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Neutrophils, bone marrow-derived innate immune cells, are
among the first defensive and inflammatory responses of
the host to infection and other danger signals. Increasing
evidence indicates that neutrophils are critically involved in
shaping adaptive immunity as professional antigen-presenting
cells (APCs).1–3 However, neutrophils also negatively regulate
inflammatory and immune responses or promote tissue repair and
wound healing through multiple approaches.3–5 With the widely
diverse roles of neutrophils in host homeostasis and diseases, it is
necessary to identify new subsets of functionally different
neutrophils. Interestingly and importantly, Li et al.6 and Sun
et al.7 recently identified N(IL-23) and N(IL-33) subsets, respec-
tively. These findings are of importance for us to fully understand
the biological diversity of neutrophils and, even more importantly,
could reveal the wider functional polarization of neutrophils
beyond the traditional N1/N2 bidirectional polarization.
Accumulating evidence has revealed that neutrophils exhibit

considerable functional plasticity and diversity and that there may
be distinct neutrophil subsets. Tsuda et al. reported that type 1
neutrophils (N1) with the CD49d+CD11b− phenotype predomi-
nately produce IL-12 and CCL3, type 2 neutrophils (N2) display the
CD49d−CD11b+ phenotype and mainly produce IL-10 and CCL2,
and CD49d−CD11b− resting neutrophils (N0) have no significant
cytokine and chemokine productions.8 Tumor-associated neutro-
phils are proposed to display an antitumorigenic N1 phenotype
versus a protumorigenic N2 phenotype.9–11 N1 neutrophils express
high levels of immune-activating cytokines and chemokines, low
levels of arginase, and have a strong tumor cell-killing capability
in vitro, presenting antitumor activity, whereas N2 neutrophils
induced by TGF-β in tumors display a protumor phenotype. In
contrast to circulating neutrophils, splenic neutrophils express B-cell-
stimulating factors, such as BAFF, APRIL, and IL-21, as well as B-cell-
attracting chemokines, such as CXCL12 and CXCL13, to promote
immunoglobulin class switching, somatic hypermutation, and anti-
body production.12 In recent studies reported by Li et al., after
stimulation with more than ten cytokines, only IL-23 treatment
promoted Th17-like neutrophil polarization (referred to as N(IL-23)
cells); these neutrophils selectively produce IL-17A, IL-17F, and IL-22
at the mRNA and protein levels and displays a distinctive gene
expression profile compared with those of N0 and LPS-treated
neutrophils (referred to as N(LPS) cells). IL-23 induces N(IL-23)
polarization via STAT3-dependent RORγt and BATF pathways.6

Importantly, these N(IL-23) cells are detectable in DSS-induced
colitis and are involved in the pathogenesis of DSS-induced colitis in

an IL-17-dependent manner.6 In contrast, IL-33 induces Th9-like
neutrophil polarization (referred to as the N(IL-33) cell subset).7

These N(IL-33) cells express and produce high levels of IL-9 and
certain quantities of IL-4, IL-5, and IL-13 by activating c-Jun
N-terminal kinase- and NF-κB-dependent pathways.7 Compared
with N0, N(LPS), and N(IL-23) cells, these N(IL-33) cells display a
unique gene expression profile, as determined by RNA-seq assays7

(unpublished data). Importantly, N(IL-33) neutrophils are found in
the lungs of OVA-induced allergic inflammation mice, as detected
by flow cytometry. The adoptive transfer of the induced N(IL-33)
neutrophils markedly enhances the severity of the lung pathology in
these allergic inflammation mice.7 The discovery of functionally
different neutrophil subsets, such as N(IL-23) and N(IL-33), in both
in vitro and in vivo systems strongly supports the hypothesis that
neutrophil functional diversity and differential polarization occurs in
various microenvironments. The potential ability of neutrophils to
polarize to functionally distinct subpopulations may be dependent
on their developmental stage, surrounding cytokines and micro-
environment. However, our understanding of the induction factors
and intracellular signals and the pathogenesis contribution of these
newly identified neutrophil subpopulations is still very limited and
needs to be explored in the future. The contribution of the newly
identified neutrophil subsets, such as N(IL-23) and N(IL-33), to
different diseases and graft rejection, must be determined. We
should also investigate whether human neutrophils have the same
subpopulations as mice and, if so, what their roles are in
inflammatory disease and organ allograft rejection. We believe that
with the development of single-cell RNA sequencing technology, an
increasing number of neutrophil subpopulations will be uncovered
in the coming days. Considering the wide range of roles neutrophils
play in host homeostasis and disease, it is essential to comprehen-
sively understand the regulatory roles of different neutrophil
subpopulations in physiological and pathological situations and to
explore novel therapeutic approaches for selectively targeting these
subpopulations to treat neutrophil-related diseases.
It should be noted that although neutrophils predominately

participate in the inflammatory response and regulate adaptive
immunity in a positive way, neutrophils can also promote
inflammation resolution by releasing soluble mediators, apoptotic
bodies and neutrophil-derived microvesicles into the microenvir-
onment, which can be transmitted as a passive anti-inflammatory
signal to other immune cells.13 Reber et al. reported that
neutrophils are essential to protect the host from LPS-induced
inflammation through neutrophil-derived myeloperoxidase.14 The
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injection of neutrophils into CCl4-treated mice ameliorates liver
fibrosis, whereas neutrophil depletion by injection of an anti-Ly6G
antibody enhances CCl4-induced fibrosis.15 It was recently
reported that neutrophils play a crucial role in the resolution of
inflammation and liver repair by promoting the phenotypic
conversion of proinflammatory Ly6ChighCX3CR1low macrophages
to proresolving Ly6ClowCX3CR1high macrophages.16 A subset of
neutrophils inhibits T cell proliferation mainly through the
expression of Mac-1 and ROS during human acute systemic
inflammation.4 A recent study showed that neutrophils inhibited
IL-1β and tumor necrosis factor-alpha (TNF-α) production by
CD14+ monocytes in cell–cell contact-dependent and indepen-
dent manners.17 Neutrophils reduce acute graft-versus-host
disease in a manner dependent on IL-10 and Tregs.18 Neutrophil
apoptosis and their subsequent phagocytosis by macrophages
promote anti-inflammatory M2 polarization, which might con-
tribute to kidney repair after injury.19 It is well known that
granulocytic myeloid-derived suppressive cells play an important
role in the induction of graft tolerance.20 Thus, neutrophils indeed
have the ability to suppress inflammation and adaptive immune
response by multiple approaches. The identification of immuno-
suppressive neutrophil subsets and their relevant mechanisms will
definitely hasten the application of these neutrophil subsets to
downregulate redundant proinflammatory activity and inappropri-
ate adaptive immunity in human diseases and transplant settings.
The complicated interaction of neutrophils with other immune

cells and the dual roles neutrophils play in innate and adaptive
immunity have recently been appreciated.2 One study using two-
photon microscopy found that neutrophils interact with donor
DCs in lung grafts to promote T cell differentiation toward the Th1
alloimmune response.21 Neutrophils act as APCs to stimulate
adaptive immunity partially by expressing MHC-II and

costimulatory molecules.22 Importantly, studies using intravital
two-photon microscopy discovered that neutrophils directly
interact with CD4+ T cells in vivo.23 The recruited neutrophils in
lymph nodes and spleens secrete B-cell-activating factor (BAFF) to
accelerate plasma cell generation and antigen-specific antibody
production.24 In contrast, certain splenic neutrophils restrict the
autoreactive B-cell response by interacting with invariant natural
killer T cells through the FasL pathway.25 The detailed molecular
mechanisms involved in the modulation of other immune cells by
neutrophils should be explored. It is well known that different
diseases involve different types of immune response, especially Th
cell subset differentiation. For example, rheumatoid arthritis is
associated with Th1 and Th17 subsets and allergic asthma involves
Th2 and Th9 subsets. We also know that innate immune cells
trigger and drive the subsequent cellular and humoral adaptive
immune response via antigen presentation, costimulation and
cytokine production. Thus, it is reasonable to hypothesize that the
different types of Th cell-mediated diseases are originally
orchestrated by identical types of informatory microenvironment
that mainly offers consistently polarized innate immune cells, such
as dendritic cells, macrophages, neutrophils, NK cells, ILCs and
others (Fig. 1). For example, the Th1-type immune response is
coordinately driven by the type 1 innate immune response, and
the Th2-type immune response is consistently driven by type 1
innate inflammation. Thus, innate and adaptive immunity is
coordinately clustered (Fig. 1). This hypothesis requires us to
detect the polarization tendency of innate immune cells for the
prognosis of certain types of immune disease in which an
individual likely suffers from consistent type Th cell-mediated
disease during the early stage. The reversion or rebalance of
innate immune cell polarization might have preventive and
therapeutic significance for immune diseases and graft rejection.
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Fig. 1 The clustered polarization of innate and adaptive immune responses is coordinately driven by innate and adaptive immune cell
subpopulations. a The different types of adaptive immune response are coordinately driven by the consistent polarization of innate and
adaptive immune cell subpopulations. The clusters of polarized innate and adaptive immune cells are simply shown. b The brief summary of
the different subpopulations of innate and adaptive immune cells, including neutrophils, macrophages, DCs, NK cells, ILCs, and Th cells. The
unprimed cells were defined as type 0
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Neutrophils may be one of the target cell types for this purpose.
The newly identified N(IL-23) and N(IL-33) subsets may be used for
cellular therapy in clinics after systemic studies in animal models
and clinical samples are performed.

ACKNOWLEDGEMENTS
The authors wish to thank Dr. Zhanfeng Liang for his critical reading of the paper.
This work was supported by grants from the National Key Research and Development
Program of China (2017YFA0105002 and 2017YFA0104402 to Y.Z.), Strategic Priority
Research Program of the Chinese Academy of Sciences (XDA16030301), the Chinese
Government 13th Five-Year Plan (2017ZX10201101), the National Natural Science
Foundation for General and Key Programs (C81530049, U1738111, and C31470860 to
Y.Z.), and the China Manned Space Flight Technology Project (TZ-1 to Y.Z.).

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Takashima, A. & Yao, Y. Neutrophil plasticity: acquisition of phenotype and

functionality of antigen-presenting cell. J. Leukoc. Biol. 98, 489–496 (2015).
2. Li, Y. et al. The regulatory roles of neutrophils in adaptive immunity. Cell Commun.

Signal 17, 147 (2019).
3. Yang, F., Feng, C., Zhang, X., Lu, J. & Zhao, Y. The diverse biological functions of

neutrophils, beyond the defense against infections. Inflammation 40, 311–323
(2017).

4. Pillay, J. et al. A subset of neutrophils in human systemic inflammation inhibits
T cell responses through Mac-1. J. Clin. Invest. 122, 327–336 (2012).

5. Christoffersson, G. et al. VEGF-A recruits a proangiogenic MMP-9-delivering
neutrophil subset that induces angiogenesis in transplanted hypoxic tissue. Blood
120, 4653–4662 (2012).

6. Li, Y. et al. Characterization and biological significance of IL-23-induced neu-
trophil polarization. Cell Mol. Immunol. 15, 518–530 (2018).

7. Sun, B. et al. Characterization and allergic role of IL-33-induced neutrophil
polarization. Cell Mol. Immunol. 15, 782–793 (2018).

8. Tsuda, Y. et al. Three different neutrophil subsets exhibited in mice with different
susceptibilities to infection by methicillin-resistant Staphylococcus aureus.
Immunity 21, 215–226 (2004).

9. Fridlender, Z. G. et al. Polarization of tumor-associated neutrophil phenotype by
TGF-beta: “N1” versus “N2” TAN. Cancer Cell 16, 183–194 (2009).

10. Piccard, H., Muschel, R. J. & Opdenakker, G. On the dual roles and polarized
phenotypes of neutrophils in tumor development and progression. Crit. Rev.
Oncol. Hematol. 82, 296–309 (2012).

11. Mantovani, A. The yin-yang of tumor-associated neutrophils. Cancer Cell 16,
173–174 (2009).

12. Puga, I. et al. B cell-helper neutrophils stimulate the diversification and produc-
tion of immunoglobulin in the marginal zone of the spleen. Nat. Immunol. 13,
170–180 (2011).

13. Jones, H. R., Robb, C. T., Perretti, M. & Rossi, A. G. The role of neutrophils in
inflammation resolution. Semin Immunol. 28, 137–145 (2016).

14. Reber, L. L. et al. Neutrophil myeloperoxidase diminishes the toxic effects and
mortality induced by lipopolysaccharide. J. Exp. Med. 214, 1249–1258 (2017).

15. Saijou, E. et al. Neutrophils alleviate fibrosis in the CCl4-induced mouse chronic
liver injury model. Hepatol. Commun. 2, 703–717 (2018).

16. Yang, W. et al. Neutrophils promote the development of reparative macrophages
mediated by ROS to orchestrate liver repair. Nat. Commun. 10, 1076 (2019).

17. Goh, J. G. et al. Neutrophils differentially attenuate immune response to Asper-
gillus infection through complement receptor 3 and induction of myeloperox-
idase. Cell Microbiol. 20, e12798 (2018).

18. Perobelli, S. M. et al. G-CSF-induced suppressor IL-10+ neutrophils promote
regulatory T cells that inhibit graft-versus-host disease in a long-lasting and
specific way. J. Immunol. 197, 3725–3734 (2016).

19. Lee, S. et al. Distinct macrophage phenotypes contribute to kidney injury and
repair. J. Am. Soc. Nephrol. 22, 317–326 (2011).

20. Wu, T., Zhao, Y. & Zhao, Y. The roles of myeloid-derived suppressor cells in
transplantation. Expert Rev. Clin. Immunol. 10, 1385–1394 (2014).

21. Kreisel, D. et al. Emergency granulopoiesis promotes neutrophil-dendritic cell
encounters that prevent mouse lung allograft acceptance. Blood 118, 6172–6182
(2011).

22. Abi Abdallah, D. S., Egan, C. E., Butcher, B. A. & Denkers, E. Y. Mouse neutrophils
are professional antigen-presenting cells programmed to instruct Th1 and Th17
T-cell differentiation. Int Immunol. 23, 317–326 (2011).

23. Yamamoto, S. et al. Cutting edge: Pseudomonas aeruginosa abolishes established
lung transplant tolerance by stimulating B7 expression on neutrophils. J.
Immunol. 189, 4221–4225 (2012).

24. Parsa, R. et al. BAFF-secreting neutrophils drive plasma cell responses during
emergency granulopoiesis. J. Exp. Med. 213, 1537–1553 (2016).

25. Hagglof, T. et al. Neutrophils license iNKT cells to regulate self-reactive mouse B
cell responses. Nat. Immunol. 17, 1407–1414 (2016).

The functional diversity of neutrophils and clustered polarization of. . .
Y Xu et al.

3

Cellular & Molecular Immunology _#####################_


	The functional diversity of neutrophils and clustered polarization of immunity
	Acknowledgements
	ADDITIONAL INFORMATION
	References




