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Abstract
Background: Lung carcinoma is still associated with high rates of morbidity and mor-
tality despite the advances in cancer therapy achieved in last decades. Recent studies 
showed that immune responses played a crucial role in the developments of cancers 
including lung cancer. Type 1 immune response could promote classical activated 
macrophages (CAMs) with antitumor properties. On the contrast, type 2 immune 
response could lead to the polarization of alternatively activated macrophages 
(AAMs) which could promote the growth and metastasis of tumor. Our previous re-
search showed that vitamin A deficiency could promote the type 2 immune response 
but not the type 1 immune response. Whether vitamin A deficiency has detrimental 
effect for lung carcinoma need further investigate.
Aim: To investigate the effect of vitamin A deficiency in lung cancer and the potential 
mechanisms.
Methods: Mice were fed with normal diet or vitamin A deficiency diet for 2 weeks, 
and then, Lewis lung cancer (LLC) cells dissolved in Matrigel Matrix were planted on 
the left lower lope of lungs. Mice were sacrificed 28 days after the plantation of 
tumor cells, the tumor size, cytokine profile in bronchoalveolar lavage fluid (BALF), 
numbers of type 2 innate lymphoid cells (ILC2s), and macrophage phenotypes in the 
lung were measured. The overall survival rate was also monitored throughout the 
experiments.
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1  | INTRODUC TION

Lung carcinoma is still one of the leading causes of deaths in China, 
despite the advances made in recent decades (Chen et al., 2016). The 
exact etiology of lung carcinoma is still not fully understood yet, but 
it was generally believed to be associated with both genetic and en-
vironmental factors (Cheng et al., 2012). Recent studies about the 
interactions of immune system and tumors, including lung cancer, 
showed that the fate of tumors or even the host would be determined 
by immune system that infiltrated and surrounded tumors (Joyce & 
Fearon, 2015; Kitamura, Qian, & Pollard, 2015; Lim & June, 2017). 
The immune cells could either eliminate the tumors or help the tumor 
growth and metastasis which might even lead to the death of the host. 
The resurrection of tumor immune therapy in recent decade proved 
that it is possible to treat tumors via manipulating the immune system 
(Bender, 2017; Couzin‐Frankel, 2013). Although lots of current stud-
ies focused on the cytotoxic T lymphocytes, like the work did on the 
blockage of PD‐1/PDL‐1 and CTLA‐4 (Pardoll, 2012), there are other 
immune cells that could regulate the immune system and even kill the 
tumor cells directly, like the most essential immune cell, macrophages 
(Mantovani, Marchesi, Malesci, Laghi, & Allavena, 2017).

Macrophages play important roles during all stages of immune re-
sponses; it could initiate, maintain, or terminate the immune responses 
(Wynn, Chawla, & Pollard, 2013). Traditionally, the macrophages 
could be cataloged to two distinct subsets, one is the pro‐inflamma-
tory M1 or classically activate macrophages (CAM) which could be 
polarized by type I cytokines such as IL‐12 and INFγ; another one is 
anti‐inflammatory, pro‐resolution, and pro‐fibrotic M2 or alternately 
activate macrophages (AAM) which could be polarized by type II cyto-
kines such as IL‐4, IL‐5, and IL‐13 (Wynn et al., 2013; Wynn & Vannella, 
2016). Both CAMs and AAMs are indispensable for maintaining the 
balance of immune system. The immune system needs the CAMs for 
their anti‐infection or antitumor properties for the protection and the 
AAMs to limit the immune responses to avoid the damage to self‐cell 
(Hume, 2015; Vannella & Wynn, 2017). Macrophages also could play 
the determination role in shaping the immune response during the 
pathogenesis of tumors. They could have either detrimental or bene-
ficial effects depend on the specific polarization conditions (Murray, 
2017). CAMs were reported to be able to suppress the growth 

of tumors, yet the AAMs were reported to be able to promote the 
growth and metastasis of tumors (Mantovani et al., 2017).

Diet might contribute to the education and regulation of immune 
system (Julia, Macia, & Dombrowicz, 2015; Pan et al., 2017). Vitamin 
A (VA) and its metabolic product retinoic acid (RA) were reported 
to be the essential nutrients for the development and maturation 
of variety types of immune cells (Canete, Cano, Munoz‐Chapuli, & 
Carmona, 2017). Previous studies also showed that dietary vitamin 
A intake could indeed reduce lung cancer risk, but the underlining 
mechanisms were still largely unknown (Yu, Su, Wang, Dai, & Kang, 
2015). Our previous study showed that deficient in VA could lead to 
increase an enhanced type II immune response during allergic dis-
eases (Cui et al., 2016). And type II immune responses might link 
to the polarization of AAMs which could promote the tumor cells 
growth and metastasis (Brune, Weigert, & Dehne, 2015; Kurowska‐
Stolarska et al., 2009; Li, Guabiraba, et al., 2014; Mantovani et al., 
2017).

In this work, we established Lewis lung carcinoma model via 
planting LLC cells directly on the left lower lope of lungs of C57/B6 
mice. And we compared the tumor growth and survival rate mice fed 
with vitamin A deficiency (VAD) diet or control diet received LLC 
cells or matrix gel controls. We also measure the BALF cytokine pro-
files, type 2 innate lymphoid cells (ILC2s), and macrophages of these 
mice to investigate the role of vitamin A in lung carcinoma.

2  | MATERIAL AND METHODS

2.1 | Mice

Specific‐pathogen‐free male C56BL/6 mice weighing 20–22 g (pur-
chased from Beijing Vital River Laboratory Animal Technology Co., 
Ltd., Beijing, China) were housed in specific‐pathogen‐free condi-
tions at Jilin University, China. All experimental were performed in 
accordance with the National Guidelines for Experimental Animal 
Welfare and with approval of the Animal Welfare and Research 
Ethics Committee at Jilin University (Cui et al., 2016; Li et al., 
2016).

Vitamin A‐sufficient (TD.10992) and Vitamin A‐deficient 
(TD.10991) diets were purchased from Harlan Laboratories, Inc., WI, 

Results: Vitamin A deficiency diet fed tumor‐bearing mice have lower survival rate 
(χ2 = 6.862, p < 0.001), larger tumor size (t = 2.651, p < 0.05), more ILC2s (t = 7.680, 
p < 0.001), and AAMs (t = 6.315, p < 0.001) in the lung tissue; also, type 2 cytokines 
concentrations in the BALF were higher compared to normal diet fed ones.
Conclusion: Vitamin A deficiency could promote the pathogeneses of lung carcinoma 
via induction of ILC2s and polarizing AAMs.
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USA (Cui et al., 2016; Spencer et al., 2014). All mice were maintained 
on special diet and autoclaved distilled water from the day of arrival 
until the end of experiments, and all other procedures were started 
at least 14 days afterward, respectively.

2.2 | Enzyme‐linked immunosorbent assay

The concentrations of cytokines in BAL fluid were determined by 
enzyme‐linked immunosorbent assay (ELISA, eBioscience, Inc., CA, 
USA) according to manufacturers’ instructions as described pre-
viously (Cui et al., 2016; Li et al., 2016; Li, Guabiraba, et al., 2014; 
Pushparaj et al., 2013).

2.3 | Lewis lung carcinoma model

The Lewis lung cancer model was established as described (Bobek 
et al., 2010). Briefly, LLC cells were cultured in complete media 
(DMEM with 10% heat‐inactivated FBS, 100 U/ml Penicillin, 
100 μg/ml Streptomycin, 2 mM L‐Glutamine; Sigma‐Aldrich, MO, 
USA). Cultures were incubated at 37.0°C in a humidified incuba-
tor (Thremo Fishher, Germany) supplemented with 5% CO2. Viable 
cells were counted with a Neubauer haemocytometer on a Nikon 
Labphot microscope, staining with 0.1% (w/v) trypan blue (Sigma‐
Aldrich, MO, USA).

Mice were anesthetized by intraperitoneal (i.p.) injections of 
150 μl of Avertin (20 mg/ml 2,2,2‐Tribromoethanol, Sigma‐Aldrich, 
MO, USA). Then the lungs were exposed by surgically opened 
around 0.5‐cm longitude cut at left chest, 6 × 105 LLC cells sus-
pended in 20 μl of BD Matrigel (Becton Dickinson, NJ, USA), or 
Matrigel alone (for control groups) were injected on the left lower 
lope of lungs. The surgical wounds were stitched up with a su-
ture. And the mice were closely monitored until fully recovered 
from anesthesia. Mice were sacrificed 28 days after the injection 
of LLC cells by i.p. injection of 500 μl of Avertin. Bronchoalveolar 
lavage (BAL) fluid and lung tissues were collected and analyzed as 
previously described (Cui et al., 2016; Li, Guabiraba, et al., 2014). 
The tumor size was calculated by using the following formula, 
V = 0.5 × L × W2, where L and W are the length and width of tumor 
(Li, Tian, et al., 2014).

2.4 | Quantitative PCR

RNA was purified from tissue samples using the RNeasy Mini Kit 
following the manufacturer's instructions as described previously 
(Qiagen, UK; Cui et al., 2016; Li, Guabiraba, et al., 2014). Reverse 
transcription (RT) of RNA into cDNA was carried out using High‐
Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific, 
MA, USA). Real‐time polymerase chain reaction (RT‐PCR) was per-
formed using Fast SYBR Green master mix on a Prism 7900HT 
(Thermo Fisher Scientific). The primers used were as follows: Il4, 
forward 5′‐CAT GGC TTG GGT ACA GGT CT‐3′, reverse 5′‐TTT GTA 
GTG GGA GGG GAC AG‐3′; Il5, forward 5′‐GAA GTG TGG CGA GGA 
GAG AC‐3′, reverse 5′‐GCA CAG TTT TGT GGG GTT TT‐3′; Il13, 

forward 5′‐GAA TCC AGG GCT ACA CAG AAC‐3′, reverse 5′‐AAC 
ATC ACA CAA GAC CAG ACT C‐3′; Ifng, forward 5′‐ACT TTG CTT 
CTG CCT TTC CA‐3′, reverse 5′‐ACA AGG TCA CCC ACA GGA‐3′.

2.5 | Computed tomographic scanning

Mice were kept in pathogen‐free conditions for 21 days after the 
LLCs were administrated; the development of lung cancer was de-
termined by using computed tomographic (CT) scans. Scans were 
performed with a CT scanner (SOMATOM Definition AS, Siemens 
Healthcare GmbH, Germany), as previously described. Mice were 
anesthetized and placed in the prone position on the micro‐CT bed 
without respiratory gating. The tube voltage was 120 kV, current 
was 35 mA, and exposure time was 5 s.

2.6 | Flow cytometry

The leukocytes infiltrated to the lungs were analyzed by flow cy-
tometry as previously described (Li, Guabiraba, et al., 2014). Briefly, 
lungs were harvested on day 14 after LLCs administration and di-
gested in 125 mg/ml Liberase TL and 100 mg/ml DNAse 1 (Roche 
Diagnostics, Switzerland) to characterize the infiltrating leukocytes. 
Dispersed cells (1 × 106 cells per tube) were stained with fluoro-
chrome‐conjugated mAbs against CD45‐PerCP, CD11b‐APC (all an-
tibodies used in flow cytometry were purchased from BD, NJ, USA. 
unless otherwise indicated), F4/80‐FITC (eBioscience, CA, USA), 
and CD206‐PE (BioLegend, CA, USA). Leukocytes were stained 
with antibodies against ST2–FITC (MD Biosciences, MN, USA), 
lineage markers (CD3, B220, CD11b, CD11c, FcεR1, SIGLEC‐F) la-
beled with PE, CD45‐APC, and ICOS‐PerCP (BioLegend) to charac-
terize the infiltrating ILC2s. Cells were analyzed with a BD carlibr 
Analyzer (BD). Gating strategy (Supporting Information Figure S1) 
and analysis were performed with FlowJo software (FlowJo LLC 
OR, USA).

2.7 | Statistical analysis

Analysis between in vivo groups was examined by Mann–Whitney 
U test or ANOVA followed by Student's t test using GraphPad 
Prism software (Cui et al., 2016; Li et al., 2016; Li, Guabiraba, et al., 
2014). Survival analysis p values were calculated using the log‐rank 
(Mantel–Cox) test. All data are expressed as means ± SEM. Values of 
p < 0.05 were considered significant.

3  | RESULTS

3.1 | Vitamin A deficiency exacerbates the tumor 
cell growth

Our previous study showed that vitamin A deficiency (VAD) could 
enhance the type II immune response and exacerbate the diseases 
progress in an asthma mice model (Cui et al., 2016). To investigate if 
the similar phenomena could be observed in tumor, we fed the mice 
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with VAD or control diet for two weeks before the administration 
of tumor cells. The mice in VAD group had a significant lower sur-
vival rate compared to normal diet group after received tumor cells 
(χ2 = 6.862, p < 0.001), and the mice only received matrix gel did not 
die during the length of experiment (Figure 1a). And the tumor size 
was significantly larger in VAD group as well (t = 2.651, p < 0.05; 
Figure 1b,c).

3.2 | Vitamin A deficiency enhanced the immune 
cells infiltration to the lung

After established that feeding with VAD diet could exacerbate the lung 
cancer in mice. We next investigate how the VAD could influent the 
recruitment of immune cells in the lung. The BALF was harvested after 
the mice were terminated, and the cells in BALF were analyzed. The 
total cell number was increased by VAD (t = 13.43, p < 0.001; Figure 2a). 
As for each cell types, only lymphocytes number was increased sig-
nificantly in VAD groups of tumors‐bearing mice (t = 4.775, p < 0.001; 
Figure 2d); the number of macrophages, neutrophils, and eosinophils 
were increased slightly by VAD but not statistically significant (t = 2.081, 
p > 0.05; t = 2.190, p > 0.05; t = 1.236, p > 0.05; Figure 2b,c,e).

3.3 | Vitamin A deficiency enhanced the type II 
cytokine levels in the lung

After established that VAD exacerbates tumor growth and immune 
cells infiltrations to the lung. We next check the cytokines pro-
files in the BALF, only type II cytokines such as IL‐4, IL‐5, and IL‐13 
were up‐regulated by VAD (t = 2.329, p < 0.05; t = 3.501, p < 0.01; 

F I G U R E  1   Vitamin A deficiency enhanced the progress of 
Lewis lung cancer. After the mice were fed with VAD or control 
diet for 14 days, the LLC cells (LC) or control matrix gel (Mock) 
were injected into the lung; (a) the survival rates of the mice were 
monitored; (b) the sizes and of tumors in the left lower lope of lungs 
were measured at 28 days after the LLC administrations; and (c) the 
tumor formation was also confirmed by the CT scan. Vertical bars 
= SEM, n = 10–12 mice/group/experiment, *p < 0.05 compared to 
normal diet fed group(s); #p < 0.05 compared to control matrix gel 
group(s). Data are representative of three experiments

F I G U R E  2   Vitamin A deficiency affected the leukocytes 
infiltrations to the lung during Lewis lung cancer. After the mice 
were fed with VAD or control diet for 14 days, the LLC cells (LC) 
or control matrix gel (Mock) were injected into the lung, and the 
mice were terminated 28 days later. The BALF was collected, 
and the cells in BALF were analyzed. And the (a) total cell counts; 
numbers of (b) macrophages, (c) neutrophils, (d) lymphocytes, and 
(e) eosinophils in each group were shown. Vertical bars = SEM, 
n = 10–12 mice/group/experiment, *p < 0.05 compared to normal 
diet fed group. Data are representative of three experiments
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t = 2.788, p < 0.05; Figure 3a,b,d), but not type I cytokine such as 
IFNγ (t = 0.6543, p > 0.05; Figure 3c). The gene expressions of these 
cytokines in lung tissue were also analyzed. Very similar to protein 
analyses, the expressions of Il4, Il5, and Il13 (t = 2.543, p < 0.05; 
t = 2.608, p < 0.05; t = 2.445, p < 0.05) were increased but not Ifng 
(t = 0.2860, p > 0.05; Figure 3e–h).

3.4 | Vitamin A deficiency enhanced the ILC2s and 
AAMs infiltration to the lung

Next, the cells in lung tissue were analyzed by flow cytometry to 
investigate how VAD affect the lung cancer. ILC2s were recruited to 
the lung by VAD (t = 7.680, p < 0.001; Figure 4a) as reported before 
in intestine (Spencer et al., 2014). The macrophages numbers in lung 
were also enhanced by VAD (t = 5.294, p < 0.001; Figure 4b). And 
the up‐regulated type II cytokines productions in the lung by VAD 

was also associated with increased AAM cell infiltrations to the lung 
(t = 6.315, p < 0.001; Figure 4c).

4  | DISCUSSIONS

In this study, we found that VAD could increase ILC2s infiltrations to 
the lung, which might be related to the enhanced type II cytokines 
productions in the lung, in turn might increase alternately activated 
macrophages in the lung, eventually leading to the exacerbation of 
tumor growth and decreased survival rate of tumors‐bearing mice.

Vitamin A deficiency is one of the most common malnutrition 
around the world, which proposes a major thread in public health 
(Hall, Grainger, Spencer, & Belkaid, 2011). Vitamin A and its metabo-
lite RA are required for the immune system to perform its functions 
during both physiological and pathological conditions (Canete et al., 
2017; Gundra et al., 2017). Especially for the adaptive immune sys-
tem, T cells need RA for their maturation, recruitment, and polar-
ization (Iwata, Mukai, Nakai, & Iseki, 1992). But individuals suffered 
from vitamin A deficiency still could live for a considerably long time, 
indicating that the immune system has some mechanisms to com-
pensate the loss of functions from vitamin A deficiency (Canete et 
al., 2017). Recent studies found that the helper innate lymphoid cells 
could replace the T cells during infections to maintain the protection 
role of immune systems (Artis & Spits, 2015). And it is the ILC2s, 
not ILC1 or ILC3 that selectively proliferated during vitamin A defi-
ciency conditions (Spencer et al., 2014). The reason for this may be 
the function of ILC2s is to obstruct a type 2 immune response with 
or without the T cells, and it is crucial for the protection against the 
helminths infections (Klose & Artis, 2016; Wynn, 2015).

The over‐activated ILC2s during noninfectious conditions could 
have some detrimental effects (Artis & Spits, 2015). It could exac-
erbate or even initiate the diseases such as asthma or fibrosis (Li, 
Guabiraba, et al., 2014). Our previous works showed that during 
asthmatic diseases, the vitamin A deficiency enhanced the type 2 
immune responses which might partially due to the proliferation and 
activation of ILC2s (Cui et al., 2016). And during both liver and lung 
fibrosis, ILC2s polarized the alternate activated macrophages (AAMs) 
and together they exacerbate the fibrotic diseases (Li, Guabiraba, et 
al., 2014; McHedlidze et al., 2013). So, in this work we tried to investi-
gate whether vitamin A deficiency could lead to the proliferation and 
activation of ILC2s and AAMs during the pathogenesis of tumors.

It has been well established that the interaction between tumor 
cells and immune cells could determine the final fate of tumor 
(Mantovani et al., 2017). It could be eliminated by immune cells or 
helped by immune cells to grow uncontrollably or metastasis to other 
organs (Lim & June, 2017). Although a lot of factors get involved in 
these processes, the macrophages, which were known to have pleio-
tropic functions, might play the dominant role here (Wynn & Vannella, 
2016). The tumor infiltrating or surrounding macrophages could kill 
tumor cells directly or indirectly via recruiting, activating, and polar-
izing other immune cells, or they could help the tumor cells escape 
from other immune cells, depending which subsets the macrophages 

F I G U R E  3   Vitamin A deficiency enhanced the production of 
type 2 cytokines in the lungs in Lewis lung cancer. After the mice 
were fed with VAD or control diet for 14 days, the LLC cells (LC) or 
control matrix gel (Mock) were injected into the lung, and the mice 
were terminated 28 days later. The BALF and left lower lope of 
lungs were collected, and then, the cytokine concentrations (a–d) in 
the BALF and mRNA gene expressions (e–h) of these cytokines in 
the lung tissue were both analyzed. Vertical bars = SEM, n = 10–12 
mice/group/experiment, *p < 0.05 compared to normal diet fed 
group. Data are representative of three experiments
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have been polarized into (Brune et al., 2015). Further understanding 
of how macrophages were polarized could help to alter the polariza-
tion status of macrophages and help in the treatment of tumors.

To sum up, this work provided more insight into how nutrients such 
as vitamin A and RA reshaped the immune responses. These findings 
may provide novel strategy for the treatments of lung carcinoma.

ACKNOWLEDG MENTS

We gave our special thanks to Dr Haizhuo Guo from the Second Part 
of First Hospital, Jilin University for the helps in CT scans. This work 
was supported by the National Natural Science Foundation of China 
(No. 81773412; 81501423), the Norman Bethune Program of Jilin 
University (No. 2015223), China Postdoctoral Science Foundation, 
(2018M641787) and Natural Science Foundation of Jilin Province 
(20190103095JH). The funding sources had no role in the design 
and conduct of the study; collection, management, analysis, and 
interpretation of the data; preparation, review, or approval of the 
manuscript; and decision to submit the manuscript for publication.

CONFLIC TS OF INTERE S T

The authors declare that they do not have any conflict of interest.

E THIC AL RE VIE W

This study was performed in accordance with the National 
Guidelines for Experimental Animal Welfare and with approval 
of the Animal Welfare and Research Ethics Committee at Jilin 
University.

ORCID

Dong Li   https://orcid.org/0000-0002-2508-3282 

R E FE R E N C E S

Artis, D., & Spits, H. (2015). The biology of innate lymphoid cells. Nature, 
517(7534), 293–301. https://doi.org/10.1038/nature14189

Bender, E. (2017). Cancer immunotherapy. Nature, 552(7685), S61. 
https://doi.org/10.1038/d41586-017-08699-z

F I G U R E  4   Vitamin A deficiency induced the ILC2s and AAM infiltrations to the lungs in Lewis lung cancer. After the mice were fed with 
VAD or control diet for 14 days, the LLC cells (LC) or control matrix gel (Mock) were injected into the lung, and the mice were terminated 
14 days later. The lower lope of lungs was collected, and the leukocytes were analyzed by flow cytometry. Representative figures from the 
flow cytometry analysis and cell numbers were shown for (a) ILC2s, (b) macrophages, and (c) alternatively activated macrophages. Vertical 
bars = SEM, n = 10–12 mice/group/experiment, *p < 0.05 compared to normal diet fed group. Data are representative of three experiments

https://orcid.org/0000-0002-2508-3282
https://orcid.org/0000-0002-2508-3282
https://doi.org/10.1038/nature14189
https://doi.org/10.1038/d41586-017-08699-z


1294  |     CUI et al.

Bobek, V., Kolostova, K., Pinterova, D., Kacprzak, G., Adamiak, J., 
Kolodziej, J., … Hoffman, R. M. (2010). A clinically relevant, synge-
neic model of spontaneous, highly metastatic B16 mouse melanoma. 
Anticancer Research, 30(12), 4799–4803.

Brune, B., Weigert, A., & Dehne, N. (2015). Macrophage polarization 
in the tumor microenvironment. Redox Biology, 5, 419. https://doi.
org/10.1016/j.redox.2015.09.028

Canete, A., Cano, E., Munoz‐Chapuli, R., & Carmona, R. (2017). Role of 
vitamin A/retinoic acid in regulation of embryonic and adult hemato-
poiesis. Nutrients, 9(2). https://doi.org/10.3390/nu9020159

Chen, W., Zheng, R., Baade, P. D., Zhang, S., Zeng, H., Bray, F., … He, 
J. (2016). Cancer statistics in China, 2015. CA: A Cancer Journal for 
Clinicians, 66(2), 115–132. https://doi.org/10.3322/caac.21338

Cheng, L., Alexander, R. E., Maclennan, G. T., Cummings, O. W., Montironi, 
R., Lopez‐Beltran, A., … Zhang, S. (2012). Molecular pathology of 
lung cancer: Key to personalized medicine. Modern Pathology, 25(3), 
347–369. https://doi.org/10.1038/modpathol.2011.215

Couzin‐Frankel, J. (2013). Breakthrough of the year 2013. Cancer immu-
notherapy. Science, 342(6165), 1432–1433. https://doi.org/10.1126/
science.342.6165.1432

Cui, W., Zhang, P., Gu, J., Tian, Y., Gao, X., Liu, Y., … Li, D. (2016). Vitamin A 
deficiency promotes inflammation by induction of type 2 cytokines in 
experimental ovalbumin‐induced asthma murine model. Inflammation, 
39(5), 1798–1804. https://doi.org/10.1007/s10753-016-0415-2

Gundra, U. M., Girgis, N. M., Gonzalez, M. A., San Tang, M., Van Der 
Zande, H. J. P., Lin, J. D., … Loke, P. (2017). Vitamin A mediates con-
version of monocyte‐derived macrophages into tissue‐resident mac-
rophages during alternative activation. Nature Immunology, 18(6), 
642–653. https://doi.org/10.1038/ni.3734

Hall, J. A., Grainger, J. R., Spencer, S. P., & Belkaid, Y. (2011). The role 
of retinoic acid in tolerance and immunity. Immunity, 35(1), 13–22. 
https://doi.org/10.1016/j.immuni.2011.07.002

Hume, D. A. (2015). The many alternative faces of macrophage acti-
vation. Frontiers in Immunology, 6, 370. https://doi.org/10.3389/
fimmu.2015.00370

Iwata, M., Mukai, M., Nakai, Y., & Iseki, R. (1992). Retinoic acids inhibit 
activation‐induced apoptosis in T cell hybridomas and thymocytes. 
Journal of Immunology, 149(10), 3302–3308.

Joyce, J. A., & Fearon, D. T. (2015). T cell exclusion, immune privilege, and 
the tumor microenvironment. Science, 348(6230), 74–80. https://doi.
org/10.1126/science.aaa6204

Julia, V., Macia, L., & Dombrowicz, D. (2015). The impact of diet on 
asthma and allergic diseases. Nature Reviews Immunology, 15(5), 308–
322. https://doi.org/10.1038/nri3830

Kitamura, T., Qian, B. Z., & Pollard, J. W. (2015). Immune cell promotion 
of metastasis. Nature Reviews Immunology, 15(2), 73–86. https://doi.
org/10.1038/nri3789

Klose, C. S., & Artis, D. (2016). Innate lymphoid cells as regulators of im-
munity, inflammation and tissue homeostasis. Nature Immunology, 
17(7), 765–774. https://doi.org/10.1038/ni.3489

Kurowska‐Stolarska, M., Stolarski, B., Kewin, P., Murphy, G., Corrigan, C. 
J., Ying, S., … Liew, F. Y. (2009). IL‐33 amplifies the polarization of al-
ternatively activated macrophages that contribute to airway inflam-
mation. The Journal of Immunology, 183(10), 6469–6477. https://doi.
org/10.4049/jimmunol.0901575

Li, D., Gao, X., Gu, J., Tian, Y., Liu, Y., Jin, Z., … Zhu, X. (2016). A 
novel application of Ti‐substituted polyoxometalates: Anti‐in-
flammatory activity in OVA‐induced asthma murine model. 
Bioinorganic Chemistry and Applications, 2016, 1–9. https://doi.
org/10.1155/2016/3239494

Li, D., Guabiraba, R., Besnard, A. G., Komai‐Koma, M., Jabir, M. S., Zhang, 
L., … Xu, D. (2014). IL‐33 promotes ST2‐dependent lung fibrosis by 
the induction of alternatively activated macrophages and innate 
lymphoid cells in mice. The Journal of Allergy and Clinical Immunology, 
134(6), 1422–1432, e1411. https://doi.org/10.1016/j.jaci.2014.05.011

Li, Q., Tian, Y., Li, D., Sun, J., Shi, D., Fang, L., … Liu, H. (2014). The effect 
of lipocisplatin on cisplatin efficacy and nephrotoxicity in malignant 
breast cancer treatment. Biomaterials, 35(24), 6462–6472. https://
doi.org/10.1016/j.biomaterials.2014.04.023

Lim, W. A., & June, C. H. (2017). The principles of engineering immune 
cells to treat cancer. Cell, 168(4), 724–740. https://doi.org/10.1016/j.
cell.2017.01.016

Mantovani, A., Marchesi, F., Malesci, A., Laghi, L., & Allavena, P. (2017). 
Tumour‐associated macrophages as treatment targets in oncol-
ogy. Nature Reviews Clinical Oncology, 14(7), 399–416. https://doi.
org/10.1038/nrclinonc.2016.217

McHedlidze, T., Waldner, M., Zopf, S., Walker, J., Rankin, A. L., 
Schuchmann, M., … Wirtz, S. (2013). Interleukin‐33‐dependent in-
nate lymphoid cells mediate hepatic fibrosis. Immunity, 39(2), 357–
371. https://doi.org/10.1016/j.immuni.2013.07.018

Murray, P. J. (2017). Macrophage polarization. Annual Review 
of Physiology, 79, 541–566. https://doi.org/10.1146/
annurev-physiol-022516-034339

Pan, Y., Liu, Y., Guo, H., Jabir, M. S., Liu, X., Cui, W., & Li, D. (2017). 
Associations between folate and vitamin B12 levels and inflam-
matory bowel disease: A meta‐analysis. Nutrients, 9(4), https://doi.
org/10.3390/nu9040382

Pardoll, D. M. (2012). The blockade of immune checkpoints in cancer 
immunotherapy. Nature Reviews Cancer, 12(4), 252–264. https://doi.
org/10.1038/nrc3239

Pushparaj, P. N., Li, D., Komai‐Koma, M., Guabiraba, R., Alexander, J., 
McSharry, C., & Xu, D. (2013). Interleukin‐33 exacerbates acute coli-
tis via interleukin‐4 in mice. Immunology, 140(1), 70–77. https://doi.
org/10.1111/imm.12111

Spencer, S. P., Wilhelm, C., Yang, Q., Hall, J. A., Bouladoux, N., Boyd, A., 
… Belkaid, Y. (2014). Adaptation of innate lymphoid cells to a mi-
cronutrient deficiency promotes type 2 barrier immunity. Science, 
343(6169), 432–437. https://doi.org/10.1126/science.1247606

Vannella, K. M., & Wynn, T. A. (2017). Mechanisms of organ injury and 
repair by macrophages. Annual Review of Physiology, 79, 593–617. 
https://doi.org/10.1146/annurev-physiol-022516-034356

Wynn, T. A. (2015). Type 2 cytokines: Mechanisms and therapeutic 
strategies. Nature Reviews Immunology, 15(5), 271–282. https://doi.
org/10.1038/nri3831

Wynn, T. A., Chawla, A., & Pollard, J. W. (2013). Macrophage biology in 
development, homeostasis and disease. Nature, 496(7446), 445–455. 
https://doi.org/10.1038/nature12034

Wynn, T. A., & Vannella, K. M. (2016). Macrophages in tissue repair, 
regeneration, and fibrosis. Immunity, 44(3), 450–462. https://doi.
org/10.1016/j.immuni.2016.02.015

Yu, N., Su, X., Wang, Z., Dai, B., & Kang, J. (2015). Association of dietary 
vitamin a and beta‐carotene intake with the risk of lung cancer: 
A meta‐analysis of 19 publications. Nutrients, 7(11), 9309–9324. 
https://doi.org/10.3390/nu7115463

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Cui W, Zhang W, Yuan X, et al. Vitamin 
A deficiency execrates Lewis lung carcinoma via induction of 
type 2 innate lymphoid cells and alternatively activates 
macrophages. Food Sci Nutr. 2019;7:1288–1294. https://doi.
org/10.1002/fsn3.961

https://doi.org/10.1016/j.redox.2015.09.028
https://doi.org/10.1016/j.redox.2015.09.028
https://doi.org/10.3390/nu9020159
https://doi.org/10.3322/caac.21338
https://doi.org/10.1038/modpathol.2011.215
https://doi.org/10.1126/science.342.6165.1432
https://doi.org/10.1126/science.342.6165.1432
https://doi.org/10.1007/s10753-016-0415-2
https://doi.org/10.1038/ni.3734
https://doi.org/10.1016/j.immuni.2011.07.002
https://doi.org/10.3389/fimmu.2015.00370
https://doi.org/10.3389/fimmu.2015.00370
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/nri3830
https://doi.org/10.1038/nri3789
https://doi.org/10.1038/nri3789
https://doi.org/10.1038/ni.3489
https://doi.org/10.4049/jimmunol.0901575
https://doi.org/10.4049/jimmunol.0901575
https://doi.org/10.1155/2016/3239494
https://doi.org/10.1155/2016/3239494
https://doi.org/10.1016/j.jaci.2014.05.011
https://doi.org/10.1016/j.biomaterials.2014.04.023
https://doi.org/10.1016/j.biomaterials.2014.04.023
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1016/j.immuni.2013.07.018
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.3390/nu9040382
https://doi.org/10.3390/nu9040382
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3239
https://doi.org/10.1111/imm.12111
https://doi.org/10.1111/imm.12111
https://doi.org/10.1126/science.1247606
https://doi.org/10.1146/annurev-physiol-022516-034356
https://doi.org/10.1038/nri3831
https://doi.org/10.1038/nri3831
https://doi.org/10.1038/nature12034
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.3390/nu7115463
https://doi.org/10.1002/fsn3.961
https://doi.org/10.1002/fsn3.961

