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Abstract

Excessive, high doses of ultraviolet B (UVB) UVB irradiation are known to cause skin cancer, 

aging, and immunosuppression. On the contrary, moderate low doses of UVB irradiation are 

shown to be essential and beneficial to human health, including a tumor-suppressive effect. 

However, the mechanism by which low levels of UVB suppress tumorigenesis remains unclear. 

Here, using tumor-bearing mouse models, we show that moderate low repetitive UVB irradiation 

increases the percentage of activated CD4+ and CD8+ T cells, and CD103+ conventional 

type 1 dendritic cells (cDC1s), while it decreases the number of immunosuppressive, M2-like 

macrophages in the tumors. Finally, in mice, deletion of Batf3, a transcription factor critical for 

the development of conventional dendritic cells, including the CD103+ cDC1s, showed increased 

tumor growth in both sham- and UVB-irradiated mice. Our findings demonstrate that moderate 

low UVB irradiation inhibits M2-like tumor-associated macrophages, increases CD103+ cDC1s, 

and promotes anti-tumor immunity in mice with an established tumor.
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Using tumor-bearing mouse models, we show that moderate UVB irradiation increases the number 

of activated CD4+ and CD8+ T cells, CD103+ cDC1 dendritic cells, while it decreases the 

number of immunosuppressive, tumor-promoting M2-like tumor-associated macrophages (TAMs). 

Deletion of Batf3 increases tumor growth and abolishes the tumor-suppressive effect of moderate 

UVB irradiation. Our findings demonstrate that moderate UVB irradiation promotes anti-tumor 

immunity in tumor-bearing mice. (Created with BioRender.com).
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INTRODUCTION

UVB irradiation in sunlight can have a pleiotropic effect on human health (1). On 

one hand, an excessive exposure to UVB irradiation can cause skin cancer, aging, and 

immunosuppression (2). On the other hand, moderately low doses of UVB irradiation 

is shown to be essential and beneficial for human health, by generating vitamin 

D, β-endorphin, melanin, antimicrobial peptides, and urocanic acid, as well as other 

biomolecules, and thus preventing cancer and other diseases and improving mood and 

memory (1, 3–7). The beneficial effect of moderate UV exposure for human health has 

been postulated to be associated with vitamin D synthesis, which can prevent carcinogenesis 

in mouse models and COVID-19 deaths (7–10). In humans, chronic but not intermittent 

sun exposure has been suggested to be associated with decreased risk of multiple cancers, 

including colorectal, prostate, breast cancer and hon-Hodgkin’s lymphoma (9). In addition, 

previous studies also showed that repetitive low doses of UVB light exposure triggered a 

type I interferon response and enhanced adaptive immunity (11, 12), which can suppress 

tumorigenesis (13). However, how moderate UVB irradiation modulates anti-tumor immune 

response remains unclear.

Anti-tumor immunity often depends on cytotoxic T cell activation (14). This anti-tumor 

T cell activation has shown to be suppressed by effects of other immune cells, including 

the enrichment of the immunosuppressive tumor-associated macrophages (TAMs) and the 

loss of function of dendritic cells (15, 16). Macrophages, which are one type of myeloid 

cells, are abundant in the tumor microenvironment. TAMs are a critical component of the 

complex tumor microenvironment in promoting tumorigenesis, tumor progression, immune 
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evasion, and therapeutic resistance (15, 17). Based on activation signals and function, 

macrophages have been classified as M1 (activated) and M2 (alternatively activated) 

states from characterization in in vitro and in vivo models (15, 17, 18). Although TAMs 

often express both M1 and M2 macrophage markers, these macrophages can adopt a 

tumor-promoting M2-like phenotype by inhibiting dendric cell maturation, inducing the 

immunosuppressive Treg cells, and suppressing the cytotoxic T cells; there is presently 

extensive interest in developing cancer therapies targeting TAMs (15).

Another immune cell type critical for antitumor immunity is the dendritic cell. Dendritic 

cells (DCs) are the main antigen-presenting cells (APCs) that cross-prime cytotoxic T cells 

(16). Although dendritic cells are a rare immune cell population in tumors, they are crucial 

for the initiation of antigen-specific anti-tumor immune response (19). Therefore, many 

strategies have been developed by targeting dendritic cells to improve cancer therapy (16). 

Mouse conventional dendritic cells (cDCs) comprise two major subsets, the CD8α+ and 

CD103+ conventional type I dendritic cell (cDC1s) subset and the CD11b+ conventional 

type 2 dendritic cell (cDC2s) subset (20, 21). At the molecular level, the cDC1 development 

requires the transcription factor Batf3. Batf3 knockout mice are defective in the development 

of CD8α+ cDC1s within lymphoid tissues and CD103+ cDC1s in multiple tissues (22). 

These mice also show decreased priming of CD8 T cells following a pulmonary Sendai 

virus infection (22). In addition, tumor-residing CD103+ cDC1shave been shown to be 

required for the recruitment of effector T cells into the tumor microenvironment and are a 

main component of the development of the T cell-inflamed tumor microenvironment (23). 

However, how dendritic cells are regulated by external factors remains poorly understood.

In this study, using tumor-bearing mouse models, we show that moderate low UVB 

irradiation increases the number of activated CD4+ and CD8+ T cells, CD103+ cDC1s, while 

it decreases the number of immunosuppressive, tumor-promoting M2-like tumor-associated 

macrophages. Deletion of Batf3 increases tumor growth in both sham- and UVB-irradiated 

mice. Our findings demonstrate that moderate low UVB irradiation promotes anti-tumor 

immunity in tumor-bearing mice.

MATERIALS AND METHODS

Animal study.

All animal procedures have been approved by the University of Chicago Institutional 

Animal Care and Use Committee. Female C57BL/6 (6–7 weeks) were obtained from 

Harlan-Envigo. C56BL/6J wild-type (WT) mice (B6, Strain # 000664) and Batf3 knockout 

mice (Batf3 KO, B6.129S(C)-Batf3tm1Kmm/J, Strain #013755, donated by Dr. Kenneth 

Murphy) were obtained from the Jackson Laboratory. Mice were housed at the University of 

Chicago animal facility.

Tumor formation in mice for Mouse B16F10 melanoma and mouse MC38 colon cancer 
cells.

For the mouse syngeneic tumor model, B16F10 or MC38 cells (5 × 105 in 100 μl PBS) were 

inoculated subcutaneously into the right flanks of mice, as described previously (24). Tumor 
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growth was monitored by measuring tumor diameters with caliper over a time course after 

tumor inoculation. The tumor volume was calculated as described previously (24).

UVB irradiation.

For UVB irradiation, mice were dorsally shaved using animal clippers at day 5 following 

tumor inoculation. Shaved mice were exposed to UVB (50 mJ/cm2 or 250 mJ/cm2, which do 

not cause sunburn) for five consecutive days from day 7–11 following tumor inoculation, as 

described previously (25–27). Non-irradiated shaved mice were used as sham controls.

Flow cytometric analysis of tumor-infiltrating immune cells and lymphocytes (TILs) from 
mouse tumor tissues.

Tumor tissue from mice with an established B16F10 tumor on day 16 following tumor 

inoculation was dissociated and filtered as described previously (24). Live/dead labeling 

was performed before the cell surface staining, using a Zombie NIR™ Fixable Viability 

Kit (Biolegend; catalog number 423106) diluted 1:1,000 in PBS for 10 min at room 

temperature in the dark. Cell surface staining was carried out on ice for 20 min. Intracellular 

cytokine staining was carried out as described previously (24). Flow cytometric analysis was 

performed on a Fortessa 4–15 (BD Biosciences) and Attune NxT (Thermo Fisher Scientific) 

with Flowjo V10.6.1 used for analysis. Antibodies used are listed in Supplementary Table 

S1.

Immunofluorescence analysis.

Immunofluorescence staining was carried out as described previously (24, 27, 28). Tissue 

slides were incubated at 4°C with primary anti-F4/80 (Bio-rad, F4/80_MCA497, 1:100), 

anti-CD206 (Proteintech, CD206_60143–1-Ig, 1:100), and anti-collagen alpha-1(I) (Col-1) 

(SouthernBiotech_Col-1_1310–01, 1:100) antibodies. Next slides were washed with PBS 

and then incubated at room temperature with Alexa Fluor® 488 AffiniPure Donkey Anti-

Rat IgG (Jackson ImmunoResearch, 712–545-150, 1:100), Alexa Fluor® 594 Donkey Anti-

Mouse IgG (abcam, ab150108, 1:100), or DyLight™ 405 AffiniPure Donkey Anti-Goat IgG 

(Jackson ImmunoResearch, 705–475-003, 1:50) for 1 h followed by washing with PBS and 

mounting. Stained slide samples were analyzed using a fluorescence microscope (Olympus 

IX71, Olympus Life Science, Japan). For statistical analysis by ImageJ, five areas (200 μm 

X 200 μm) were randomly selected from each sample and quantified.

Statistical analysis.

Statistical analysis was performed using GraphPad Prism software (GraphPad Software, 

Inc., CA, USA). All data were presented as mean with SEM unless otherwise indicated. 

Statistical differences among experimental groups were determined by using Student’s t-test. 

A P < 0.05 difference was considered statistically significant.
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RESULTS

Moderate low dose of UVB irradiation reduces tumor growth in mice

To determine whether a moderately low UVB irradiation affects tumor growth, we assessed 

the effect of moderate, sub-erythemal UVB irradiation (50 mJ/cm2) on tumor growth in 

B6 mice daily for five consecutive days after tumor inoculation (Fig. 1A). Moderate low 

UVB irradiation reduced B16F10 melanoma tumor growth in mice (Fig. 1B). To determine 

whether this UVB effect is specific for a low dose at 50 mJ/cm2, we tested the effect of high 

dose UVB (250 mJ/cm2). Intriguingly, this dose of UVB irradiation reduced tumor growth, 

showing more tumor growth reduction than with the lower dose of 50 mJ/cm2 (Fig. 1C). The 

tumor-suppressive effect of moderate low UVB irradiation was also detected in the MC38 

colon tumor model (Fig. 1D). Thus moderate low UVB irradiation reduced established 

tumor growth in mice.

Moderate low UVB irradiation increased tumor-infiltrating CD45+ cells

To determine whether moderate low UVB irradiation affects tumor microenvironment and 

anti-tumor immunity, we analyzed different lineages of tumor-infiltrating immune cells. We 

found that moderate low UVB irradiation increased the percentage of CD45+ lymphocytes 

infiltrated into tumors, while it did not affect the percentage of CD4+, CD8+ or Regulatory T 

cells (Tregs) (Fig. 2A and 2B).

Moderate low UVB irradiation increased activated CD4+ and CD8+ tumor-infiltrating T 
lymphocytes (TILs)

To determine whether moderate low UVB irradiation modulates the activation of CD4+ or 

CD8+ T cells, we analyzed the effect of moderate low UVB irradiation on the activated state 

and cytokine production of T cells. Moderate low UVB irradiation increased the percentage 

of CD4+ T cells that expressed the CD69 receptor or Granzyme B, two inducible markers 

for T lymphocyte activation (Fig. 3A and 3B). Similarly, UVB irradiation also increased 

the percentage of CD8+ T cells that expressed CD69 or Granzyme B (Fig. 3C and 3D). 

However, UVB irradiation had no effect on CD4+ or CD8+ T cells expressing interferon γ 
(IFNγ) (Fig. 3E and 3F). These findings demonstrate that moderate low UVB irradiation 

increases the activation of CD4+ and CD8+ T cells.

Moderate low UVB irradiation reduces the number of M2-like tumor-associated 
macrophages

To determine the potential mechanism by which moderate low UVB irradiation suppresses 

tumor growth and increases T cell activation, we assessed the effect of moderate low 

UVB irradiation on tumor-promoting macrophages. Using immunofluorescence analysis to 

assess the F4/80+ macrophage numbers and CD206+F4/80+ M2-like macrophage numbers, 

we found that moderate low UVB irradiation increased the number of tumor-associated 

macrophages (Fig. 4A and 4B), while it decreased the number of M2-like macrophages (Fig. 

4C), suggesting a potential role of M2-like TAMs in the tumor-suppressive effect of UVB 

irradiation.
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Moderate low UVB irradiation increased the tumor-infiltrating CD103+ cDC1s

To further determine the mechanism by which moderate low UVB irradiation suppresses 

tumor growth and increases T cell activation, we assessed the effect of UVB irradiation 

on dendritic cells. Flow cytometric analysis showed that UVB irradiation increased the 

percentage of dendritic cells (Fig. 5A–5C). Intriguingly, UVB irradiation increased the 

percentage of CD103+ cDC1s in the tumors, while it decreased the percentage of CD11b+ 

cDC2s (Fig. 5D and 5E). These finding indicate that moderate low UVB irradiation enriched 

the CD103+ cDC1s in the tumors, which may mediate tumor suppression via a crosstalk 

between CD103+ cDC1s and T cells.

Batf3 deletion increase tumor growth in both sham- and UVB-irradiated mice

Tumor-residing CD103+ cDC1s are necessary for CD8+ effector T cell recruitment and 

anti-tumor immunity (23). To determine the role of CD103+ cDC1 in the tumor-suppressive 

effect of moderate low UVB irradiation, we analyzed the difference in tumor growth 

between WT mice and Batf3 KO mice, a transcription factor required for CD103+ cDC1s 

development (22, 29). Batf3 deletion increased tumor growth in both sham- and UVB-

irradiated mice (Fig. 6A and 6B). Notably, UVB-irradiated mice with Batf3 deletion showed 

similar tumor growth as in sham-irradiated wild-type mice (Fig. 6A and 6B). These studies 

indicate that Batf3-dependent CD103+ cDC1s are critical for the anti-tumor immunity in 

both sham-irradiated mice and mice treated with moderated low UVB irradiation.

DISCUSSION

Moderate low UVB irradiation has been proposed to have multiple beneficial effect on 

human health, including reducing tumorigenesis. However, its role in anti-tumor immunity 

has been poorly understood. In this study, we report that moderate low UVB irradiation 

promotes the activation of effector CD4+ and CD8+ T cells and the enrichment of CD103+ 

cDC1s, reduces the tumor-promoting M2-like macrophages, and suppresses tumor growth. 

We further demonstrate that depletion of CD103+ cDC1s by Batf3 deletion increases 

tumor growth in both sham- and UVB-irradiated mice. Our findings have elucidated a new 

mechanism by which moderate low UVB irradiation enhances anti-tumor immunity in mice.

Our current findings suggest that the effect of UVB irradiation may depend on the 

type and dose of UVB irradiation and the mouse models used. Previously we and 

others have shown that in female hairless mice without tumors, tumorigenic high doses 

of UVB irradiation induce a tumor-promoting, immunosuppressive pro-inflammatory 

microenvironment, including the enrichment of CD4+ T cells and macrophages (26, 30). 

A recent study reported that in male hairless mice without tumors, low repetitive UVB 

irradiation (peak at 302 nm) increased CD4+ and CD8+ T cells in the mouse skin at 

24 h post-UVB irradiation (12). However, in the present study using tumor-bearing B6 

mice, we did not detect an effect of UVB irradiation (Peak at 312 nm) on the number of 

tumor-infiltrating CD4+ or CD8+ cells. Instead, we found that UVB increased CD4+ and 

CD8+ T cell activation, in parallel with decreased tumor-promoting M2-like macrophages 

and increased anti-tumor CD103+ cDC1s. These findings suggest that the effect of moderate 
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UVB irradiation likely depends on the context, in addition to the UVB dose and mode of 

exposure.

We found that CD103+ cDC1s are critical for the anti-tumor immunity in mice treated 

with sham or UVB irradiation. It is possible that the decrease in the tumor-promoting 

M2-like macrophages mediated the effect of UVB on the increase in CD103+ cDC1s. 

Other immune cells may also play critical roles on the increase in CD103+ cDC1s, the 

decrease in M2-like TAMs, or the anti-tumor effect of moderate low UVB irradiation. UVB 

irradiation induces vitamin D synthesis; however, vitamin D seems to suppress dendritic cell 

generation (31). Future investigations are warranted to elucidate the molecular and cellular 

mechanism by which moderate low UVB irradiation enhances CD103+ cDC1s, reduces 

M2-like macrophages, and suppresses established tumors. In addition, other UV irradiation, 

such as UVA irradiation or the combination of UVB and UVA irradiation can be assessed 

to determine the difference of different types of UV irradiation on the immune response in 

tumor-bearing mice.

In summary, our findings demonstrate the beneficial effect of moderate low doses of UVB 

irradiation on the anti-tumor immune response and tumor suppression in tumor-bearing 

mice. Moderate low UVB irradiation activates several immune cell responses, including 

increases in CD103+ cDC1s and T cell activation, a decrease in tumor-promoting M2-like 

macrophages, and inhibition of tumor growth. While we showed that Batf3-dependent 

cDC1s play a critical role in the anti-tumor immunity in both sham- and UVB-irradiated 

mice, other immune cells in the tumor microenvironment may have important roles the 

tumor-suppressive effect of moderate low UVB irradiation, such as the decrease in M2-like 

TAMs. Our results can add new insights into the cellular basis of the beneficial impact of 

moderate low UVB exposure on anti-tumor immunity and may provide new opportunities to 

prevent cancer through promoting anti-tumor immunity by moderate UV exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Moderate low dose of UVB irradiation reduces tumor growth.
(a) Schematics of moderate low dose of UVB irradiation in tumor-bearing mice. Mice 

were shaved dorsally and the whole back was exposed to low dose of UVB irradiation (50 

mJ/cm2) daily for 5 continuative days. (b) In vivo B16F10 tumor growth in mice (n=19) 

with or without UVB irradiation (50 mJ/cm2). (c) In vivo tumor growth in mice with or 

without different doses of UVB irradiation (50 or 250 mJ/cm2). (d) In vivo MC38 tumor 

growth in mice with or without UVB irradiation (50 mJ/cm2). Data are mean ± SEM. Data 

are representative of two or three independent experiments. *, P<0.05; **, P<0.01; ***, 

P<0.001; Student’s t-test.
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Figure 2. Effect of moderate low UVB irradiation on tumor-infiltrating immune cells and 
lymphocytes (TILs).
Mice were inoculated with B16F10 cells subcutneously and tumors were collected on day 

16 for flow cytometric analysis. (A) Gating strategy of flow cytometric analysis of immune 

cells and lymphocytes from the tumors. (B) Percentage of CD45+ cells, and CD4+, Tregs 

(Foxp3+), and CD8+ T cells in the tumor in mice with or without UVB irradiation (50 

mJ/cm2) on day 16 (n=6–8). *, P<0.05; Student’s t-test.
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Figure 3. Effect of moderate low UVB irradiation on tumor-infiltrating CD4+ and CD8+ T cells.
Mice were inoculated with B16F10 cells subcutneously and tumors were collected on day 

16 for flow cytometric analysis. (A and B) Percentage of CD69+ and Granzyme B+ CD4+ T 

cells in TILs in the tumor in mice with or without UVB irradiation (50 mJ/cm2) on day 16, 

with representative flow cytometry plots (n=6–8) (A). (C and D) Percentage of CD69+ and 

Granzyme B+ CD8+ T cells in TILs in the tumor in mice with or without UVB irradiation 

on day 16, with representative flow cytometry plots (n=6–7) (C). (E and F) Percentage of 

interferon γ (IFNγ+) CD4+ (E) and CD8+ (F) T cells in the tumor in mice with or without 

UVB irradiation on day 16 (n=6–9). *, P<0.05; **, P<0.01; ns, not significant; Student’s 

t-test.
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Figure 4. Effect of moderate low UVB irradiation on the number of tumor-associated 
macrophages (TAMs) and M2-like TAMs.
(A) Immunofluorescence analysis of F4/80+ (Green) TAMs and CD206+ (Red) TAMs (M2-

like TAMs) from MC38 tumors in mice with or without moderate low UVB irradiation (50 

mJ/cm2, n=4). Collagen-1 (Col-1) was used as a counterstain for tumor stroma (Blue). Scale 

bar, 20 μm. (B and C) Quantification of the number of F4/80+ TAMs (B) and F4/80+CD206+ 

M2-like TAMs (C). *, P<0.05; ***, P<0.001; Student’s t-test.
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Figure 5. DCs, specially CD103+ cDC1s, are enriched in the tumor by moderate low dose of UVB 
irradiation.
(A) Gating strategy of flow cytometric analysis of dendritic cells from the tumor. (B and C) 

Percentage of MHCII+CD11C+ cells in the tumor in mice with or without UVB irradiation 

(50 mJ/cm2) on day 16, with representative flow cytometry plots (n=9–10, B). (D-E) 

Percentage of CD103+ cDC1s and CD11b+ cDC2s among the CD45+MHCII+CD11C+ cells 

in in the tumor in mice with or without UVB irradiation on day 16, with representative 

contour plots (n=10, B, D). *, P<0.05; **, P<0.01; Student’s t-test.
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Figure 6. Batf3 deletion increases tumor growth in both sham- and UVB-irradiated mice.
(A) In vivo tumor growth of B16F10 cells in wild-type (WT) and Batf3 knockout (KO) mice 

with or without moderate low UVB irradiation (50 mJ/cm2) as in Fig. 1A. (B) Tumor weight 

(g, gram) from A at the end of the study (day 14). Data are mean ± SD (n= 4). *, P<0.05; **, 

P<0.01; ns, not significant; Student’s t-test.
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