cells were cultured in a 

humidified incubator with 5% CO2 at 37°C for 4 hr. Cells were harvested and placed on ice. 

Anti-CD16/32 was added to block nonspecific binding to Fc receptors. Cell surface staining 

was conducted with anti-CD3-PerCP and CD1d/PBS57tetramer-PE at room temperature for 

30 min. After washing with FACS buffer (PBS+0.1%BSA+0.1% NaN3), cells were fixed 

and permeabilized using a BD Cytofix/Cytoperm kit according to the manufacturer's 

instructions. Then cells were stained with anti-IFN-γ or IL-4 monoclonal antibody. Cytokine 

producing cells were analyzed by flow cytometry and CellQuest software.
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2.10. Statistical analysis

Microsoft Excel and GraphPad Prism software were used to analyze the data. Student's t-

test, and one way ANOVA with Tukey's multiple comparison test were used to test the 

difference between and among groups as appropriate. The log-rank (Mantel-Cox) test was 

used to analyze differences in survival between/among experimental groups. Differences 

between groups were considered significant at p< 0.05.

3. Results

3.1. Chronic alcohol consumption inhibits B16BL6 melanoma growth

We previously reported that chronic alcohol consumption increases IFN-γ-producing 

memory T cells, NK cells and NKT cells in the non-melanoma injected mice [25, 28, 29, 

34]. The percentage of IFN-γ-producing T cells in the alcohol-consuming mice continues to 

be elevated up to 11 days after s.c. melanoma inoculation as compared to water-drinking 

mice [26]. It is well-known that the immune system plays an important role in the control of 

tumor growth. Since its activation should inhibit melanoma growth, we determined if this 

were the case in the alcohol-consuming mice. We found that tumor volume was significantly 

lower in the alcohol-consuming mice than in the water-drinking mice from day 20 to day 30 

after tumor inoculation (Fig. 1A). The tumor weight (Fig. 2D) determined at necropsy of 

mice dying from tumor also was lower, reflecting inhibition of tumor growth in the alcohol-

consuming group relative to the water-drinking mice.

Alcohol consumption itself does not decrease the body weight in the non-tumor-bearing 

mice (Fig. 2A). The final body weight of mice including the tumor and also the final body 

weight with the tumor removed at necropsy is lower in the alcohol-consuming mice than in 

the water-drinking mice (Fig.2A, 2B). The final body weight with the tumor removed 

decreased 10% compared to the body weight before tumor inoculation in water-drinking 

mice, while the body weight decreased 25% in the alcohol-consuming mice (Fig. 2C). The 

loss in body weight primarily results from the loss of body fat and skeletal muscle (data not 

shown) in the alcohol-consuming, tumor-bearing mice [36]. The ratio of tumor weight to 

body weight is much lower in the alcohol-consuming, tumor-bearing mice than in the water-

drinking, tumor-bearing mice (Fig. 2E). The degree of tumor weight decrease (calculated as 

the ratio of tumor weight in alcohol-consuming mice to the tumor weight of water-drinking 

mice) was greater than the degree of body weight decrease (calculated as the ratio of body 

weight in alcohol-consuming mice to the water-drinking mice) in the alcohol-consuming 

mice compared to the water-drinking mice (Fig. 2F), indicating that the effect of alcohol 

consumption on the inhibition of tumor growth exceeds the effect that alcohol has on the 

body weight loss.

3.2. Immunization with tumor cell lysate inhibits tumor growth in both alcohol-consuming 
mice and water-drinking mice. Immunization plus αGalCer activation of iNKT cells inhibits 
tumor growth only in water-drinking mice

We examined the effect that immunization with a melanoma lysate alone and immunization 

preceded by activation of iNKT cells with αGalCer had on tumor growth. The results 

indicated that immunization significantly inhibits tumor growth in both the water-drinking 
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(Fig. 1C) and alcohol-consuming mice (Fig. 1D) compared to respective non-immunized 

mice. However, there was no difference in tumor size between the immunized water-

drinking and immunized alcohol-consuming mice (Fig. 1B). αGalCer stimulation of iNKT 

cells did not have any additional effect on tumor size in the immunized water-drinking mice 

(Fig. 1C) and abrogated the effect of immunization but not the inhibitory effect of alcohol 

20 days after tumor inoculation in the alcohol-consuming mice (Fig. 1D). However, 

immunization with tumor cell lysate alone or in combination with αGalCer treatment did not 

significantly alter the final body weight of the water-drinking or alcohol-consuming mice 

inoculated with melanoma compared to their non-immunized counterparts (Fig. 2A, 2B, 

2C). While immunization alone tended to decrease final tumor weight in the water-drinking 

group, although it was not statistically significant (Fig. 2D). There were no responders in the 

combined lysate + αGalCer group. However there was a tendency for the mean tumor 

weight to be higher in the treated alcohol-consuming mice (Fig. 2D).

The tumor weight to body weight ratios among the treatment and control groups were not 

different (Fig. 2E). Also, no differences were found in the degree of decrease in body weight 

and tumor weight between the two treatment groups of water-drinking mice and alcohol-

consuming mice immunized with tumor cell lysate alone or combined with αGalCer 

activation (Fig. 2F). These results indicated that alcohol consumption leads to accelerated 

tumor growth in mice treated with the tumor cell lysate and αGalCer during the latter stages 

of tumor progression.

3.3. Chronic alcohol consumption does not affect the survival of melanoma-bearing mice. 
Immunization with tumor cell lysate increases the survival of alcohol-consuming tumor-
bearing mice but not the respective water-drinking mice compared to their non-immunized 
counterparts

Chronic alcohol consumption activates the immune system and inhibits tumor growth. These 

effects should favor increased survival; however, this did not occur (Fig. 3 A). While 

immunization with tumor cell lysate did not significantly increase the survival of water-

drinking, tumor-bearing mice (Fig. 3B), it significantly increased the survival of alcohol-

consuming, tumor-bearing mice (Fig. 3C) compared to respective non-immunized tumor-

bearing mice. The median survival of immunized water-drinking tumor-bearing mice and 

immunized alcohol-consuming tumor-bearing mice was similar (Fig. 3D).

3.4. Immunization and αGalCer stimulation significantly increases the survival of water-
drinking mice and alcohol-consuming mice compared to their non-immunized 
counterparts; however, αGalCer stimulation significantly decreases the survival of the 
immunized alcohol-consuming mice compared to their water-drinking counterparts

It is well documented that iNKT cells have antitumor effects [37], and agonists activating 

these cells also have been used as immune adjuvants to boost antitumor immunity [38]. We 

found that alcohol consumption increases IFN-γ-producing iNKT cells in non-tumor 

injected mice [28] [29]. Herein, we used αGalCer to activate iNKT cells as an adjuvant to 

boost the antitumor immune response to the melanoma cell lysate. We found that the 

combined treatment significantly increased survival compared to the non-immunized tumor-

bearing, water-drinking (Fig. 3E) and alcohol-consuming mice (Fig. 3F). While αGalCer 
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had a modest effect on increasing survival compared to the lysate-injected water-drinking 

mice (+3 days), survival was reduced (-2 days) in the comparable alcohol-consuming mice 

(Compare Fig. 3D with Fig. 3G). This finding along with the fact that the combined 

treatment did not have an effect on tumor growth in the alcohol consuming mice (Fig.1D) 

indicates that chronic alcohol consumption hinders the combined immunotherapeutic effect 

by interfering with the immuno-adjuvant effects of iNKT cells.

3.5. Effects of chronic alcohol consumption and immunization on melanoma metastasis in 
the lung and LN

Chronic alcohol consumption inhibited tumor growth, but it also enhanced body weight loss 

and did not increase survival. One possibility was that the enhanced body weight loss and 

decreased survival result from increased metastasis. To examine this hypothesis we 

determined the metastasis to the lung, draining inguinal and axillary LN, and control 

inguinal and axillary LN. Lung and LN are the most common sites of melanoma metastasis. 

We found that chronic alcohol consumption did not increase metastasis to the lung and LN 

(Fig. 4). Tumor cell lysate immunization alone did not affect melanoma metastasis to lung 

and LN in either water-drinking or alcohol-consuming groups (Fig. 4). Cell lysate 

immunization combined with αGalCer stimulation significantly enhanced the severity of 

melanoma metastasis to the control axillary LN in water-drinking mice compared to all other 

groups of mice (Fig. 4E). the combined immunization also significantly enhanced lung 

metastasis in the water-drinking group than in cell lysate alone immunized alcohol-

consuming group or in the combination immunized alcohol-consuming group (Fig. 4A), and 

significantly increased draining axillary LN metastasis in the water-drinking group 

compared to the combination immunized alcohol-consuming group (Fig. 4C).

3.6. Chronic alcohol consumption increases iNKT cells in the thymus and blood of 
melanoma-bearing mice

Alcohol consumption increases IFN-γ producing iNKT cells in non-tumor injected mice, 

and this should favor antitumor immune responses. However, the experiments above suggest 

that alcohol interferes with the antitumor immune response associated with iNKT cells in the 

melanoma-bearing mice. To examine this we quantified the percentage and numbers of 

iNKT cells in the thymus and blood of the melanoma-bearing mice. We found that chronic 

alcohol consumption increased the percentage and number of iNKT cells in the thymus but 

not in the blood of non-tumor mice. iNKT cells still elevated in the thymus of tumor-

bearing, alcohol-consuming mice compared to their water-drinking counterparts (Fig. 5A 

and 5B). Both the percentage and number of NKT cells in the blood of tumor-bearing mice, 

however, were increased dramatically in the alcohol-consuming mice (Fig. 5C, 5D). Most of 

these NKT cells were CD4+ (Fig. 5C, 5D).

3.7. Chronic alcohol consumption decreases NK1.1-iNKT cells, and increases NKG2A+ 

iNKTcells in melanoma-bearing mice

NKT cells originate and develop in the thymus, and they continue to mature further in the 

peripheral lymphoid and non-lymphoid organs. One of the important features of NKT cell 

maturation is the acquisition of the NK1.1 cell marker. (i.e. immature NKT cells are NK1.1- 

and mature NK cells are NK1.1+) [30]. NKT cell maturation requires the activation of T cell 
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receptor by its specific lipid ligand. We previously found that chronic alcohol consumption 

increases NK1.1+ iNKT cells in non-tumor bearing mice [28]. It is interesting to know if this 

effect persists in the melanoma-bearing mice. We found that alcohol consumption decreased 

the percentage of NK1.1- iNKT cells in the spleen and PBL of melanoma-bearing mice (Fig. 

6A, 6C). These results suggest that alcohol consumption enhances iNKT cell maturation 

even in tumor-bearing mice. Chronic alcohol consumption increases inhibitory receptor 

NKG2A+ iNKT cells in non-tumor bearing mice [28]. We found that the percentage of 

inhibitory receptor NKG2A+ NKT cells also increased significantly in the PBL, spleen, and 

thymus of melanoma-bearing, alcohol-consuming mice (Fig. 6B, 6D).

3.8. Chronic alcohol consumption induces an IL-4 dominant cytokine profile in melanoma-
bearing mice

We previously found that alcohol consumption increases IFN-γ-producing NKT cells in 

non-tumor injected mice [29] and in vivo activation of NKT cells with αGalCer increases 

the plasma concentration of IFN-γ, but decreases the plasma concentration of IL-4 [28]. It is 

also reported that the cytokine profile of NKT cells skews from IFN-γ dominant toward IL-4 

dominant in advanced prostate cancer patients. The skewing of NKT cell cytokine profile 

toward IL-4 is associated with poor prognosis and decreased survival [39]. Herein, we 

examined if chronic alcohol consumption alters the cytokine profile of iNKT in the 

melanoma-bearing mice at the late stage of tumor growth. We found that alcohol 

consumption significantly increased the percentage of IL-4-producing iNKT cells, and 

decreased the percentage of IFN-γ-producing iNKT cells relative to water-drinking mice 

after three weeks of tumor cell inoculation (Fig. 7A). The ratio of IL-4-producing to IFN-γ-

producing iNKT cells was >2-fold higher in the alcohol-consuming compared to the water-

drinking mice (Fig. 7B). Thus, the crosstalk between alcohol and melanoma induces a 

switching from a Th-1 dominant profile observed in non-tumor injected mice to a Th-2 

dominant cytokine profile in tumor-bearing mice.

4. Discussion

The data in the present study clearly indicate that chronic alcohol consumption inhibits 

B16BL6 melanoma growth; however, this does not translated into increased host survival. 

Immunization of the mice with a melanoma cell lysate significantly decreases the tumor 

growth in both alcohol-consuming and water-drinking mice (Fig. 1C, 1D); however survival 

is increased only in the alcohol-consuming mice compared to respective non-immunized 

mice (Fig. 3C) and not the water-drinking mice (Fig. 3B). αGalCer treatment facilitated the 

response of water-drinking mice to melanoma lysate resulting in increase of survival (Fig 

3E). αGalCer treatment was ineffective in enhancing survival, and even decreases survival 

after immunization in the alcohol-consuming mice. Alcohol interacting in vivo with 

melanoma during growth significantly increases iNKT cells in the blood, and these cells 

exhibit an immunoinhibitory Th2 cytokine-dominant profile, which favors tumor 

progression. These results support the concept that chronic alcohol consumption affects the 

antitumor immune response in two opposing phases. The first phase associated with immune 

stimulation promotes antitumor immune responses and decreased tumor growth, and the 

second phase resulting from the continuous interaction between alcohol and melanoma leads 
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to immune inhibition and augmented tumor progression and decreased survival. The 

inhibition of melanoma growth as a function of chronic alcohol consumption likely results 

from the initial activation of antitumor immune responses in mice before they are inoculated 

with melanoma. Because melanoma-bearing mice consuming alcohol have a lower body 

weight at necropsy, one could argue that this also is responsible for the decrease observed in 

tumor growth and the final tumor weight at necropsy relative to mice consuming water. 

However, it is previously reported that the decrease in body weight in the alcohol consuming 

mice inoculated with melanoma tumors only is evident during the last few days of life [36]. 

Moreover, if decreased body weight were the only factor in determining tumor growth, the 

ratio of body weight decrease to the tumor weight decrease should be similar. The results 

indicate that the degree of tumor weight decrease is much greater than the degree of body 

weight decrease in the alcohol-consuming mice compared to the water-drinking mice (Fig. 

2F). Thus, additional factors are involved. This supports our contention that the primed 

immune response in the alcohol-consuming mice initially plays an important role in 

inhibiting tumor growth and that this is reflected in a slower growth.

Immunization with a melanoma cell lysate will activate the immune system [40]. 

Immunization with the lysate did not affect final body weight (Fig. 2A), but significantly 

inhibited tumor growth in both water-drinking mice (Fig. 1C) and alcohol-consuming mice 

(Fig. 1D). These results further support an important role for the immune system in the 

control of B16BL6 melanoma growth.

The present study further supports the concept that chronic alcohol consumption accelerates 

the dysfunction of the immune system in the melanoma-bearing mice such as skewing iNKT 

cell cytokine profile from Th1-dominant to Th2 dominant as we reported in the present 

study, and inhibiting tumor-specific CD8+ T cell expansion and accelerating the decay of 

IFN-γ-producing CD8+ T cells as previously reported [26]. Although we found that alcohol 

consumption inhibits tumor growth and that immunization with a melanoma lysate further 

inhibits the growth of tumor in alcohol-consuming mice (Fig. 1D), the effect of 

immunization is not long lasting since the final tumor weight in the immunized mice is not 

different from non-immunized mice and tends to be higher (Fig. 2C). A major difference 

between the alcohol-consuming and water-drinking mice is that immune functions 

associated with antitumor activity are augmented in the alcohol-consuming mice prior to 

immunization and tumor implantation.

It is well documented that continuous activation of the immune system induces anergy and 

immunosenecence [41-43]. Because chronic alcohol consumption itself activates the 

immune system in mice, this would predispose these mice to accelerated immunosenecence 

and anergy. Immunization could further accelerate and amplify this process. Additional 

evidence supporting this is our previous finding that alcohol consumption accelerates the 

dysfunction of CD8+ T cells within two weeks after melanoma inoculation [26]. These 

functional changes in the immune system are reflected in the lack of a survival benefit in the 

melanoma-bearing mice. Alcohol consumption, which activates the immune system and 

inhibits tumor growth, should favor antitumor immunity and increase survival. However, 

this is not what we observed (Fig. 3A). One possible explanation would be that at the early 

stage after tumor inoculation, alcohol consumption favors antitumor immunity; however, the 
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continuous crosstalk between alcohol and melanoma accelerates immunosenescence and 

favors tumor progression and decreased host survival. Initially the immune system is 

activated in alcohol-consuming mice and produces Th1 dominant cytokines. Therefore, 

immunization with tumor cell lysate in the alcohol-consuming mice with a pre-activated 

immune system will induce a much stronger antitumor immune response compared to the 

water-drinking mice without a pre-activated immune system. Indeed, immunization did not 

significantly increase the survival of the water-drinking tumor-bearing mice (Fig. 3B), but 

significantly increased the survival of alcohol-consuming tumor-bearing mice compared to 

the non-immunized alcohol-consuming mice (Fig. 3C). Interestingly, boosting the 

melanoma lysate immunization with αGalCer significantly increased the survival of water-

drinking tumor-bearing mice, but decreased the survival of alcohol-consuming tumor-

bearing mice compared to their water-drinking counterparts (Fig. 4G). This result suggests 

that alcohol consumption reverses antitumor function of iNKT cell to one that is 

immunoinhibitory in the melanoma-bearing mice as further explained below.

Alcohol consumption increases iNKT cells in the thymus of non-tumor injected and 

melanoma injected mice, and it also increases NK1.1+ mature iNKT cells and NKG2A+ 

iNKT cells in the blood of melanoma-bearing mice, suggesting that alcohol consumption 

alone induces a signal to enhance iNKT cell proliferation and maturation. We call this signal 

as Signal I. The difference between non-tumor injected and melanoma-bearing mice is that 

alcohol consumption: 1) increases iNKT cells in the blood, and 2) reverses the iNKT 

cytokine profile from Th1 dominant to Th2 dominant in the tumor-bearing mice. These 

results suggest that melanoma or the crosstalk between alcohol and melanoma induces 

another signal to further activate iNKT. We call this signal as Signal II. It is reported that 

continuous activation induces iNKT cell anergy and that the anergic iNKT cells retain the 

function to produce IL-4 but are unable to produce IFN-γ [43, 44]. This phenomenon was 

also found in advanced prostate cancer patients [39]. We hypothesize that in the melanoma-

bearing mice Signal I and Signal II continuously stimulate iNKT cells thus inducing iNKT 

cell anergy and that the Th2-dominant cytokine profile inhibits antitumor immunity and 

enhances tumor progression. This is supported by the results as discussed above.

It is well known that 80% of advanced cancer patients experience cancer-associated 

cachexia (CAC), which is responsible for 25% of cancer-related death [45, 46]. CAC is a 

syndrome of progressive weight loss, which includes the progressive loss of adipose tissue 

and skeletal muscle. Multiple factors are involved in CAC. Inflammatory cytokines, such as 

IFN-α and IL-6, and hormones, such as catecholamine are the major factors that trigger this 

process. Our results indicated that chronic alcohol consumption significantly enhances CAC 

in melanoma-bearing mice. The enhanced CAC is unlikely associated with primary tumor 

weight or tumor metastasis, since chronic alcohol consumption decreased tumor weight and 

did not increase tumor metastasis to the lung or LN (Fig. 4). It is likely that alcohol 

consumption synergizes with melanoma-derived cachexia signals to enhance CAC. 

Immunization with tumor cell lysate alone or combined with αGalCer activation did not 

affect CAC or the effect of alcohol on CAC (Fig. 2A, 2C), but increased survival, suggesting 

that immune system may play a more important role than CAC in control of survival of the 

tumor-bearing host.
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In summary, we found that chronic alcohol consumption activates the immune system to 

inhibit melanoma growth. However, the alcohol and tumor interaction accelerates 

immunosenecence and promotes tumor progression. Activation of the immune system by 

alcohol consumption favors immunization to enhance antitumor immunity. However, this 

enhanced antitumor immunity is not long lasting because the pre-activation of the immune 

system also accelerates immune exhaustion in the immunized mice, which enhance tumor 

growth at the late stage of tumor progression. Alcohol consumption interacting with 

melanoma reverses iNKT cell cytokine profile from Th1 to Th2 dominant, which inhibits 

antitumor immunity and decreases the survival of tumor-bearing mice. Although the 

survival of the alcohol-consuming tumor-bearing mice is not different from the survival of 

the water-drinking tumor-bearing mice, the underlying immune response is significantly 

different. Finding ways to boost and sustain an activated immune system and to inhibit or 

prevent immune anergy is critical for cancer immunotherapy in alcoholics and an important 

area for future research.
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Highlights

• Chronic alcohol consumption inhibits melanoma growth but does not increase 

survival.

• As tumor growth alcohol revises iNKT cell cytokines from Th1-dominant to 

Th2-dominant.

• Alcohol decreases tumor-host survival induced by immunization and iNKT cell 

activation.
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Fig. 1. 
Effects of chronic alcohol consumption on B16BL6 melanoma growth in non-immunized 

mice, mice immunized with melanoma cell lysate, and mice treated with αGalCer prior to 

immunization with melanoma lysate. A. Melanoma growth in water-drinking mice and 

alcohol-consuming mice as a function of time after tumor inoculation. B. Comparison in 

tumor growth between water-drinking mice and alcohol-consuming mice immunized with 

B16BL6 melanoma cell lysate as described in Materials and Methods. C. Comparison of 

tumor growth in water-drinking mice immunized with melanoma lysate alone and after 

pretreatment with αGalCer as described in the Material and Methods. D. Comparison of 

tumor growth in alcohol-drinking mice immunized with melanoma lysate alone and after 

pretreatment with αGalCer as described in the Material and Methods. Each group contained 

10 mice. Two-tailed Student's t-test was used to analyze the difference between two groups. 

One-way ANOVA was used to test the difference among three or more groups. *Tumor size 

different from EtOH group, p<0.05. a, Tumor size in non-immunized water-drinking mice 

different (p<0.05) from immunized mice and immunized mice stimulated with αGalCer, 

p<0.05. There is no difference in the tumor size between immunized water-drinking mice 

and immunized-water-drinking mice stimulated with αGalCer, p>0.05. b, Tumor size in 

non-immunized, alcohol-consuming mice different from immunized mice, p<0.05, but not 

different from the immunized mice stimulated with αGalCer p>0.05. The tumor size in 

immunized alcohol-consuming mice different from immunized alcohol-consuming mice 

stimulated with αGalCer (p<0.05). Water =water-drinking mice; EtOH=alcohol-drinking 
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mice; Water+Lysate=water-drinking mice immunized with melanoma cell lysate; EtOH
+Lysate=alcohol-consuming mice immunized with melanoma cell lysate; Water+Lysis
+αGalCer= water-drinking mice immunized with melanoma cell lysate and stimulated with 

αGalCer. EtOH+Lysis+αGalCer= alcohol-consuming mice immunized with melanoma 

cell lysate and stimulated with αGalCer.
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Fig. 2. 
Effects of chronic alcohol consumption on body weight and melanoma tumor weight at 

necropsy in non-immunized mice, mice immunized with melanoma lysate, and in mice 

pretreated with αGalCer prior to immunization. A. Body weight of mice before tumor 

injection or body weight with tumor removed in the indicated mice. B. Body weight 

including tumor in the indicated mice tumor bearing mice. C. Percentage of body weight 

with tumor removed at necropsy relative to the body weight of mice before tumor injection. 

D. Tumor weight in the indicated mice. E. Ratio of tumor weight to body weight in the 

indicated mice. F. Comparison of ratio of body weight and tumor weight of alcohol-

consuming mice as compared to water-drinking mice at necropsy. Each group contained 10 

mice. One way ANOVA with Tukey's multiple comparison test was used to determine the 

differences among the experimental groups. ***p<0.001. a, Different from alcohol-

consuming tumor-bearing mice, alcohol-consuming tumor-bearing mice immunized with 

tumor cell lysate, and alcohol-consuming tumor-bearing mice pretreated with αGalCer prior 

to immunization, p<0.01. b, Different from non-tumor injected alcohol-consuming mice, 

non-tumor injected water-drinking mice, water-drinking tumor-bearing mice immunized 

with melanoma lysate, and water-drinking tumor-bearing mice pretreated with αGalCer 

prior to immunization, p<0.01. c, Different from water-drinking tumor-bearing mice, and 

immunized water-drinking tumor-bearing mice pretreated with αGalCer, p<0.01. d, different 

from alcohol-consuming tumor-bearing mice only, p<0.05. Nontumor-Water=non-tumor 

injected water-drinking mice; Nontumor-EtOH=non-tumor injected alcohol-consuming 

mice; Water =water-drinking tumor-bearing mice; EtOH=alcohol-drinking tumor-bearing 

mice; Water+Lysate=water-drinking tumor-bearing mice immunized with melanoma cell 

lysate; EtOH+Lysate=alcohol-consuming tumor-bearing mice immunized with melanoma 

cell lysate; Water+Lysis+αGalCer= water-drinking tumor-bearing mice immunized with 

melanoma cell lysate and stimulated with αGalCer. EtOH+Lysis+αGalCer= alcohol-
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consuming tumor-bearing mice immunized with melanoma cell lysate and stimulated with 

αGalCer; E/W=ratio of ETOH to Water group.
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Fig. 3. 
Effects of chronic alcohol consumption on the survival of non-immunized mice, mice 

immunized with melanoma lysate, and mice pretreated with αGalCer prior to immunization. 

A. Kaplan-Meier plot indicating survival of non-immunized water-drinking mice and 

alcohol-consuming mice. B. Kaplan-Meier plot indicating survival of non-immunized water- 

and immunized water-drinking mice. C. Kaplan-Meier plot indicating survival of non-

immunized and immunized alcohol-consuming mice. D. Kaplan-Meier plot indicating 

survival of immunized water-drinking mice and immunized alcohol-consuming mice. E. 

Kaplan-Meier plot indicating survival of non-immunized water-drinking mice and 

immunized water-drinking mice stimulated by αGalCer. F. Kaplan-Meier plot indicating 

survival of non-immunized and immunized alcohol-consuming mice also stimulated with 

αGalCer. G. Kaplan-Meier plot comparing survival of water-drinking and alcohol-

consuming mice stimulated with αGalCer and immunized with melanoma lysate. Each 

group contained 10 mice. Numbers in the parenthesis are median survival time in days. P 

values are from the Log-rank (Mantel-Cox) test. Water =water-drinking mice; 

EtOH=alcohol-drinking mice; Water+Lysate=water-drinking mice immunized with 

melanoma cell lysate; EtOH+Lysate=alcohol-consuming mice immunized with melanoma 

cell lysate; Water+Lysis+αGalCer= water-drinking mice immunized with melanoma cell 

lysate and stimulated with αGalCer. EtOH+Lysis+αGalCer= alcohol-consuming mice 

immunized with melanoma cell lysate and stimulated with αGalCer.
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Fig. 4. 
Severity of metastasis to the lung, draining and control LN at necropsy. A. Severity of 

metastasis to the lung of the indicated groups of mice. B. Severity of metastasis to the 

draining inguinal LN of the indicated groups of mice. C. Severity of metastasis to the 

draining axillary LN of the indicated groups of mice. D. Severity of metastasis to the control 

inguinal LN of the indicated groups of mice. E. Severity of metastasis to the control axillary 

LN of the indicated groups of mice. One way ANOVA with Tukey's multiple comparison 

test was used to determine the differences among the experimental groups. Each group 

contained 6-10 mice. a, different from water-drinking tumor-bearing mice immunized with 

cell lysate and stimulated with αGalCer, p<0.05. b, different from water-drinking tumor-

bearing mice immunized with cell lysate and stimulated with αGalCer, p<0.05. c, different 

from water-drinking tumor-bearing mice (p<0.05), alcohol-consuming tumor-bearing 

(p<0.01), water-drinking tumor-bearing mice immunized with cell lysate alone (p<0.001), 

alcohol-consuming tumor-bearing mice immunized with cell lysate alone (p<0.001) and 

alcohol-consuming tumor-bearing mice immunized with cell lysate and stimulated with 

αGalCer (p<0.001).
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Fig. 5. 
Effects of chronic alcohol consumption on NKT cells in the thymus and blood of non-tumor 

injected mice and tumor-bearing mice after 2 weeks of tumor inoculation. A. (Percentage) 

and B. (Number) of iNKT cells in the thymus of non-tumor injected mice (Control) and 

tumor-bearing mice (TB). C (Percentage) and D. (Number) of CD3+NK1.1+ NKT cells and 

CD4+NK1.1+ NKT cells in the blood of non-tumor injected mice (Control) and tumor-

bearing mice (TB). Values are mean± SD for groups containing 8-10 mice. Each experiment 

was repeated at least twice with similar results. Open bars are water- drinking mice and 

black bars are alcohol-consuming mice. Control=mice not injected with melanoma. 

TB=tumor-bearing mice injected with melanoma. Two-tailed Student's t-test was used to 

analyze the difference between groups. **Different from water-drinking mice within group, 

p<0.01; ***Different from water-drinking mice within group, p<0.001.
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Fig. 6. 
Effects of chronic alcohol consumption on the expression of NKG2A and NK1.1 in the 

iNKT cells of melanoma-bearing mice. A. Dot plots showing NK1.1- iNKT cells (right 

lower quadrant in the right panel) in the gated iNKT cells (CD3+/PBS57-tetramer+, R2 

region in the left panel). The upper panel is from the PBL of water-drinking, tumor-bearing 

mice. The lower panel is from the PBL of alcohol-consuming, tumor-bearing mice. B. Dot 

plot showing gated iNKT cells (upper panel, R2) and histogram showing NKG2A+ cells in 

gated iNKT cells. C. Percentage of NK1.1- iNKT cells in the total iNKT cells in the PBL 

and spleen of non-tumor injected mice (Control) and tumor-bearing mice (TB). D. 

Percentage of NKG2A+ iNKT cells in the total iNKT cells in the indicated tissue and 

organs. Values are mean ± SD for groups containing 6-10 mice. Each experiment was at 

least repeated twice with similar results. Two tailed Student's t-test was used to analyze the 

difference between groups. **Different from water- drinking mice within group, p<0.01; 

***Different from water-drinking mice within group, p<0.001. Water=water-drinking mice. 

EtOH=alcohol-consuming mice.
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Fig. 7. 
Chronic alcohol consumption increases IL-4-producing iNKT cells in melanoma-bearing 

mice. PBL from tumor-bearing mice were isolated three weeks after tumor inoculation and 

stimulated with αGalCer for 4 hr. IL-4 and IFN-γ-producing iNKT cells were analyzed by 

flow cytometry. A. Percentage of IL-4 and IFN-γ-producing iNKT cells in the blood iNKT 

cells. B. Ratio IL-4-producing iNKT cells to IFN-γ-producing iNKT cells in the blood of 

water-drinking mice and alcohol-consuming mice. Each group contained 6-10 mice. Each 

experiment was repeated twice with similar results. Values are mean± SD. Two tailed 

Student's t-test was used to analyze the difference between groups. *Different from Water, 

p<0.05; **Different from Water, p<0.01; ***Different from Water, p<0.001. Water=water-

drinking mice. EtOH=alcohol-consuming mice.
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