


Neutrophil functions
• Clearance of extracellular pathogens

• phagocytosis

• intracellular degradation

• anti-microbial factor secretion

• secrete cellular components that form neutrophil extracellular traps (NET)

• secrete cytokines/chemokines that recruit monocytes

• Interact with immune cells

• DCs (activation)

• In the presence of inflammation can present antigen

• Induction of T cell responses

• Suppress T cell responses in pregnancy or cancer (iNOs, arginase)

• Express FcRϒ and FcRα that interact with opsonized microbes

• Express BAFF and APRIL (B cell survival and differentation, CSR from IgM to IgG and 
IgA)



Mantovani, A., Cassatella, M. A., Costantini, C., & Jaillon, S. (2011). 
Neutrophils in the activation and regulation of innate and adaptive immunity Nature Reviews Immunology, 11(8), 519–531.

IL-10 in mouse 
but controversial in humans



The MZ, an interface between the circulation and the 
immune system

Pillai, S., & Cariappa, A. (2009). The follicular versus marginal zone B lymphocyte cell fate decision. Nature Reviews Immunology, 9(11), 767–777. doi:10.1038/nri2656

MZ B cells mount rapid T-independent immunoglobulin responses
In humans MZ B cells circulate and are CD27+IgM+IgD+
Weller, S.,et al. (2004). Human blood IgM “memory” B cells are circulating splenic marginal zone B cells harboring a 
prediversified immunoglobulin repertoire Blood, 104(12))
Granulocytes home to the MZ in response to blood-borne bacteria 
Balázs, M., Martin, F., Zhou, T., & Kearney, J. (2002). Blood dendritic cells interact with splenic marginal zone B cells to 
initiate T-independent immune responses. Immunity, 17(3), 341–352



Neutrophils colonize peri-MZ areas

Hyper IgD syndrome

Elastase
Mannose receptor expressed on sinusoidal epithelial cells

Partial or complete loss of the MZ - aberrant location of neutrophils 

follicular mantle
inner MZ

outer MZ
Perifollicular area
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Figure S5.!NBH cells show better short-term survival but equivalent long-term survival as 

compared to NC cells and activate MZ B cells via both contact-dependent and contact-

independent mechanisms. #a$ %&'(!)*+',-+.*!'/! 0123&-! 244-514!6"4-72+10-!8.'8191:,! 1'919-"
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Neutrophils have MZ B cell-helper function
10% in spleen, 2% in MLN, 0.5% in pLN, 0.3% in tonsils (of total cells)

NBH = B cell helper neutrophils
NC = conventional neutrophils

NBH and NC provide the same 
survival to MZ B cells

follicular naive B cells

Activation of MZ B 
cells by contact-
dependent and 
independent 
mechanisms

Supp Fig 5: Suppress T cell responses

MZ B cells are activated as effectively 
with NBH as T cells

Gated on CD19+ cells

6 days culture

Culture medium



Neutrophils induce immunoglobulin diversification

After 2d culture

Results normalized to PAX5 
mRNA, fold expression to 

medium alone

Southern Blot from RT-PCR 
transcripts

Cultured for 7 days

VH3-23 region often used by MZ 
B cells

Culture for 12 d



Neutrophils BH include 2 subsets distinct from Nc

CD16 = Fcg



Neutrophils activate MZ B cells via BAFF, APRIL and 
IL-21

Encoding TACI Encoding BAFF-R

cell conditioned medium

Deleterious mutations in TACI or STAT3 (IL-21 signaling): fewer MZ B cells with poor MZ development

Incubation for 
18 h in 
medium

Normalized to ACTB mRNA and 
expressed relative to naive FO B cells

Cultured for 6 days



Splenic signals reprogram neutrophils

sinusoidal epithelial cells and NBH cells are in close proximity

sinusoidal epithelial cells
upregulate IL-10 in response to 

LPS

12h incubation

fold expression to ctrl

12h incubation

fold expression to B

relative to ACTB mRNA
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Figure S15.!NC cells acquire NBH-like properties in response to either pro-apoptotic or anti-

apoptotic activating signals#! $a%! &'()! *+,(-.,/0*! 121'+303! (4! 5016'.! 122.702! 8"2.91,05.!
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Annexin V-
Propidium iodide-

Nc cells 18h in culture

APRIL

Fold increase to 
unstimulated cells

Circulating IgD+ 
B cells cultured 

for 2 d



Splenic NBH home to the spleen after intestinal 
colonization

systemic translocation of microbial products from mucosal surfaces influences the function of neutrophils Clarke, T. 
B., Davis, K. M., Lysenko, E. S., Zhou, A. Y., Yu, Y., & Weiser, J. N. (2010). Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic 
innate immunity Nature Medicine, 16(2), 228–231.
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Figure S22. Proposed model for NBH cell reprogramming and function. #$!%&''(!)*+&!,*!,)&!
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recruits neutrophils
plasma cell differentiation

B cell-attracting

• Neutrophils colonize splenic peri-MZ areas following colonization

• Patients with severe congenital neutropenia had decreased proportions and hypomutated MZ B cells but 
not naive B cells or total B cells and showed decreased T-I antibodies (LPS, LTA, PGN) - Fig 6-

• NBH cells activated MZ B cells as efficiently as CD4 T cells through contact-dependent and independent 
mechanisms

• Dual B cell helper and T cell suppressor function (extrafollicular B cell response to T-I)

•
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Intestinal helminth infections represent one of the most prevalent 
chronic human infections worldwide1. Infection is associated with 
a polarized immune response, including the accumulation of type 2  
helper T cells (TH2 cells), eosinophils and basophils in tissues, more 
serum immunoglobulin E (IgE), hyperplasia of mucosal mast cells, 
alternative activation of tissue macrophages and epithelial and 
smooth-muscle alterations that change the physiological milieu of 
the host-mucosal interface where the parasites mediate their damage2. 
Similar alterations occur in allergic diseases, such as allergic asthma, 
although in this case the immune response is focused inappropriately 
on ubiquitous environmental allergens3. These host responses are fre-
quently referred to as ‘type 2 immunity’ and are critically dependent 
on interleukin 4 (IL-4) and IL-13. The identification of an additional 
cell of the innate immune response involved in these types of host 
responses has added further complexity to the functional organization 
of cytokine-producing cells in type 2 immunity4–8.

TH2 cells express IL-4 and IL-13, and the localization of these 
cytokines to sites of allergic immunity initiated efforts to link these 
cytokines themselves to mediating the diverse tissue manifesta-
tions associated with type 2 immunity. Indeed, whether adminis-
tered exogenously, overexpressed or deleted, these two cytokines 
are necessary and sufficient to mediate most of the immunological 
and physiological aspects of type 2 immunity2,9–13. IL-4 and IL-13 
are encoded by adjacent genes that share many cis-acting and trans-
activating regulatory elements, and they transmit signals through 
a partially shared receptor and adaptor system14,15. Despite that,  
epigenetic and functional studies have suggested unique and non-
redundant roles for these cytokines during immunity in vivo, although the  

mechanisms that underlie these distinctions are not readily apparent 
on the basis of in vitro studies2,15–17. Many innate and semi-invariant  
lymphocytes, including basophils, eosinophils, mast cells, innate 
helper type 2 cells (Ih2 cells) and natural killer T cells (NKT cells), 
can also be activated to produce IL-4 and IL-13 in vitro, but direct 
visualization of cytokine production by these cells in vivo has been 
incompletely characterized4,7,18,19. One model that could explain 
the disparate in vitro and in vivo data is compartmentalized expres-
sion and divergent regulation of these two cytokines in vivo, a pro-
cess that is difficult to examine with the tools available at present. 
Further understanding of the organization of type 2 immunity in 
secondary lymphoid tissues such as lymph nodes and spleen and 
in nonlymphoid tissues such as lung, liver, skin and small intestine 
will require improved methods for assessing cytokine production 
in vivo and in situ.

We generated a series of new strains of mice with genetically altered 
Il4 and Il13 loci that allow detection of cytokine expression by indi-
vidual cells in vivo. Through the use of infections that induce robust 
type 2 host responses, we compared the production of IL-4 and IL-13  
in selected lymphoid and tissue compartments. We found unex-
pected parsing of expression of these two closely related cytokines 
among cells of both the adaptive and innate immune responses. IL-13  
production was largely confined to TH2 cells and Ih2 cells in 
the lung and was associated with large amounts of cellular tran-
scription factor GATA-3, which was necessary for sustaining the  
IL-13-producing phenotype. Conversely, follicular helper T cells  
(TFH cells) and basophils produced only IL-4 in vivo and did not have 
high expression of GATA-3.
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Duke University Medical Center, Durham, North Carolina, USA. 6These authors contributed equally to this work. Correspondence should be addressed to  
R.M.L. (locksley@medicine.ucsf.edu).
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Divergent expression patterns of IL-4 and IL-13 
define unique functions in allergic immunity
Hong-Erh Liang1–3,6, R Lee Reinhardt1–3,5,6, Jennifer K Bando1–3, Brandon M Sullivan1–3, I-Cheng Ho4 & 
Richard M Locksley1–3

Interleukin 4 (IL-4) and IL-13 are critical for responses to parasitic helminthes. We used genetically engineered reporter mice to 
assess the temporal and spatial production of these cytokines in vivo. In lymph nodes, IL-4, but not IL-13, was made by follicular 
helper T cells (TFH cells). In contrast, tissue type 2 helper T cells (TH2 cells) produced both cytokines. There was also divergent 
production of IL-4 and IL-13 among cells of the innate immune system, whereby basophils produced IL-4, whereas innate helper 
type 2 cells (Ih2 cells) produced IL-13. IL-13 production by TH2 and Ih2 cells was dependent on the transcription factor GATA-3, 
which was present in large amounts in these cells, and in contrast to the small amount of GATA-3 in TFH cells and basophils.  
The distinct localization and cellular expression of IL-4 and IL-13 explains their unique roles during allergic immunity.



What are the cellular sources of IL-4 and IL-13 in vivo
Liang, Reinhardt et al. 

SUPPLEMENTARY MATERIALS 

Supplementary Figures 

 

 
 
Supplementary Figure 1  

Genotype and Phenotype of various cytokine reporter mice 

Model diagram of genotype, cytokine expression, and Rosa-diphtheria toxin 

expression of various reporter mice used in this study.  Circles represent the 

possible cell fate and cytokine expression patterns within the indicated genotype 

assuming biallelic expression of cytokine genes.  Colors represent cytokines 

expressed in the indicated genotypes after N. brasiliensis infection.  Yellow = IL-

13 alone, Blue = IL-4 alone, Green = IL-4 + IL-13.  Red cross represents cytokine 

expression pattern resulting in diphtheria toxin production and cell death. 
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no IL-4 expression

IL-13
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ROSA DTα

IL-4
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hCD2



9 d after infection with N.brasiliensis
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 IL
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3
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 IL
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3

no
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Eosinophils do not express IL-13 (FACS)
Eosinophils were not deleted from blood, bone marrow or tissues = impaired recruitment to the lungs (but 
basoph and CD4+ T cells unaffected)

Because IL-13 and IL-5 are co-expressed: ablation of both 
IL-13 and IL-5 expressing cells in IL-13YetCre/YetCreROSA-
DTa

Tissue responses are dependent on IL-13-expressing 
cells

Small intestine

Eos: SiglecF-βchi(IL-3Rβhi) CD49b-



Immunized with NP-OVA in alum (footpad), day 28

Specificity Affinity

Absence of IL-13-expressing TFH in germinal center reactions leading to CSR and high affinity?

Different compartmentalization (and function) of IL-4 and IL-13

Ig responses are dependent on IL-4-expressing cells

no
 IL

-4

no
 IL

-1
3

no
 IL

-1
3

no
 IL

-4

no
 IL

-1
3



Ig responses are dependent on IL-4-expressing cells

Liang, Reinhardt et al. 

 
 
Supplementary Figure 4  
Schematic for Smart13 (IL-13Smart) and YetCre13 (IL-13YetCre) alleles. 
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IL13Smart

mediastinal

IL4KN2/+xIL13Smart/+

gated on CD4 T cells

IL-4-producing CD4+ T cells are confined within the follicular and germinal center areas
as shown previously: Reinhardt, R., Liang, H., & Locksley, R. (2009). Cytokine-secreting follicular T cells shape the antibody repertoire. Nature Immunology)

IL4KN2



IL-4 and IL-13-expressing TFH and TH2 cells have 
distinct transcription factors and compartmentalization 

IL-13 expressing T cells do not express TFH cell markers

IL-4 expressing LN CD4 T cells are Bcl6+ and GATA-3 low (also confirmed by qPCR)

Gated on eGFP+CD4+ 

IL4KN2/4get IL44get/+IL13Smart/+



Gated on CD4+

IL4KN2/+IL-13Smart/+

N.Brasiliensis, d8

Gated on IL-4-secreting CD4+ Gated on IL-13-secreting CD4+

No difference in total numbers cytokine-producing CD4 T cells

GATA-3 expression is optimized but not required by IL-4 and IL-13 signaling

Is cytokine signaling required for higher GATA3 expression and IL-13 production? STAT6-/- IL4KN2/4get

Impact of STAT6 deficiency on GATA-3 and cytokine 
expression?



IL-4 competent cells: TH2, TFH, NKT, mast cells, basoph, eos, Ih2

9 d after N.brasiliensis, lung 

Innate Type 2 cells

IL4KN2/4get IL4KN2/4get IL44get/+IL13Smart/+IL44get/+IL13Smart/+

CD4

Basoph

Ih2

CD4 CD4 CD4



IL-13-producing Ih2 cells express GATA-3

Ih2 cells express GATA-3

Ih2

Basoph

Using STAT6 ko 
GATA-3 production and IL-13 production occur independently of STAT6 (but 
required for optimal numbers of Ih2)



Discussion/Summary

• New knock-in with surface surrogate markers to study IL-4 and IL-13 cytokine production

• High expression of Bcl6 in TFH may restrict GATA-3 expression and silence IL-13 production

• As TFH cells migrate to tissues, Bcl6 may decrease (and Blimp1 increased) which may favor 
the development of canonical Th2

TFH, Basophils TH2, Ih2

Cytokines IL-4 IL-13 and/or IL-4 (Ih2 only IL-13)

Location Germinal center, B cell follicles Tissues

GATA-3 expression do not require large amounts high (STAT-6 independent)

Biological function IgE production

peripheral immunity:
worm expulsion, eos infiltration 
(deletion of IL-13 expressing cells and of 

GATA-3-expressing IL-13 cells) 


