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The Journal of Immunology

The Transcription Factor PLZF Is Necessary for the
Development and Function of Mouse Basophils

Sai Zhang,*,† Joshua A. Vieth,* Agata Krzyzanowska,*,† Everett K. Henry,‡

Lisa K. Denzin,*,†,x Mark C. Siracusa,‡ and Derek B. Sant’Angelo*,†,x

Basophils are innate immune cells associated with type 2 immunity, allergic reactions, and host defense against parasite infections.

In this study, we show that the transcription factor PLZF, which is known for its essential role in the function and development of

several innate lymphocyte subsets, is also important for the myeloid-derived basophil lineage. PLZF-deficient mice had decreased

numbers of basophil progenitors in the bone marrow and mature basophils in multiple peripheral tissues. Functionally, PLZF-

deficient basophils were less responsive to IgE activation and produced reduced amounts of IL-4. The altered function of basophils

resulted in a blunted Th2 T cell response to a protein allergen. Additionally, PLZF-deficient basophils had reduced expression of the

IL-18 receptor, which impacted migration to lungs. PLZF, therefore, is a major player in controlling type 2 immune responses

mediated not only by innate lymphocytes but also by myeloid-derived cells. The Journal of Immunology, 2019, 203: 000–000.

D
espite representing ,1% of circulating leukocytes in the
peripheral blood of mammals, basophils have been
shown to play multiple roles in the immune response,

including regulating innate and the adaptive immune responses,
protecting against parasitic infection, and contributing to immu-
nological disorders such as allergy and autoimmunity (1–8). Acti-
vated basophils can produce a range of Th2 cytokines, including IL-4,
IL-6, and IL-13, that can help promote Th2 cell differentia-
tion. Therefore, basophils impact immune responses such as the
clearance of parasites, ectoparasites, and the initiation of allergic
responses (9–11).
Like NKT cells, basophils have the unusual feature of continuous

transcription of the IL-4 gene (12–14). The continuous presence of
“preformed” mRNA for IL-4 presumably plays a role in enabling
basophils to rapidly release IL-4 after activation (15–17). Deple-
tion of basophils or disrupting IL-4 production by basophils leads
to impaired differentiation of T cells into the Th2 lineage (15, 17)
and altered type 2 innate lymphocyte (ILC2) responses (18). Ba-
sophils are reported to express MHC class II (MHCII) as well as

the costimulation molecules CD40, CD80, and CD86 and have
been shown to interact with lymphocytes (19). Therefore, baso-
phils might also influence lymphocyte activation via a contact-
dependent mechanism (20–22). Beyond activating ILC2s and
T cells, basophils also express IL13, BAFF, and a proliferation-
inducing ligand (APRIL), which can lead to B cell activation and
class-switch recombination to produce IgD, IgG, IgA, and IgE
(23–27).
Basophils primarily mature in the bone marrow before they enter

the periphery, where they have a life span of only∼60 h (28).
Basophils are currently reported to arise from the common mye-
loid progenitor, which gives rise to granulocyte/macrophage pro-
genitors (GMPs). GMPs are reported to have the potential to
differentiate into neutrophils, eosinophils, basophils, and mast
cells. Along the basophil/mast cell lineage, GMPs develop into the
prebasophil and mast cell progenitors (MCPs) in the bone marrow
or, alternatively, into basophil-MCPs in the spleen (29, 30). Both
prebasophil and MCPs and basophil-MCPs can differentiate into
basophil progenitors (BaPs) and MCPs, which ultimately differ-
entiate into mature basophils and mast cells, respectively (31).
Studies have demonstrated that basophil development is de-

pendent on the expression of CCATT–enhancer-binding proteins
C/EBPa and GATA2. GATA2 expression is induced by IRF8. The
ordered expression of these two proteins determines whether
GMPs develop into basophils, mast cells, or eosinophils (32, 33).
GMPs that first downregulate and then upregulate C/EBPa ex-
pression whereas remaining high for GATA2 expression will dif-
ferentiate into BaPs. In contrast, GMPs will differentiate into
eosinophils if C/EBPa expression remains high throughout de-
velopment, but into MCPs if C/EBPa remains low (8). The
commitment to the mast cell lineage is also thought to rely on
the transcription factor MITF (34, 35). C/EBPa and MITF suppress
each other’s expression, which secures the basophil and mast cell
lineages (29).
The broad-complex, tramtrack and bric-à-brac, zinc finger

(BTB-ZF) genes are a family of transcription factors that
are characterized by an N-terminal BTB domain that is involved
in protein–protein interactions and a domain with C-terminal
Krüppel-type zinc fingers enabling binding of DNA (36–38). It
is now appreciated that BTB-ZF transcription factors play key
roles for the development and/or function of multiple immune
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cell lineages. For example, the BTB-ZF transcription factor,
promyelocytic leukemia zinc finger (PLZF; zbtb16) is essential
for the normal function of several types of innate lymphoid-
derived cells, including ab NKT and gd NKT cells (39–42),
mucosal-associated invariant T (MAIT) cells (43), and ILC2
(44–46). In the absence of PLZF, NKT cells do not acquire their
characteristic activated phenotype and fail to produce cytokines
upon primary activation (41, 42). Instead, these cells require
secondary stimulation to be fully activated and carry out effector
functions, making them similar to conventional T cells (41). In hu-
mans, in addition to NKT and MAIT cells, PLZF is expressed in a
population of CD161hi CD4 and CD8 T cells, all gd T cells, and all
NK cells (47). Blood samples from a PLZF-deficient person showed
that there was an impact on the frequency and/or phenotype of all of
these lymphocyte populations (47).
Ectopic expression of PLZF spontaneously induces conventional

T cells to be more sensitive to antigenic stimulation and able to
produce proinflammatory cytokines, such as IL-17, INF-g, and
TNF, upon primary activation (48–50). Tight regulation of en-
dogenous PLZF expression would, therefore, appear important to
prevent aberrant T cell responses that might lead to allergy or
autoimmune diseases. Consistent with this, our studies showed
that PLZF expression among lymphocytes is restricted to innate-
like cells and that it cannot be induced in noninnate T cells (51).
Strong TCR signaling in developing thymocytes or in mature
T cells, for example, does not induce PLZF (51), and expression in
noninnate lymphocytes was also not found in response to inflam-
matory conditions resulting from bacterial infection. Analysis of the
chromatin structure of Zbtb16 (the gene encoding PLZF) using
chromatin immunoprecipitation for H3K4me3 and H3K27me3 also
suggests that PLZF expression is suppressed in Th1, Th2, Th17,
regulatory T cells, and naive CD4 T cells (51, 52). Repression of
expression of PLZF was recently reported to be dependent on
Bcl11b and occurs early during thymocyte development (53).
The specificity and tight control of PLZF expression in lymphocytes

suggests that other immune cells expressing PLZF might also be de-
pendent on the transcription factor for essential effector functions. To
explore this possibility, we examined PLZF expression within the
myeloid compartment. Basophils, we find, express PLZF both early
in development and as mature cells. Genetic deletion of PLZF
showed that the transcription factor plays a role during development
and, most interestingly, for the full elaboration of basophil effector
functions. PLZF-deficient basophils fail to fully respond to a protein
allergen, papain, resulting in blunted Th2 CD4 T cell responses.
Therefore, PLZF is important for type 2 responses by directly
controlling the function of innate lymphocytes and also, indirectly,
through the control of basophil functions.

Materials and Methods
General experiment design and statistical analysis

This study was designed to study the role of the transcription factor PLZF
in basophil development and function in Th2 immunity. Age-matched
(8–12-wk-old) wild type (WT) and PLZF knockout (KO) mice were
used for comparisons in this study. Basophil frequency in different mouse
tissues was analyzed. We used both an in vivo and an in vitro system to
study basophil functions. Each experiment contained at least three bio-
logical replicates. Data are shown as the mean 6 SEM. Statistical analyses
were performed using GraphPad Prism 10 software. All samples were
analyzed using an unpaired, two-tailed Student t test. A p value ,0.05 was
considered significant.

Mice

Rag1 KO, CD1d KO, IL-18R KO, PLZF-IRES-GFPCre, and Rosa26-
tdTomato mice were purchased from The Jackson Laboratory. The PLZF-
eGFP (PEG) reporter and PLZF-Cre mouse lines were generated in our
laboratory as previously described (51, 54). PLZF-deficient mice were

previously described (55). All mouse strains were bred and maintained in
the animal facility of the Child Health Institute of New Jersey. All ex-
perimental protocols and procedures were approved by the Institutional
Animal Care and Use Committee of the Child Health Institute of New
Jersey. Animal care and experimental procedures were carried out in ac-
cordance with the guidelines of the Institutional Animal Care and Use
Committee of the Child Health Institute of New Jersey and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Flow cytometry

Cells were harvested from the tissues and preincubated with the anti-FcgR
mAb and normal mouse serum to block nonspecific Ab binding for 15 min
at 4˚C. Surface staining was performed in FACS buffer (PBS with 1% heat-
inactivated [HI] FBS) for 25 min at 4˚C using the indicated surface Abs.
Dead cells were excluded by DAPI staining, and doublet events were
eliminated by comparing the forward scatter width and forward scatter
height to the side scatter width and side scatter height. IL-4 intracellular
staining was performed using the BD Fixation/Permeabilization Solution
Kit (BD Biosciences). Intracellular staining of PLZF was performed
by fixing cells in 4% paraformaldehyde in PBS for 30 min at 4˚C. Cells
were then permeabilized for 15 min at 4˚C in commercially-available
permeabilization buffer (Invitrogen), and incubated with anti-PLZF Ab in
permeabilization buffer for 1 h at 4˚C. Samples were washed three times
with permeabilization buffer and one time with FACS buffer prior to anal-
ysis. Events were acquired on an LSRII cytometer (BD Biosciences), and the
data were analyzed with the FlowJo software.

Abs

The following Ab clones were used: anti-CD3 (500A2), anti-CD4
(RM45), anti-CD19 (1D3), anti-CD49b (DX5), anti-CD34 (RAM34),
anti-CD117 (ACK2), anti-CD200R (OX110), anti-CD40L (MR1), anti-
CD62L (MEL-14), anti-CCR2 (SA203G11), anti-CCR7 (4B12), anti-
CCR9 (CW-1.2), anti-MHCII (212.A1), anti-ST2 (RMST2-2), IL-18Ra
(P3TUNYA), anti-FcεRIa (MAR-1), anti-PLZF (Mags.21F7), anti-
GATA3 (TWAJ), and anti–IL-4 (11b11). Abs were used with different
fluorochrome conjugations: FITC, PE, PerCP–Cy5.5, PE–Cy7, allophycocyanin,
allophycocyanin–Cy7, Alexa Fluor 700, and Pacific Blue.

Quantitative RT-PCR

Total cellular RNA from cells was isolated by a mirVana miRNA Iso-
lation Kit (Thermo Fisher Scientific). cDNAwas generated with reverse
transcription using oligo-dT, random primers, and reverse transcrip-
tase (Promega). Quantitative PCR of the cDNA was performed on a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific)
and the following TaqMan gene expression primer sets (Thermo Fisher
Scientific): Hprt (Mm03024075_m1) and zbtb16 (Mm01176868_m1).
Gene expression was analyzed using Hprt as an endogenous control in
each sample.

In vivo basophil activation

Mice were immunized s.c. in the rear footpad with 50 mg of papain
(Calbiochem) dissolved in sterile PBS. As control, the same amount of
HI papain was injected into the other side of the footpad. To heat inactivate,
papain was dissolved in PBS and placed in boiled water for 10 min. Mice
were sacrificed either 3 d (for basophil staining) or 4 d (for GATA3 staining
in T cells) after injection and analyzed by flow cytometry.

In vitro basophil activation

One hundred microliters of peripheral blood was drawn from the mice and
mixed with 100 ml of RPMI 1640. The cells were activated with different
concentrations of IgE or PMA (50 ng/ml)/ionomycin (500 ng/ml) for 3 h
total. Brefeldin A was added at 1 h after the start of the activation. After
activation, the cells were washed two times with PBS and spun at 500 g for
5 min, then the cells were treated with RBC lysis buffer to remove RBCs.
The cells were then blocked and stained with surface markers, followed by
intracellular cytokine staining.

Results
Mapping PLZF expression during the development of myeloid
lineage cells

Using our previously described PEG reporter mice (51, 54, 56), we
evaluated PLZF expression during early myeloid lineage devel-
opment. In contrast to PLZF expression in lymphocytes, which
has been shown to be largely restricted to specific cell types (51),
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we found expression of PLZF in many myeloid precursor pop-
ulations (Fig. 1). As indicated by fold change as compared with
matched WT cells (Fig. 1) and as shown in FACS histograms
(Supplemental Fig. 1), PLZF expression levels ranged substan-
tially depending on the subset examined, which were identified as
shown in Supplemental Figs. 2–4 (30, 57–60). Expression patterns
of PLZF in the different populations were consistent from mouse
to mouse (Supplemental Fig. 1). Low levels of expression of the
transcription factor, as defined by eGFP expression, were found in
common myeloid progenitors, MCPs, and GMPs (Fig. 1). Eosino-
phil progenitors also expressed low levels of PLZF; however,
macrophage/DC precursors and common monocyte precursors were
negative. The most pronounced expression of PLZF was in mast
cells and basophils as well as the immediate precursors of ba-
sophils, BaP. BaP expressed higher levels of PLZF as compared
with mature basophils. Downregulation of PLZF as basophils
matured is similar to what has previously been observed during
NKT cell development (41).
We chose to focus on a potential role for PLZF in basophils

because these cells are known to rapidly express IL-4 similarly to
NKT cells. The burst of IL-4 produced by NKT cells shortly after
activation is completely dependent upon PLZF (41, 42). We found
that PLZF was expressed in all basophils in the spleen, peripheral
blood, bone marrow, and lung (Fig. 2A). Expression levels were,
however, lower than that found in NKT cells (Fig. 2B). PLZF ex-
pression was distinctly higher in BaPs in the bone as compared with
mature bone marrow basophils (Fig. 2C). Importantly, intracellular

staining with anti-PLZF Ab verified protein expression in basophils
(Fig. 2D). The increased concentrations of paraformaldehyde that
we found were necessary for reliable retention of proteins in the
permeabilized basophils, however, resulted in reduced signal in-
tensity both in the basophils and NKT cells that were stained via the
same protocol. Therefore, the conclusions concerning the absolute
amounts of PLZF protein in the cells should not be drawn.
To further confirm PLZF expression in basophils, we carried out

“fate-mapping” experiments. We used both our PLZF-Cre BAC
transgenic mice (PCre), as well as PLZF-IRES-GFPCre knock-in
mice (44). These two strains were both crossed to mice that have
an allele of Rosa 26 modified with a gene that encodes a fluo-
rescent protein, either ZsGreen or tdTomato, that is preceded by a
loxP-flanked STOP cassette. In these mice, Cre expression from
the PLZF BAC or from the knock-in allele, even if it is transient,
will permanently label cells with the fluorescent protein. Both
mouse lines showed uniform expression of the fluorescent protein
in basophils from the bone marrow and spleen (Fig. 2E). It should
be noted that direct expression of GFP in basophils from the
PLZF-IRES-GFP/Cre knock-in construct was not detectable. This,
presumably, was due either to lower expression levels of GFP
from the knock-in construct as compared with the BAC transgene
or, possibly, alterations in expression resulting from the insertion
of the IRES-GFP/Cre cassette in the 39 UTR of the zbtb16 gene.
Indeed, microRNA target sites within the 39 UTR have been shown
to impact PLZF expression (61). Importantly, we found that use of
the floxed-stop ROSA26 ZsGreen allele proved to give results that

FIGURE 1. PLZF expression during myeloid lineage cell development. Myeloid lineage cells were stained and identified in bone marrow from PLZF-

eGFP reporter mice (PEG) as shown in Supplemental Figs. 2 and 3. PLZF expression, as defined by eGFP expression, was determined by comparison of the

identical population obtained from WT mice (Supplemental Fig. 1). The progression of development was based on publications, as indicated in the text.

Color coding in the figure represents MFI values for each subset of cells, based on eGFP expression (MFI of eGFP signal divided by the background

fluorescence of the identical cell population from a matched control analyzed in the same experiment). Fold change of MFI key is shown in figure.
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FIGURE 2. PLZF is expressed in basophils. (A) eGFP expression in basophils from spleen, bone marrow, blood, and lung of PEG mice. Basophils were

identified as DAPI2CD32CD192FcεRI+CD49b+ cells. (B) Comparison of eGFP expression in basophils, and NKT cells. WT basophils are shown as a

fluorescence control. (C) Intracellular staining of PLZF in splenic basophils, with CD8 T cells and NKT cells as negative and positive controls, respectively.

Quantification of PLZF MFI (fold change over CD8 T cells) is shown (n = 3 biological replicates from two individual experiments). (D) eGFP ex-

pression in BaPs in the bone marrow in PEG mice. BaPs were identified as DAPI2CD32CD192CD34+FcεRI+CD49b+cKit2 cells. (E) ZsGreen and

tdTomato expression in basophils from the bone marrow and spleen in PCre 3 ZsGreen and PLZF-IRES-GFPCre 3 tdTomato mice, respectively.

Representative FACS plots from one of three independent experiments are shown. *p , 0.05, **p , 0.01, determined by Student t test.
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are more consistent with known PLZF expression patterns as
compared with the previously reported floxed-stop ROSA26
tdTomato allele (44, 62). The mice carrying the ZsGreen version
of the allele showed that, as expected, nearly 100% of NKT cells
in the thymus and spleen were labeled but that the previously

reported and unexpected labeling of thymocytes, B cells, and
T cells was eliminated or greatly reduced (Supplemental Fig. 4).
For example, B cells and double positive thymocytes were essen-
tially negative for ZsGreen expression, indicating that “leaky” ex-
pression of the PLZF-Cre in hematopoietic stem cells, as previously

FIGURE 3. Reduced numbers of basophils PLZF-deficient mice. (A) Basophil numbers in the bone marrow, spleen, lung, and blood of PLZF-deficient

and WT mice. Cells shown are DAPI2CD32CD192CD342 population, and basophils were identified as CD49b+FCεR1+. Numbers indicate the percentage

of events within the gated area. Percentage and absolute number of basophils are shown in scatter plot graphs. Each symbol indicates a single mouse (n = 14

with ∼5 independent experiments for each tissue). (B) Basophil progenitor numbers in the bone marrow of PLZF-deficient and WT mice. Cells shown are

DAPI2CD32CD192CD34+ population. Numbers in dot plots show the percentage of events in the gated region. Percentage and absolute number of

basophil precursors are shown in scatter plot graphs. Each symbol indicates a single mouse (n = 3 with three independent experiments). The horizontal lines

indicate the mean (6SEM). *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001 determined by Student t test.

The Journal of Immunology 5
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suggested, was unlikely. Overall, these data demonstrate that
PLZF is expressed both in BaPs in the bone marrow and in mature
basophils in multiple mouse tissues.

PLZF-deficient mice have reduced numbers of basophils

The expression of PLZF in BaPs and mature basophils raised the
possibility that, like NKT cells, basophils require the transcription
factor for development. To study this, we compared the frequency
and absolute numbers of basophils in C57BL/6 and age-matched
PLZF-deficient mice. FACS analysis was done by first excluding
lymphocytes by use of anti-CD3 and anti-CD19 and then identify-
ing basophils by expression of CD49b and FcεRI (Fig. 3A). PLZF
deficiency resulted in an∼50–60% decrease of basophils in multi-
ple tissues, including the bone marrow, spleen, lung, and peripheral

blood (Fig. 3A). The absolute numbers of basophils were reduced
by a similar degree. Consistent with the reduced number of basophils
in all tissues, the BaP population in the bone marrow showed an∼70%
decrease as compared with age-matched WT mice (Fig. 3B). There-
fore, similar to NKT cells, albeit to a lesser degree, PLZF-deficient
mice have reduced frequencies of basophils. Unlike NKT cells, PLZF
deficiency results in the reduction of basophils that is found in all
tissues. Combined, these data suggest that PLZF has a direct impact
on basophil development.

Papain-induced basophil migration is impaired in
PLZF-deficient mice

Proteolytic activities that are associated with some allergens
and parasite secretions are thought to be directly involved in the

FIGURE 4. Papain-induced basophil-mediated Th2 responses were decreased in PLZF KO mice. (A) Fifty micrograms of papain was injected into the

footpads of PLZF KO and WT mice. The same amount of HI papain was injected into the other footpad as control. Three days after injection, the draining

lymph nodes were removed and stained for basophils. Cells shown were gated are DAPI2CD32CD192. Frequency of basophils identified as

CD49b+FCεR1+ is shown in the dot plot and for multiple experiments in the scatter plot graphs. Each symbol indicates a single mouse (n = 8, with three to

five independent experiments). (B and C) Fifty micrograms of papain or HI papain was injected into (B) RAG1 KO (n = 3, three independent experiments)

or (C) CD1d KO (n = 5, three independent experiments) mice and WT controls. Basophil frequency was determined as in (A). The horizontal lines in the

scatter plots indicate the mean (6SEM). *p , 0.05, **p , 0.01 determined by Student t test. n.s., not significant.
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activation of basophils (63–66). An excellent model of this type
of immune response is the s.c. injection of the cysteine protease,
papain. We injected 50 mg of papain into one rear footpad of mice
and the same amount of HI papain into the other footpad as
negative control. Three days after injection, the draining lymph
nodes were removed and analyzed by FACS. Papain injection
resulted in a basophil response that comprised∼0.6% of the
CD32, CD192 cells in the draining lymph nodes (Fig. 4A, top). In
contrast, very few basophils were recruited to the lymph nodes in
response to the allergen in PLZF-deficient mice (Fig. 4A, bottom).
Although the number of basophils present in PLZF-deficient mice
is reduced, the near complete absence of the cells following
treatment implies that a migration deficiency is in effect. HI pa-
pain did not result in basophil recruitment in either mouse strain.
Basophil responses (both their population expansion and

recruitment) to most stimuli, including helminth, parasite, and
papain, are dependent on IL-3–IL-3R signaling (67–69). Further,
T cells are reported to be the main source of IL-3 required for
basophil responses to be initiated (70). Consistent with these data,
basophil activation and recruitment are disrupted in lymphocyte-
deficient mice as a result of IL-3 deficiency (70). In addition,
injection of RAG1-deficient mice with papain resulted in limited
basophil migration to the draining lymph nodes (Fig. 4B). This
result raised the possibility that the failure of basophil migration
was because of loss of functional NKT cells in the PLZF-deficient
mice. We tested this by injecting CD1d-deficient mice, which are
devoid of invariant NKT cells, with papain. The results showed
that there was no difference in the frequency of recruited basophils
between CD1d KO and WT mice (Fig. 4C). Combined, these data
show that PLZF expression in basophils is important for their
response to an allergic stimulus.
After papain injection, naive CD4+ T cells in the lymph nodes

have been shown to respond to the IL-4 produced by basophils
and undergo Th2 differentiation, which requires the transcription
factor GATA3. Therefore, the frequency of GATA3+ T cells in-
directly reflects the extent of the Th2 response mediated by ba-
sophils (17). Results showed that in WT mice∼6% of T cells in
the lymph nodes expressed GATA3 after papain immunization
(Fig. 5A). The frequency of GATA3+ CD4 T cells in the draining
lymph nodes following papain injection of PLZF-deficient mice
was, however, reduced by nearly half (Fig. 5A). PLZF-expressing

NKT cells do not play a role in this Th2 differentiation response
because there was no difference in GATA3-positive CD4 T cells
in the lymph nodes of CD1d KO mice following papain injection
(Fig. 5B).

Functional analysis of basophils in PLZF-deficient mice
in vitro

The reduced basophil-mediated Th2 response in PLZF-deficient
mice was a consequence of either the decreased number of ba-
sophils or, alternatively, reduced basophil effector functions. We
considered the possibility that, like NKT cells, PLZF deficiency in
basophils might result in disrupted IL-4 production. To test this,
peripheral blood from mice was activated in vitro with either IgE
or PMA/ionomycin. Intracellular staining for cytokines in baso-
phils was done 3 h after activation. Incubation with 0.05 ng/ml of
IgE resulted in activation of basophils as measured by upregula-
tion of CD200R expression (Fig. 6A). Approximately 15% of
WT basophils produced IL-4 under these conditions. In contrast,
only∼7% of PLZF-deficient basophils produced IL-4 (Fig. 6A).
Next, we used titrated concentrations of IgE to determine whether
the sensitivity of PLZF-deficient basophils to activating signals
was reduced. The percentage of responding basophils that was
deficient for PLZF was significantly reduced at nearly every
concentration of IgE. Furthermore, we found that the dose of IgE
needed to activate PLZF-deficient basophils was∼100 times
higher than that needed for WT cells (Fig. 6B).
PMA/ionomycin was used to determine the maximal IL-4

production capacity of WT and PLZF-deficient basophils. Fewer
PLZF KO basophils responded, as measured by intracellular
staining of IL-4 (Fig. 6C). The mean fluorescence intensity (MFI)
of IL-4 was also determined as a measure of the amount of
cytokine produced by the responding cells and was found to
be∼2-fold lower (Fig. 6D). Overall, these data show that in the
absence of PLZF, fewer basophils produced IL-4, and those that
did produce the cytokine made less.

PLZF-deficient basophils have reduced IL-18R expression

To investigate the potential mechanism for reduced migration of
PLZF-deficient basophils after papain immunization, we stained
for various cytokine and chemokine receptors on basophils. Loss of
PLZF did not impact the expression levels of CD62L, CCR7, or

FIGURE 5. Differentiation of Th2 T cells is

reduced in the absence of PLZF. (A) Fifty mi-

crograms of papain was injected into the footpads

of WT or PLZF KO mice. Four days after papain

injection, the draining lymph nodes were re-

moved. Th2 differentiation, as measured by in-

tracellular staining for GATA3 in CD3+ CD4+

T cells, with the percentage positive cells shown

in the dot plots. Scatter plots show the frequency

of GATA3+ CD4+ T cells (n = 5 and 4 indepen-

dent experiments). (B) Fifty micrograms of pa-

pain was injected into the footpads of WT or

CD1d KO mice. The frequency of GATA3+ CD4+

T cells is shown in the dot plots. FACS is

representative of three independent experi-

ments. The horizontal lines in the scatter plots

indicate the mean (6SEM). **p , 0.01 de-

termined by Student t test. n.s, not significant.
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CCR9, all of which have been implicated in basophil migration
(Fig. 7A) (17, 22, 71, 72). There also were no differences in the
expression of other cell surface proteins, such as ST2, MHCII, or

CD200R, in the absence of PLZF (data not shown). Interestingly,
however, PLZF-deficient basophils were found to express lower
levels of the IL-18 receptor (Fig. 7B). These differences were

FIGURE 6. Function of PLZF-

deficient basophils. (A) Peripheral

blood from PLZF KO and WT mice

was activated with 0.05 ng/ml of IgE

for 3 h. Brefeldin A was added for the

last 2 h of activation. The cells were

made permeable and stained for intra-

cellular IL-4. CD200R was analyzed

to measure activation. Cells shown are

CD32CD192FcεRI+CD49b+. Repre-

sentative FACS plots from one of four

independent experiments are shown.

(B) Peripheral blood from WTor PLZF

KO mice was activated with in-

creasing concentrations of IgE for

3 h. The percentage of basophils

expressing IL-4 is shown. (C) Pe-

ripheral blood samples from PLZF

KO and WT mice were activated with

PMA/ionomycin for 3 h. Brefeldin A

was added for the last 2 h of activation.

The cells were then stained for intra-

cellular IL-4. Basophils were identified

as the CD32CD192FcεRI+CD49b+

population. The scatter plot shows the

frequency of basophils that produced

IL-4 under these conditions. (D) Fold

change of IL-4 MFI of the cytokine-

producing basophils from (C), normal-

ized to WT (n = 10 with five independent

experiments). *p , 0.05, **p, 0.01,

****p , 0.0001 determined by Stu-

dent t test.
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FIGURE 7. PLZF impacts IL-18R expression on basophils and their migration to the lung. (A) Expression of the indicated proteins was not altered in

PLZF-deficient spleen basophils. (B) IL-18R expression on basophils from spleen, lung, and bone marrow was reduced on PLZF-deficient basophils.

Representative FACS plots from one of four independent experiments is shown. The fold change on basophils from each of these tissues is shown in the

scatter plot (n = 8 with four independent experiments). (C) IL-18R expression is shown for spleen T cells (CD3+CD8+ or CD3+CD4+) taken from WT mice

(gray filled) or from mice ectopically expressing PLZF in all T cells. (D) The frequency of basophils in the lung, spleen, and bone marrow from IL-18R KO

and WT mice (n = 7–12 mice with three to five independent experiments). **p , 0.01, ****p , 0.0001 determined by Student t test.
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relatively small but were highly consistent in multiple tissues,
including the spleen, lung, and bone marrow (Fig. 7B). Altered
expression of IL-18R is consistent with data showing that PLZF
binds to and, possibly, directly regulates expression of Il18r1 (73,
74). Furthermore, ectopic expression of PLZF in conventional
T cells resulted in upregulation of IL-18R expression (Fig. 7C).
IL-18R–deficient mice were analyzed to determine whether al-

tered expression of this receptor impacted basophil migration. The
frequency (Fig. 7D) and phenotype of the cells from the spleen and
bone marrow was not notably altered. In the lung, however, there
was an∼30% decrease in the frequency of basophils. Therefore,
PLZF control of IL-18R may influence the ability of basophils to
migrate to some tissues.
Together, our data shows that expression of PLZF during my-

eloid lineage development is necessary for full population of
the basophil compartment. Furthermore, PLZF-deficient basophils
display decreased migration, reduced IL-4 production upon acti-
vation, and lower surface levels of IL-18R, indicating that PLZF
plays an important role in basophil trafficking and function.

Discussion
The importance of the expression of PLZF in innate-like lymphocytes,
such as NKT cells, Vg1.1; Vd6.3 gd NKT cells, ILCs, and MAIT
cells, has been well established (75). Less is known, however, about
the transcription factor’s function in myeloid lineage subsets. PLZF
has been shown to impact the early development of the myeloid
lineage cells in humans (76), but its expression and potential function
in mature myeloid lineage cell types is largely unexplored. In this
study, we found that PLZF is expressed in basophils, where it plays
an important for role both their development and function.
PLZF was found to be expressed in basophils from all tissues,

including the bone marrow, spleen, lung, and peripheral blood. As
during NKT cell development, PLZF was downregulated as BaPs
matured in the bone marrow. In the absence of PLZF, we found
an∼50–60% decrease of the cells. More interestingly, PLZF-
deficient basophils proved to have a reduced capacity to migrate
and produce IL-4. Nearly 100 times the dose of IgE was required
to induce IL-4 release in the absence of PLZF. Furthermore,
maximal IL-4 production, as determined by activation with PMA/
ionomycin, was reduced. The reduced IL-4 release, therefore,
correlated with a diminished Th2 immune response to a protein
allergen. It has been reported that IL-13 production by PLZF-
deficient ILC2 harvested from the lungs of mice treated with pa-
pain for 3 d produce somewhat less IL-13 (45). Therefore, it is
possible that reduced function of IL2s in the absence of PLZF also
impacts Th2 T cell differentiation. Overall, the data suggest that
PLZF impacts the lymphocyte contribution in type 2 immune
responses both by cell-intrinsic and cell-extrinsic means.
In humans with fatal asthma, there often is an increased infil-

tration of basophils into the lung (77). In mouse asthma models,
basophils have been shown to mediate early phase airway ob-
struction (78). Therefore, the control of basophil migration
and activation by PLZF might play a role in the pathogenesis of
asthma. In support of this, our results showed that PLZF-deficient
basophils have reduced levels of IL-18R and that loss of this re-
ceptor impacted basophil migration to the lung. IL-18 is a pleio-
tropic cytokine produced by macrophages, Kupffer cells, as well
as epithelial cells such as keratinocytes (79, 80). Previous studies
have shown that IL-18 combined with IL-3 stimulates large
amounts of IL-4 and IL-13 production by basophils in vitro (79).
Injection of IL-18 in mice has been shown to increase IL-4
production by basophils, recruit Ag-induced eosinophils, and
increase Th2 cytokines in the lung (12, 81, 82). Recently, it was
shown that IL-18 signaling is necessary for the response of

PLZF-expressing NKT cells to influenza infection in the lung
(83). Perhaps, therefore, activation by IL-18 signaling is a common
feature of lung NKT cells and basophils. This interpretation may,
however, not apply to humans, in which it has been shown that,
although basophils express high levels of IL18R in vitro, they do not
obviously respond to IL-18 (84).
In the absence of PLZF, basophil numbers were significantly

decreased. PLZF has been shown to regulate development of
human cord blood–derived myeloid progenitor cells by tran-
scriptional modulation of key transcription factors, including GFI-1,
C/EBPa, LEF-1, DUSP6, and ID2 (38, 85). The maturation of
basophils also requires C/EBPa, suggesting a possible mechanism
for the control of basophil development by PLZF.
Collectively, our data showed that the transcription factor PLZF

regulates the development and function of basophils. Although,
there is not a complete loss of basophil effector functions, the
reduction in IL-4 production in response to a protein allergen is
sufficient to blunt Th2 immunity. With a cell-intrinsic role in
controlling the NKT cells, ILC2, and now a cell-extrinsic role that
impacts Th2 cell development, PLZF is emerging as a major
regulator of the overall type 2 immune response. Interestingly, data
show that variations in the expression levels of PLZF have major
impacts on cell function (62, 86). Therefore, subtle variations in
PLZF expression in the human population could be associated
with the efficiency of clearing various pathogens and parasites. In
addition, the control of IL-18R expression, which we show in-
fluences migration of basophils to the lung, implies that variations
in PLZF expression might also impact susceptibility to asthma.
Overall, our results further elucidate the transcriptional regulation
of basophil functions, which helps for better understanding of the
role of basophils in the prevention and control of disease.
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Supplemental Figure 1. Comparison of PLZF expression levels in myeloid 
progenitor lineages.  All populations were identified according to the gating outlined 
in Supplemental figures 2 and 3. Histogram overlays of cells of each lineage from WT 
and PLZF-eGFP bone marrow are shown. Scatter plots show results from individual 
mice. Basophil and mast cell histograms show data from experiments with >5 fold 
change. Three independent experiments; 5 biological repeats. 
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Supplemental Figure 2. Gating of Myeloid Progenitor Lineages. a) Identification of 
the individual myeloid progenitor populations included selection of live single cells that 
were CD45.2+ from bone marrow. b) Common myeloid progenitor (CMP) cells were 
identified as lineage-, Sca1-, CD34+, cKit+, and CD16/32-.  Granulocyte-monocyte 
progenitors (GMP) were identified as lineage-, Sca1-, CD34+, cKit+, and CD16/32+.  c) 
Eosinophil progenitors (EoP) were identified as lineage-, Sca1-, CD34+, cKit-, and 
CD125+.  c) Common monocyte progenitors (CMoP) were identified as lineage-, Sca1-, 
CD115+, cKit+, Flt3-, and Ly-6C+.  Monocyte-macrophage-dendritic cell progenitors 
(MDP) were identified as lineage-, Sca1-, CD115+, cKit+, Flt3+, and Ly-6C-. Dot plots 
shown are representative of three independent experiments and 5 biological replicates. 
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Supplemental Figure 3. Gating of basophil and mast cell lineages.  All 
populations were first gated according to the strategy outlined is Supplemental 
Figure 2a.  a) Basophils (Bas) were identified as lineage-, CD49b+, cKit-, and 
FceR1+.  b) Mast cells (Mast) were identified as as lineage-, CD11b-, cKit+, and 
FceR1+. c) Basophil progenitors (BaP) were identified as CD34+, lineage-, cKit-, 
IL-33Rlow, Intb7low, and FceR1+. d) Mast cell progenitors (McP) were identified as 
lineage-, cKit-, Intb7+, FceR1-, IL-33R+, and Intb7+. Dot plots shown are 
representative of three independent experiments and 5 biological replicates. 
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Supplemental Figure 4. Fate mapping PLZF expression with PLZF-Cre BAC and the 
floxed-stop ROSA26 ZsGreen allele. As expected, ZsGreen expression was observed 
in nearly all PLZF expressing cells, which include thymus and spleen NKT cells. Distinct 
from data we previously reported using a floxed-stop ROSA26 tdTomato allele, 
expression of ZsGreen was rare in double positive (CD4+CD8+) thymocytes, B cells and 
MHCII+ cells. Some CD4SP and CD8SP thymocytes and some CD4+ and CD8+ T cells 
were labeled. Data are representative of 5 repeats. Similar experiments with mice 
carrying a floxed-stop ROSA26 YFP allele showed incomplete expression of YFP in PLZF 
expressing cells, such as NKT cells (data not shown).   
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