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ABSTRACT
In human basophils from different subjects, maximum
IgE-mediated histamine release and the level of syk pro-
tein expression correlate well. It is not clear when in the
basophil’s lifetime the set-point for syk expression is
reached or how expression levels are determined for a
given individual. An examination of syk expression in pe-
ripheral blood eosinophils, neutrophils, monocytes, B and
T cells, DCs, and NK cells showed that with the exception
of T cells, basophils were unique in expressing low levels
of syk. No correlations were observed between syk ex-
pression in basophils and other types of leukocytes, sug-
gesting a unique mechanism of regulation for basophils.
The expression level of syk in CD34� progenitors was
�11-fold higher than in peripheral blood basophils, and it
remained at this level during maturation of the cells in
IL-3 to a cell with characteristics of peripheral blood ba-
sophils. Down-regulation of syk expression in the culture-
derived basophils was induced by culturing under condi-
tions of chronic aggregation of Fc�RI. Syk was down-reg-
ulated to peripheral blood basophil levels in 50% of the
cells. Despite the chronic aggregation of Fc�RI, the cells
retained the same expression of Fc�RI, histamine con-
tent, and morphological staining of granules as cells not
experiencing chronic aggregation. These results suggest
that chronic stimulation through Fc�RI during basophil
maturation might be a mechanism for down-regulating
syk expression, while retaining other characteristics as-
sociated with mature peripheral blood basophils. J. Leu-
koc. Biol. 87: 000–000; 2010.

Introduction
For human basophils, the maximum histamine release that
can be obtained when stimulating through the high-affinity
IgE receptor (Fc�RI) varies among individuals and is by and
large a relatively stable characteristic of an individual’s ba-
sophils [1–3]. Previous studies of human basophils have shown

that the level of syk, a critical early signaling tyrosine kinase,
largely determines the extent of histamine release [4–6], but
the exact mechanism by which the natural variation in syk
arises is largely unknown.

Currently, there are three known mechanisms to modulate
the natural levels of syk in peripheral blood basophils: incuba-
tion with IL-3 [4, 6–8], IgE-dependent stimulation [6, 9–13],
and non-IgE-dependent stimulation [9]. There is also a recent
study that demonstrates a relationship between the expression
levels of mRNA for syk and syk protein levels, which suggests
that there are some pretranslational regulatory mechanisms.
As such, some of these mechanisms of syk expression regula-
tion might be shared with other leukocytes. A limited study of
syk expression in B cells, eosinophils, and neutrophils indi-
cated similar levels of syk expression in two groups of subjects:
releaser and nonreleasers [4], and syk expression in basophils
was not similar. However, there have been no prior broad
studies of the relationship between syk expression in human
basophils and other circulating leukocytes. In the broader pop-
ulation, syk expression in basophils may not be uniquely vari-
able, and there may be correlated levels of syk expression
among other leukocyte types, particularly in those that also
express the high-affinity IgER, such as pDCs or monocytes. In
addition, there have been no studies examining the relation-
ship between CD34� progenitors and the circulating leuko-
cytes that they ultimately generate. Finally, the current models
for generating basophils from these CD34� progenitors have
not been examined for their relative syk expression, and these
may prove useful models to explore regulation of syk expres-
sion in basophils as it occurs during maturation.

Despite significant differences in syk expression, peripheral
blood basophils generally retain a common phenotype: the
presence of high-affinity IgER, whose expression level is sensi-
tive to the presence of circulating IgE; 1–1.5 pg histamine/
cell; and morphological staining for granules such as that ob-
served with Alcian blue staining. Therefore, any proposed ex-
planation for the diversity of syk expression would not be
expected to alter these basic phenotypic characteristics. The
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current studies also explored control of syk expression during
basophil maturation from CD34� progenitors, a previously
unexplored period of time for syk regulation.

MATERIALS AND METHODS

Reagents
The following were purchased: PIPES, BSA, EDTA, D-glucose, and
erythrosin B (Sigma-Aldrich, St. Louis, MO, USA); crystallized HSA (Miles
Laboratories, Elkhart, IN, USA); FCS (BioWhittaker, Walkersville, MD,
USA); Percoll (Pharmacia, Piscataway, NJ, USA); Dulbecco’s PBS, Stem-
Pro-34 serum-free medium with nutrient supplement, L-glutamine, and
penicillin/streptomycin (Gibco/Invitrogen, Carlsbad, CA, USA); rhIL-3
(BioSource, Camarillo, CA, USA); anti-syk mAb (4D10, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA); anti-fMLP-R mAb (350418, R&D Systems,
Minneapolis, MN, USA); anti-c-kit/CD117 (A3C6E2) PE-conjugated and
anti-BDCA-2/CD303 (AC144) FITC-conjugated mAb (Miltenyi Biotec; Au-
burn, CA, USA); anti-CD14 (2D-15C) mAb (Chemicon, Victoria, Australia);
anti-IL-3R/CD123 (9F5) PE-conjugated, anti-CD3 (SK7) FITC-conjugated,
anti-CD19 (HIB19) FITC-conjugated, and anti-CD56 (NCAM16.2) PE-conju-
gated mAb and mIgG1 (MOPC-21) FITC-conjugated and mIgG2b (27-35)
PE-conjugated isotype controls (BD Biosciences, San Jose, CA, USA);
mIgG1 PE-conjugated and purified mIgG2a isotype controls (Caltag/Invitro-
gen, Carlsbad, CA, USA); purified mIgG1 isotype control (Zymed Laborato-
ries/Invitrogen, Carlsbad, CA, USA); anti-CD9 (ALB6) FITC-conjugated
and anti-CD16 (3G8) PE-conjugated mAb (Beckman Coulter, Fullteron,
CA, USA); anti-mIgG1-Alexa647, anti-mIgG2a-Alexa647, and anti-mIgG2a-
and anti-mIgG2b-Alexa488 secondary antibodies (Molecular Probes/Invitro-
gen, Carlsbad, CA, USA); and anti-hIgE monomeric IgM (6061P; Hybrid-
oma Reagent Lab, Baltimore, MD, USA). The anti-Fc�RI� antibody 22E7
was a gift from Hoffman-LaRoche (Nutley, NJ, USA). The anti-gp120 pep-
tide-specific hIgE SE44 was a gift from Tanox Inc. (Houston, TX, USA).
The polyclonal goat anti-hIgE antibody was prepared as described [14].
RBL-SX38 cells (RBL cells transfected with hFc�RI���) were developed
and provided by Dr. Jean-Pierre Kinet (Harvard University, Cambridge,
MA, USA).

PAG buffer consisted of 25 mM PIPES, 110 mM NaCl, 5 mM KCl, 0.1%
glucose, and 0.003% HSA. Labeling with antibodies for flow cytometry was
conducted in PAG with 1 mM EDTA containing 0.25% BSA in place of
0.003% HSA.

Alcian blue staining, histamine content, and histamine
release
Basophils were detected by Alcian blue staining [15]. For progenitor cul-
tures, only intact cells were analyzed for Alcian blue staining. Intact cells
(20,000–40,000) were lysed in 1.6% perchloric acid and analyzed for hista-
mine content by automated fluorimetry [16]. Histamine content is given as
“pg/blue cell,” where the number of blue cells � (fraction blue�intact cell
count). This measurement was found to be noisy, most likely as a result of
the greater difficulty clearly identifying cells as Alcian blue-positive in the
CD34-derived cultures.

At Day 21, a portion of cells was resuspended in PAG supplemented with 1
mM CaCl2 and 1 mM MgCl2 and stimulated with the anti-Fc�RI antibody 22E7
(1:100,000 final) in the presence of a goat anti-mouse F(ab�)2 secondary anti-
body (10 �g/ml; 22E7 antibody induces release without a secondary antibody,
but release is considerably weaker than release with secondary antibody) or
100 nM fMLP peptide for 45 min. Supernatants were analyzed for histamine
content. Total cellular histamine content was obtained by a 1.6% perchloric
acid lysis.

Analysis of surface markers by flow cytometry
All analysis was performed on a BD FACSCalibur flow cytometer. For sur-
face marker comparisons, purified (�99%) peripheral blood basophils

were obtained from residual cells of normal donors undergoing leuka-
pheresis, as described previously [17]. IL-3R expression was measured on
basophils during the measurement of syk in leukocytes (see below). Dr.
Peter Peachell (University of Sheffield, UK) provided Percoll-enriched hu-
man lung mast cells. Fc�RI and fMLP-R expression levels were detected
using the anti-Fc�RI antibody 22E7 and the anti-fMLP-R antibody and an
appropriate conjugated secondary antibody. For the expression of c-kit,
cells were stained with an anti-c-kit PE-conjugated antibody, then fixed, and
stored in PBS with 5% FCS until analyzed.

Analysis of syk protein expression by intracellular
flow cytometry
The measurement of syk protein expression by flow cytometry using the
anti-syk antibody 4D10 has been described previously and validated with
respect to standard Western blotting [9, 18]. This method has been used
on impure as well as purified cell fractions with equivalent results. Syk pro-
tein expression is reported as normalized net MFI, the difference between
4D10 and isotype-labeled cells corrected for instrument variability using
CaliBRITE allophycocyanin calibration beads (BD Biosciences). To exam-
ine the relationship between Fc�RI and syk expression, the cells were la-
beled after fixation with CRA-1 antibody (a mIgG2b anti-hFc�RI� mAb,
eBioscience, San Diego, CA, USA). After one wash and permeabilization
(as described above), the cells were labeled with 4D10 (a mIgG2a) anti-
body. Secondary antibodies were an anti-mIgG2b-Alexa488 and an anti-
mIgG2a-Alexa647.

Quantitative real-time PCR for syk mRNA expression
Total RNA was extracted from 0.25 � 106 intact cells using a HighPure
RNA isolation kit (Roche Diagnostics, Indianapolis, IN, USA), according to
the manufacturer’s instructions. Integrity of the samples was measured on
an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA); the
RIN ranged from 6.6 to 8.3. A pilot survey established that a RIN �4 did
not alter the measurement of syk mRNA. Samples were analyzed using a
TaqMan primer/probe set (Applied Biosystems, Foster City, CA, USA) with
primers to the human syk cDNA sequence [19]. The forward PCR primer
was 5�-AGCAGAAGCAAATGTCATGCA-3�, and the reverse PCR primer was
5�-CCTCGCATATCCCGATCATC-3�. The probe sequence was 5�-CAGCTG-
GACAACCCGTACATCGTGC-3�. Samples (1/14th of the total RNA) were
run in duplicate and analyzed by a one-step PCR protocol, which included
a 30-min reverse-transcription step and 40 cycles of replication. Syk expres-
sion is given relative to a 50-ng sample of Jurkat total RNA (Stratagene, La
Jolla, CA, USA) that was included on each PCR plate to normalize samples
run on different plates. The average efficiency per cycle of replication was
equal to 1.95 � 0.04 based on twofold serial dilutions of Jurkat RNA.

Differentiation of basophils from CD34� progenitors
Frozen G-CSF-mobilized peripheral blood CD34� progenitors were pur-
chased from the lab of Dr. Shelly Heimfeld (Fred Hutchinson Cancer Re-
search Center, Seattle, WA, USA). To generalize syk-level measurements in
progenitors, CD34� obtained from bone marrow and cord blood was pur-
chased from Stem Cell Technologies (Canada). After thawing, cells were
resuspended at a cell density of 0.3–0.7 � 106 cells/ml in StemPro serum-
free medium (Gibco/Invitrogen), which contained the provided nutrient
supplement, 2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml strepto-
mycin, and 5 ng/ml rhIL-3 (“complete StemPro-34”). Cells were kept at
37°C with 5% CO2. Cell counts and viability were checked each week by
erythrocin B staining, and freshly prepared media were added so that the
total volume was doubled.

Stimulation of differentiating basophils with anti-IgE
For experiments in which basophils were grown in the presence of a
chronic aggregating stimulus, thawed CD34� progenitors were resuspended
in complete StemPro-34 media and split into four flasks. Control cells re-
ceived media alone. The anti-gp120 peptide-specific hIgE SE44 was added
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to the other three flasks at a final concentration of 500 ng/ml (2.6 nM).
Two of the flasks also received the anti-hIgE IgM antibody 6061P at two
different IgE:anti-IgE ratios: 42 ng/ml (0.26 nM) or 210 ng/ml (1.3 nM)
for a 10:1 and 2:1 ratio of IgE:anti-IgE, respectively. The concentrations of
each reagent were kept constant throughout the culture, starting from Day
0. Previous studies have shown that IgE is stable in culture for at least 1
week [20], but the stability of the IgE:anti-IgE conjugate in these cultures is
not known. Fc�RI and syk expression were measured at Day 21.

Stimulation of CD34-derived basophils with anti-IgE
CD34-derived basophils, grown in the absence of IgE or anti-IgE, were sen-
sitized with the hIgE SE44 (5 �g/ml in PAG) for 1 h on ice, washed with
PAG, and resuspended in complete StemPro-34 media. One-half of the
cells received media alone, and the other half received anti-hIgE antibody
6061P at a final concentration of 0.5 �g/ml. Cells were incubated at 37°C
for 18 h and then analyzed for syk expression.

Analysis of syk expression in peripheral blood
leukocytes
To analyze syk protein expression simultaneously in peripheral blood cells,
a small amount of blood (10 ml) was obtained by venipuncture from do-
nors at the Johns Hopkins Asthma and Allergy Center (Baltimore, MD,
USA). Recruitment was quasi-random; there were no specific exclusion cri-
teria other than those specified by good practice for blood drawing. The
mean age was 44 (25–60), and 56% were female. With respect to atopy,
subjects were simply asked if they had any known allergies after the study
was complete; 25% reported having allergies to common antigens (animal
danders, aeroallergens, insects). A medication history was not obtained.

Blood samples were partially enriched using a two-step Percoll (53%/
62%) gradient [17]. After separation, cells at the first interface (containing
monocytes and pDCs) and the second interface (containing lymphoyctes
and basophils) were washed separately, resuspended in PAG, and kept on
ice until further use. RBCs were removed from the pellet containing neu-
trophils and eosinophils by hypotonic lysis. Each cell fraction had �90%
viability.

Approximately 0.5 � 106 total cells from the appropriate cell fraction
were taken for each cell type and analyzed for syk expression. The appro-
priate gating antibody was included for each cell type. In preliminary ex-
periments, a separate aliquot of cells was stained with an appropriate iso-
type control to determine which cells were positive for a given cell marker.
Expression of surface markers was generally stable between donors, so
these controls were eliminated from further experiments. The following
phenotypes were used to identify each cell type: pDCs, IL-3R�/BDCA-2�;
monocytes, CD14�; basophils, IL-3R�, BDCA-2neg; T cells, CD3�; B cells,
CD19�; NK cells, CD56hi/CD3neg; eosinophils, CD9�; neutrophils, CD16�.
In some cases, forward-/side-scatter was also used to isolate the cell type
before gating on surface marker expression.

Statistics
Where comparisons were made, mean and sem are shown. CV (sd/mean)
is noted for population distributions. Correlation coefficients, Pearson R,
were calculated for the syk expression levels in leukocytes. As 28 compari-
sons were made in the leukocyte study, a Bonferroni correction was ap-
plied; � � 0.05/28 � 0.0018 as the threshold for statistical significance.

RESULTS

Relationship of syk expression in CD34� progenitors
and leukocytes
Syk has been implicated in a wide variety of signal transduc-
tion cascades in most cells of the immune system. However,
syk has not been measured quantitatively or comprehensively
in circulating leukocytes. Syk was measured in the predomi-

nant subsets of leukocytes to determine whether there was a
correlation between syk levels in basophils and other leuko-
cytes, whether the variation in syk expression observed in ba-
sophils could be found in other leukocytes, and whether there
was a unique relationship between progenitors and the syk lev-
els in peripheral blood basophils. Syk protein was measured
simultaneously in the peripheral blood leukocytes of 16 do-
nors using a flow cytometric method. Although we have exten-
sively validated the flow cytometric method of measuring syk
in basophils [9, 18], the method was validated further for
other types of leukocytes. In pilot studies, the relative levels of
syk measured by flow cytometry were compared with those
measured by Western blotting of purified pDCs, basophils, and
neutrophils and were found to be the same as those assessed
by flow cytometry (Fig. 1A).

The level of syk in other peripheral blood leukocytes was
markedly higher than peripheral blood basophils, with the ex-
ception of the peripheral blood T cell population that had a
small but measurable level of protein (Fig. 1B). The variation
in the expression of syk among the 16 donors was highest for
the basophils, based on CV � 0.582, which is consistent with
previous basophil survey studies [6]. In contrast, all of the

Figure 1. Expression of syk in peripheral blood leukocytes and CD34�
progenitors. (A) Western blot of syk expression in lysates of basophils,
neutrophils, and pDCs. The cell number equivalents added to each
lane are indicated. The notation “Std1” is a pool of purified basophil
lysates that is used to standardize Western blots. (B) Peripheral blood
leukocytes from 16 donors were screened for their expression of syk
by intracellular flow cytometry after partial enrichment of the cells
using sedimentation gradient centrifugation and labeling with the ap-
propriate gating antibodies. Syk protein expression is given as the av-
erage normalized MFI � se. The dotted line represents the level of
syk found in the CD34� progenitors. (C) Measurements of syk pro-
tein expression in CD34� progenitors (n�9).
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other cell types displayed narrow distributions (see Table 1)
using ANOVA to test for equal variance for the types of leuko-
cytes; basophil variance differs from other cells (P�0.0001),
NK cells differ from monocytes and pDC, but all other pair-
wise comparisons are not different. There were no correlations
between the expression of syk in basophils and any of the
other leukocytes, suggesting that basophils have a unique
mechanism to establish expression levels in the terminally dif-
ferentiated cell. It was noted that there was a modest correla-
tion coefficient for syk expression between pDCs and eosino-
phils (R�0.604; P�0.0133), between monocytes and eosino-
phils (R�0.614; P�0.0114), and between pDCs and monocytes
(R�0.486; P�0.0564). However, with a Bonferroni correction
for multiple comparisons, these P values are not considered
significant.

The amount of syk was �11-fold higher in CD34� progeni-
tors than in peripheral blood basophils but similar or less than
syk expression in other types of leukocytes (Fig. 1C). Similar
levels were found for cord blood and bone marrow CD34�

cells (data not shown). There was little variation in expression
between the donor sources of CD34� cells (CV�0.13).

Phenotypic characteristics of culture-derived
basophils
A commonly used model of human basophil maturation is to
culture CD34� progenitors in IL-3 for 3 weeks [21–23]. This
model was tested for its expression of syk during the transition
to basophil-like cells. To characterize this model system, the
expression of basophil surface markers (Fc�RI, fMLP-R, IL-
3R), Alcian blue staining, histamine content, and functional
responses was monitored throughout the culture to establish
the phenotype of the cells and compare it with that of periph-
eral blood basophils. Progenitor cells from five different do-
nors were used for these experiments. Each experiment repre-
sents the use of cells from one particular donor, and n repre-
sents the number of different 3-week cultures in which the
marker was measured. Thus, the markers were measured more
than once/person in some cases. At Day 21, the cultures were
a mixture of viable cells, intact cells that were dead or dying
based on erythrosin B staining, and cellular debris. For sur-
face-marker measurements by flow cytometry, only viable cells
were analyzed using propidium iodide to gate out dead cells

and debris where possible. In a subset of the experiments, full
time-courses of marker expression were obtained to assess the
number of cells staining positive and the absolute expression
levels of the marker.

CD34� progenitors did not express any measurable Fc�RI
and did not stain with Alcian blue on Day 0. By Day 21, the
majority of cells was Alcian blue� (65�6%, n�8) and Fc�RI�

(70�5%, n�10) and expressed an average of 20,800 � 4700
Fc�RI molecules (Fig. 2B, left panel, range 3000–48,000). In
fact, Alcian blue staining and Fc�RI expression were observed
in approximately half of the cells by Day 7 (41�7% and
52�8%, respectively), which demonstrates early differentiation
of the cells to the basophil lineage (Fig. 2A). The appearance
of Fc�RI by Day 7 is consistent with the detection of Fc�RI�
transcripts after 1 week of culture [25]. Kinetically, Fc�RI ex-
pression at Days 7 and 14, relative to Day 21, was 0.76 � 0.4
and 1.24 � 0.48 (n�2). The median histamine content of the
CD34-derived basophils at Day 21 was 1.2 pg histamine/blue
cell (n�9; mean was 1.57�1.07), compared with 1.3 pg/cell in
peripheral blood (see below). It was also noted that the ex-
pression of Fc�RI on CD34-derived cells was broader than on
peripheral blood basophils, although the distribution was still
unimodal (Fig. 2B, right panels).

To confirm that the Fc�RI�/Alcian blue� cells at Day 21
were basophil-like, three additional surface markers were ex-
amined. Expression of fMLP-R lagged behind that of Fc�RI;
only 16 � 6% of the cells were positive at Day 7, but the per-
centage of cells expressing this marker reached that of Fc�RI
by Days 14 and 21 (Fig. 2A). The absolute expression level for
fMLP-R also lagged at Day 7 and was two- to threefold lower
than the expression on Day 21 (data not shown). As shown in
Figure 2C, fMLP-R expression (given as MFI) on CD34-derived
basophils at Day 21 was similar to the expression on periph-
eral blood basophils (147�21 MFI vs. 155�38 MFI). Expres-
sion of IL-3R was measured on fixed cells during the analysis
of syk protein expression (see Materials and Methods). The
CD34� progenitors were 73 � 15% positive for a small level of
IL-3R at Day 0 (Fig. 2, A and D). In two time-courses mea-
sured, the percentage of cells expressing IL-3R dropped to
30 � 1% at Day 7, and the absolute expression level of the
receptor increased �7.5-fold from Day 0. The fraction of cells
expressing IL-3R also reached a plateau at 98 � 1% and

Table 1. Correlation of Syk in Leukocytes

CV Monocytes Basophils T cells B cells NK cells Eosinophils Neutrophils

pDCs 0.106 0.486 –0.450 –0.358 0.285 –0.185 0.604 0.123
Monocytes 0.102 –0.077 –0.003 0.331 0.112 0.614 0.402
Basophils 0.582 0.004 0.058 0.436 –0.063 –0.094
T cells –0.506 –0.210 –0.424 0.211
B cells 0.165 0.177 0.412 0.074
NK cells 0.283 0.250 –0.228
Eosinophils 0.165 0.201
Neutrophils 0.228

Column 1, labeled CV, is the CV for each cell type examined in the 16-subject survey. The remainder of the table indicates the pairwise Pearson
R correlations among the syk expression levels found for the different types of leukocytes. Numerals in bold have P values �0.05 for the particular
comparison, but with a Bonferroni correction for these 28 comparisons (��0.0018), they are not statistically significant.
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96 � 3% between Days 14 and 21 (Fig. 2A), and the final
level of receptor expression was the same as peripheral
blood basophils (317�94 MFI vs. 363�223 MFI; Fig. 2D).
Interestingly, expression of fMLP-R and in particular, IL-3R
was bimodal in some cultures at one or more time-points
(more often for IL-3R than fMLP-R and mainly at Days 7
and 14, but it was also observed at Day 21 for IL-3R). As
IL-3R was measured simultaneously with syk, it was possible
to assess how syk expression tracks with IL-3R under some
conditions (see below).

The receptor for stem cell factor c-kit is expressed on hema-
topoietic progenitors [26]. Although mature mast cells are c-
kit�, basophils only express a low level of this marker [27].
Expression of this cell-surface marker was low on CD34-derived

basophils at levels similar to peripheral blood basophils (10�4
MFI vs. 8�1 MFI, respectively) and almost 40-fold lower than
the expression of c-kit on human lung mast cells (394�76
MFI; Fig. 2E). CD34� progenitors had approximately threefold
more c-kit than the basophils (31�1 MFI).

The analysis of surface markers suggests that the majority of
cells is Fc�RI�/fMLP-R�/IL-3Rhigh/c-kitlow by Day 21. Further-
more, these cells are functionally responsive, releasing hista-
mine upon stimulation through Fc�RI or fMLP-R (Fig. 2F).
Thus, by these markers, the CD34-derived basophils are phe-
notypically similar to peripheral blood basophils. The predom-
inant morphology is a cell with variably sparse granules and
bi-lobed/kidney bean-shaped nuclei, consistent with the mor-
phology of peripheral blood basophils, but the cultures are

Figure 2. Phenotypic characterization of CD34-derived basophils. Progenitor cells from five different donors were used for these experiments.
(A) Time-course for the appearance of basophil markers as assessed by flow cytometry and Alcian blue staining, represented as the fraction of cells
positive for a particular marker; Alcian blue (n�8), Fc�RI (n�2), fMLP-R (n�3), and IL-3R (n�2). (B) Expression of Fc�RI on CD34-derived ba-
sophils (n�10), expressed as the number of receptors (i) and comparison of Fc�RI expression on peripheral blood basophils (ii) versus CD34-
derived basophils (iii). Solid, Anti-Fc�RI; outline, isotype control. The number of Fc�RI receptors was calculated based on previous calibration of
the flow data to the amount of IgE that could be eluted from the peripheral blood basophils [24]. (C) Expression of fMLP-R on CD34-derived
basophils (n�4) versus peripheral blood basophils (n�3). (D) Expression of IL-3R on CD34� progenitors (n�4) versus CD34-derived basophils
(n�4) and peripheral blood basophils (n�15). (E) Expression of c-kit on CD34-derived basophils (n�2) versus CD34� progenitors (n�3), periph-
eral blood basophils (n�3), and human lung mast cells (n�4). (F) Histamine release of CD34-derived basophils in response to an optimal con-
centration of anti-Fc�RI antibody (n�4) and fMLP peptide (n�3).
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heterogeneous with respect to cell size and the degree of stain-
ing with Alcian blue.

Cell division
Progenitors were labeled with 1 �M CFSE in PBS containing
5% FCS at Day 0, and the number of divisions in the viable
cell population (determined by propidium iodide staining)
was assessed on Day 7. In a separate culture, CFSE was added
on Day 7 and the number of divisions assessed on Day 14. In
both cases, flow cytometry identified four to five populations
with different levels of CFSE (as analyzed by FlowJo), suggest-
ing that four to five divisions occurred between Days 0 and 7
and Days 7 and 14, for a total of eight to 10 divisions (data
not shown).

Expression of syk in CD34-derived basophils
In the standardized flow cytometric procedure [9, 18], the av-
erage level of syk protein in peripheral blood basophils corre-
sponds to a MFI of 110 � 16 (see Fig. 1A). However, syk ex-
pression during the maturation of CD34 progenitors to the
basophil-like cells discussed above did not change throughout
culture (Fig. 3A, 1092�47 MFI; P�0.23; paired t-test) with lit-
tle variance between preparations.

The levels of syk mRNA were measured by quantitative real-
time PCR in the Day-0 and Day-21 samples (Fig. 3B). The dif-
ference between Day 0 and Day 21 mRNA levels was margin-

ally significant (0.55�0.13 vs. 0.26�0.04; P�0.0494 by paired
t-test). The level of syk mRNA in peripheral blood basophils
was 0.18 � 0.02. This method could not distinguish between
the basophils at Day 21, which were phenotypically closer to
maturity, and the immature basophils or nonbasophils, which
are in these asynchronous cultures. Relative to Day 0 CD34�

progenitors, peripheral blood basophils show about one-third
the level of syk mRNA. This raised the question of whether the
syk mRNA was a relatively stable species in mature basophils.
In separate experiments, purified peripheral blood basophils
were incubated with and without actinomycin D and syk
mRNA levels measured for a period of 4 h. In the presence of
actinomycin D, mRNA for syk decayed with a half-life of 2 h
(data not shown), suggesting a dynamic turnover.

Down-regulation of syk in basophils grown in the
presence of a chronic aggregating stimulus
CD34-derived basophils grown in IL-3 alone did not down-reg-
ulate their syk to peripheral blood basophil levels. Previous
studies have demonstrated that syk expression can be down-
regulated by aggregation of Fc�RI [10, 11, 13]. For reasons to
be discussed, we hypothesized that if the cells were grown in
the presence of a stimulus capable of chronically aggregating
Fc�RI during maturation, such as an IgE and anti-IgE pair, the
high levels of syk observed in the progenitor cells and CD34-
derived basophils could be down-regulated without altering
other phenotypic characteristics that describe basophils.

The IgE chosen was a monoclonal rhIgE that has been
shown previously not to induce detectable signaling upon
binding to Fc�RI [28]. The concentration (500 ng/ml) was
sufficient to allow modest Fc�RI up-regulation [29]. In some
cultures, a monomeric IgM anti-hIgE antibody was also in-
cluded. IgG mAb were avoided as a result of their ability to
interact with the low-affinity IgGR, Fc�RIIb [28] (which led to
the avoidance of anti-receptor antibodies). To establish
chronic receptor aggregation without disturbing the cells
during culture, a fixed ratio of IgE and anti-IgE was used for
the entire 3 weeks. To estimate a ratio that would generate
stimulation in these cultures, RBL-SX38 cells expressing
hFc�RI were stimulated with several different ratios of IgE:anti-
IgE. A 2:1 ratio of IgE:anti-IgE induced the greatest release of
histamine. A 10:1 ratio of IgE:anti-IgE did not induce hista-
mine release from the RBL-SX38 cells but was also included in
the CD34-derived basophil experiment, as prior studies of the
loss of syk in peripheral blood basophils show that syk loss can
be induced with a weak stimulus that does not induce hista-
mine release [6, 13].

Binding of IgE to Fc�RI prevents the removal of the recep-
tor from the cell surface, thus allowing the cell to accumulate
more Fc�RI [29]. Cells cultured in the presence of IgE showed
approximately threefold higher average expression of Fc�RI at
Day 21 (Fig. 4A). Fc�RI expression on the cells grown in the
presence of IgE:anti-IgE was not statistically different from
those grown in IgE alone, indicating no significant loss of the
receptor over the 3-week culture.

The presence of IgE alone did not alter the levels of syk at
Day 21 in the CD34-derived basophils compared with the con-
trol cells, and there was a unimodal distribution of syk in these

Figure 3. Syk expression in CD34� cells cultured in IL-3 for 3 weeks.
(A) Weekly measurements of syk protein expression as measured by
intracellular flow cytometry of CD34� cells cultured in IL-3 (n�4).
The inset in A is a Western blot showing syk expression in peripheral
blood basophils (PBB), CD34� progenitors (D0), and Day 21 (D21)-
cultured, derived basophils. The number of cell equivalents (�10	3)
loaded into each lane is designated by “cell #”. (B) Syk mRNA expres-
sion as measured by quantitative real-time PCR (n�5). Syk mRNA lev-
els are expressed relative to the expression of syk in a Jurkat RNA to-
tal sample, which was used to normalize samples run on separate PCR
plates, and represent mRNA levels in intact cells (which includes in-
tact but nonviable cells). The solid line and gray region around the
line represent the average � sem level of mRNA in peripheral blood
basophils (0.18�0.02 units).
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cells (Fig. 4B). From the flow cytometric analysis, there was no
correlation between syk and Fc�RI expression at the single-cell
level in cells incubated with or without IgE. In a separate
study, culture of purified peripheral blood basophils in the
presence of 500 ng/ml IgE resulted in a 4.0 � 0.6-fold (n�4;
P�0.02; 
Ho�1.0) increase in Fc�RI expression but did not
alter syk or lyn kinase as determined by Western blotting
(1.30�0.24- and 1.42�0.30-fold, respectively). These results
were consistent with the CD34� cultures and show that an in-
crease in Fc�RI induced by the presence of IgE was not ac-
companied by changes in two early signaling elements.

However, when IgE and anti-IgE were included in the cul-
ture medium, a bimodal distribution of syk was observed, and
one population expressed syk at levels observed in the control
cells, and the other population expressed approximately ten-
fold less syk (Fig. 4B). At the 10:1 IgE:anti-IgE ratio, 17 � 6%
of the cells gated had syk levels that were in the range of pe-
ripheral blood basophils (MFI�82�4; Fig. 4C). This effect was
more pronounced at the 2:1 ratio of IgE:anti-IgE in the num-
ber of cells expressing less syk (49�9%) and the absolute
amount of syk expressed in the down-regulated population
(MFI�37�4). The amount of syk in the remaining cells in the
10:1 and 2:1 cultures was similar to the control (Fig. 4D). Ap-
proximately 25% of the cells have low syk by Day 14 (with a
MFI�25), and 51% of the cells had down-regulated syk by Day
21 (MFI�37�4). Receptor expression in cells that had not yet
down-regulated syk was lower than in cells where syk was
down-regulated (Fig. 5), suggesting that less-mature basophils
did not yet down-regulate syk. Basophils in the cultures con-
taining the IgE:anti-IgE mixtures continued to stain with Al-
cian blue. The fraction of Alcian blue� cells in the cultures
was 68 � 10%, 75 � 7%, 79 � 2%, and 81 � 7% in the con-

trol, IgE-alone, 10:1, and 2:1 cultures, respectively (n�4). His-
tamine content was measured in two of these cultures, and
relative to the control and �IgE-alone cultures (1.0�0.29 pg/
cell), the 10:1 and 2:1 content levels were not different
(0.8�0.2- and 1.9�0.9-fold, respectively). These values were
also within the wide distribution found for the untreated cells
(see above). Thus, syk can be down-regulated in differentiating
basophils via stimulation of the IgER, and the cells retain their
phenotype with respect to the presence of granules, histamine
content, and receptor expression.

Down-regulation of syk in an 18-h culture
To determine if syk could be down-regulated in more mature,
cultured basophils in a manner similar to peripheral blood
basophils, CD34-derived basophils (grown in the absence of
any IgE or anti-IgE) were sensitized on Day 21 and stimulated
with an optimal concentration of anti-IgE antibody for 18 h.
There was only a modest loss of syk after 18 h in the culture-
derived basophils (0.78�0.08 of control cells; n�2).

DISCUSSION

This study demonstrated that with the exception of peripheral
blood T cells, syk expression in basophils is uniquely low. To
put the flow cytometric values in context, previous studies have
calibrated the syk expression in basophils so that it is possible
to state that with the flow cytometric settings used, a MFI value
of 100 is roughly equivalent to 25,000 molecules of syk/cell
[6]. CD34� progenitors expressed 11-fold more syk than cir-
culating basophils. This level was quite similar to other types
of leukocytes, most notably, eosinophils, neutrophils, and B

Figure 4. Down-regulation of syk in CD34-derived basophils cultured in the presence of a chronic aggregating stimulus. CD34� progenitors were
cultured in the presence of 500 ng/ml IgE (2.6 nM) or IgE plus anti-IgE (aIgE) at a 10:1 or 2:1 molar ratio (42 ng/ml and 210 ng/ml, respec-
tively) for the entire 3-week culture. Expression of Fc�RI and syk in the treated cells was compared with cells grown without any IgE or aggregat-
ing stimulus (control) at Day 21 of cultures. (A) Fc�RI expression. (B) Representative flow cytometry experiment in which syk levels (solid) are
measured relative to the isotype control (outline). (C) Percentage of cells in the high versus low syk populations observed for cells grown in the
presence of a chronic aggregating stimulus (n�4 for 10:1 ratio; n�3 for 2:1 ratio). The light bars represent cells that fall in the low syk expression
analysis “gate” and the dark bars, cells in the high syk expression gate. (D) Average syk levels (MFI) in the high and low syk populations. The light
bars represent the mean syk expression levels in cells “gated” for low syk expression and dark bars, mean expression levels for cells gated for high
expression.
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cells. Monocytes and pDCs express considerably more syk than
progenitors. As the majority of cells in the CD34� pool in-
cludes lineage-committed progenitors [26], this indicates that
each type of leukocyte starts out with the same relatively large

amount of syk, and for most paths of maturation, syk levels
must be maintained or up-regulated to the levels that were
measured in the terminally differentiated cells (Fig. 1). Popu-
lation variation in syk expression was minimal in other types of
leukocytes, and it was marked, as previously found, in ba-
sophils. The population variation was small in other types of
leukocytes, and although there were some apparent correla-
tions in syk expression in other leukocytes, none reached sta-
tistical significance. There were also no correlations found be-
tween basophils and other types of leukocytes. This result sug-
gests that the variation in syk expression in basophils did not
result from a shared mechanism of regulation with other leu-
kocytes.

In a separate study (manuscript in preparation), we found
that lung tissue mast cells, on average, express syk at a level
that is similar to the high end of peripheral blood basophils,
�250 MFI. Thus, like basophils, mast cells express lower levels
of syk compared with other leukocytes, which suggests that the
down-regulation of syk that occurs in basophils may be shared
with mast cells. Although the mechanism for syk down-regula-
tion is not yet understood for developing basophils, it is useful
to note that if the normal maturation of basophils simply in-
cluded a “stop synthesizing syk signal,” two to four divisions
would be sufficient to reduce syk to levels found in peripheral
blood basophils without invoking an explicit mechanism of
down-regulation. The CFSE proliferation studies indicate that
these cultures experience at least eight to 10 divisions, suffi-
cient for a putative stop synthesizing syk signal to operate
within the time-frame of the cultures. However, it is useful to
note that the levels of syk mRNA in peripheral blood basophils
are not 9–10% of CD34� progenitors but closer to one-third,
suggesting that the synthesis of the mRNA continues (in Day
21 cells, mRNA levels approached that of peripheral blood
basophils; it is possible that the asynchronous nature of these
cultures and the fact that the technique sampled all cells pre-
vented this number from being more similar). It was also
found that the decay rate of the mRNA in mature peripheral
blood basophils is as fast as the decay rate of the mRNA for
IL-4 [29], a transiently transcribed cytokine mRNA. Previous
studies have shown that syk protein is stably expressed in pe-
ripheral blood basophils and that there is little synthesis [13].
Therefore, these observations (the mRNA steady-state is dy-
namic, but protein is not synthesized), taken together, suggest
that there is translational control being exerted in the mature
basophil.

These studies then focused attention on a portion of the
basophil’s life cycle, the transition from progenitor to mature
leukocyte, which has not been studied in the context of signal
element regulation. Culture models of CD34� progenitor dif-
ferentiation do not generally produce cells indistinguishable
from their mature counterparts found in peripheral blood.
Nevertheless, the characteristics may be similar enough to ex-
plore some general principles of development. The expression
of several basophil markers on CD34-derived “basophils” was
similar to levels expressed on circulating basophils. Kepley
et al. [22] noted the presence of basophil granule protein in
basophils derived from cord blood CD34� progenitors and
found levels of �1 and �2 integrins similar to peripheral blood

Figure 5. 2-D flow cytograms for control and IgE:anti-IgE-stimulated
cultures of CD34 progenitors. After14 days of culture, cells were har-
vested and labeled with a mixture of anti-syk antibodies and anti-
Fc�RI� antibodies (see Materials and Methods). (A) Nonstimulated
cultures (no IgE and no anti-IgE antibody); two analyses are superim-
posed: The contour plot shows the 2-D distributions for the labeling
isotype control antibodies (IgG2a and IgG2b), and the gray-scale den-
sity plot shows the distribution for cells labeled with 4D10 (anti-syk)
and CRA-1 (anti-Fc�RI�). (B) Cultures containing a 2:1 mixture of
IgE:anti-IgE; two analyses superimposed as described for A. Within the
polygon gate, which is considered positive with respect to syk and
Fc�RI expression, relative to the isotype control distribution, the Pear-
son R correlation for the relationship between Fc�RI� and syk expres-
sion is R � 0.44 (n�435 cells; P�0.0001; 
Ho�0.0).
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basophils. Our culture methods followed methods published
previously used to produce basophil-like cells. Day 21 cells
generated by this method release IL-4 upon IgE-mediated stim-
ulation, and cultured mast cells do not release this cytokine
[23]. In addition, the concentration dependence for stimula-
tion with goat polyclonal anti-IgE antibody (which distin-
guishes tissue and cultured mast cells from peripheral blood
basophils) is similar to peripheral blood basophils, not mast
cells [23]. The cells generated in the current study were posi-
tive for markers known to be highly expressed on basophils
but not mast cells (IL-3R� and fMLP-R). Nevertheless, with
respect to syk expression, they were not similar to mature pe-
ripheral blood basophils. It is apparent that this model of ba-
sophil maturation distinguishes among maturation signals that
produce expression of markers such as Fc�RI, fMLP-R, hista-
mine, and granules or IL-3R and signal(s) that induce changes
in syk expression. Whether this difference reflects an inade-
quate culture environment or a missing extrinsic factor is not
clear. However, it also possible that this behavior may accu-
rately reflect maturation in vivo and that the lower syk levels
observed in mature peripheral blood basophils are regulated,
not by additional factors but by the presence, in vivo, of
chronic stimulation of some form.

There are some underlying issues that can be framed about
an immature cell just beginning to put Fc�RI onto the cell sur-
face. For example, for immature cells, it isn’t clear whether
the normal down-regulatory machinery for managing aggrega-
tion is in place, whether a low number of receptors just
emerging in a “pre-basophil” can engage signaling effectively,
and whether persistent low-level signaling (and down-regula-
tion) alters the phenotype of basophils. More specifically, we
asked whether chronic stimulation of a maturing basophil, us-
ing CD34� hematopoietic progenitors cultured in the pres-
ence of IL-3 [21–23] to differentiate into basophil-like cells as
a model, would down-regulate syk expression but not alter
other phenotypic characteristics. This latter point is important,
as in general, all subjects—atopic and nonatopic—circulate
basophils that express high levels of the receptor (concordant
with circulating IgE levels), contain histamine, and stain with
Alcian blue. If chronic aggregation were occurring in vivo, one
would conclude that it does not alter the rough phenotype of
basophils that are typically observed in circulation. In this re-
spect, these studies demonstrated that it was possible to down-
regulate the syk levels and yet maintain cell-surface Fc�RI den-
sities that were similar to those found in the presence of IgE
alone. Unlike the expectation for mature basophils stimulated
with an optimal aggregating stimulus [13], the cells did not
appear to be depleted of granules or granule contents such as
histamine (although the assessment of Alican blue staining is
crude, and this influenced the calculation of histamine con-
tent as well). Whether they are altered in less-obvious ways will
need further study.

It was also noted that the Day-21 basophils, cultured with-
out IgE and without the IgE:anti-IgE mixture, express levels
of syk, which if expressed in peripheral blood basophils,
would be equated with strong histamine release (�70%).
However, the average histamine release was only 40% (Fig.
2F). This result may reflect the asynchronous nature of

these cultures; i.e., some cells contain histamine but do not
have a fully mature signaling apparatus. With this explana-
tion, 40% histamine release would result from some cells
releasing �70%, averaged with those that could not yet re-
spond through Fc�RI. A more subtle variation on this possi-
bility is that the asynchronous nature of the cultures pro-
duces some cells that respond better to Fc�RI-mediated
stimulation and others responding better to non-Fc�RI-de-
pendent stimuli (such as fMLP). There are alternative ex-
planations. For example, syk is not the only determinant of
maximum histamine release in these cells. Even if this ex-
planation were true, it doesn’t change the relationship in
naturally mature basophils obtained from peripheral blood.
In addition, such an explanation could highlight another
technical artifact of these cultures or could indicate that the
final maturation step includes a transition from multiple
determinants of release to the single determinant found for
peripheral blood basophils.

As the manipulation of syk expression via stimulation of
Fc�RI was possible in this culture system without altering other
basophil phenotypic markers, these results raise the possibility
that exposure of maturing basophils in the bone marrow to
IgE and antigen could potentially influence syk levels in ma-
ture circulating basophils. In a recent study of omalizumab
treatment (submitted for publication), it was observed that the
down-regulation of Fc�RI that occurs during treatment with
this therapeutic [30–32] was also accompanied by an increase
in the expression of syk in peripheral blood basophils. An in-
crease in syk expression would not be expected if the cytokine
environment that might lead to increased IL-3 were sup-
pressed. Several studies of omalizumab treatment have noted
suppression of the presence of CD4-positive T cells, suggesting
that there might also be suppressed Th2 cytokines such as IL-3
[33–35]. However, in light of the current study and with
knowledge that free IgE levels and Fc�RI expression are sup-
pressed markedly following omalizumab, an increase in syk
expression is a possible outcome if there were a natural
chronic stimulation that was blunted during treatment. There
are ways that chronic stimulation could occur in vivo. For ex-
ample, many normal and atopic individuals have circulating
anti-IgE or anti-Fc�RI antibodies [36, 37]. The function of
these antibodies is unknown, but they offer the possibility that
maturing basophils experience chronic stimulation through
Fc�RI.

The kinetics of syk down-regulation in these cultures indi-
cates that significant down-regulation lags behind the appear-
ance of Fc�RI. This would suggest that the machinery of syk
down-regulation is not expressed simultaneously with Fc�RI.
However, as histamine content and Fc�RI expression also ap-
pear not to be down-regulated, the full machinery for secre-
tion may require longer than the mechanism of syk down-reg-
ulation to appear. These studies suggest that the various mech-
anisms involved in IgE-mediated secretion asynchronously
appear during maturation of basophils, leading to the suppres-
sion of syk expression and unchanged histamine content,
granule, and Fc�RI expression.
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