Src homology 2 domain-containing
inositol 5’ phosphatase is negatively
associated with histamine release to
human recombinant histamine-releasing
factor in human basophils
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Background: The human recombinant histamine-releasing factor
(HrHREF) acts as a complete stimulus for histamine release and
IL-4 secretion from a subpopulation of highly allergic donor
basophils, termed IgE+ basophils. Additionally, IgE* basophils
release histamine to other secretogues, IL-3, and deuterium oxide.
We hypothesized that IgE+ basophils were hyperreleasable.
Objective: Deficiencies in early signal transduction events
associated with FceRI lead to a nonreleasable phenotype,
whereas the Src homology 2 domain—containing inositol 5’
phosphatase (SHIP) knockout mice have hyperreleasable mast
cells. The purpose of this study was to ascertain whether a dif-
ference in intracellular signaling molecules could explain the
hyperreleasable phenotype of human IgE+ basophils.
Methods: Basophils were purified by means of double Percoll
gradients and negative selection with magnetic beads. Cell
lysates were Western blotted for the tyrosine kinases Lyn and
Syk and the phosphatase SHIP. Additionally, histamine release
to HrHRF was performed in addition to real-time RT-PCR to
investigate mRNA for SHIP.

Results: We show a striking negative correlation between the
amount of SHIP protein per cell equivalent, but not Lyn or
Syk, and maximum histamine release to HrHRF. This deficien-
cy of SHIP was observed in basophils, but not lymphocytes or
monocytes, of these IgE+ donors. Additionally, levels of mRNA
for SHIP did not differ between IgE+ and IgE- donor
basophils, which is consistent with a posttranscriptional mech-
anism of protein regulation. SHIP and phosphatidylinositol 3-
kinase reciprocally regulate phosphatidylinositol (3,4,5)
triphosphate levels. We also demonstrated that Ly294002, the
phosphatidylinositol 3 kinase inhibitor, prevented HrHRF-
induced histamine release in IgE+ donor basophils.
Conclusion: Taken together, these data suggest that the hyper-
releasability of IgE+ donors is associated with low levels of
SHIP and implicate SHIP as an additional regulator of secre-
tion in human basophils. (J Allergy Clin Immunol
2001;108:822-31.)
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The human recombinant histamine-releasing factor
(HrHRF), also known as p23 or translationally controlled
tumor protein, was initially described as a complete
secretogue for histamine and IL-4 secretion from
basophils of a subset of allergic donors.!-2 Initially, it was
thought that these donors had a certain type of IgE,
termed IgE+, that interacted with HrHRF to induce secre-
tion.3 Therefore basophils from HrHRF-responsive
donors were termed IgE* basophils. Subsequently, it was
demonstrated that HrHRF primes all basophils for hista-
mine release, as well as for IL-4 secretion.# This
occurred in basophils that, by definition, did not respond
to HrHRF alone, termed IgE- donor basophils. Subse-
quent data demonstrated that HrHRF did not appear to
interact with IgE. First, pharmacologic agents that
altered HrHRF-induced histamine release (eg, rottlerin)
did not affect anti-IgE—induced release.> Second, rat
basophilic leukemia (RBL) cells transfected with the a,
B, and 7y chains of the human IgE receptor FceRI did not
release histamine to HrHRF, despite sensitization with
IgE* molecules.® However, as expected, histamine
release was induced by polyclonal anti-IgE in these
transfected cells. Third, HrHRF was shown to stimulate
eosinophils to produce IL-8 and a calcium response.’
This also occurred in the eosinophil cell line AML-3D10,
which does not express the o chain of FceRI and there-
fore cannot bind IgE with high affinity. Finally, HrHRF
has been shown to bind to the Jurkat T-cell line, as well
as to inhibit cytokine production from stimulated prima-
ry T cells (unpublished data from J. Y. Oh, B. M. Von-
akis, and S. M. MacDonald [2000]). The search for a spe-
cific HrHRF receptor is ongoing.

Despite the fact that HrHRF did not appear to involve
the IgE molecule, we have retained the designation of
IgE* and IgE- for consistency with past studies. A mole-
cular basis for the hyperreleasability of a subpopulation
of allergic donor basophils remained elusive. The IgE*+
donors that responded directly to HrHRF also released
histamine to IL-3 and deuterium oxide (D,0).8: This
suggested that these basophils have an element of unex-
plained hyperreleasability. This concept of releasability
is not new in the field of stimulation of human basophils.
Two decades ago, Findlay and Lichtenstein!? described
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that basophils of patients with asthma, compared with
those of control subjects, responded significantly more to
D,0. Their results suggested that there might be a param-
eter of releasability that must be defined for each sepa-
rate stimulus and that patients with asthma can be differ-
entiated from other individuals by the response of their
basophils to selected stimuli.

There are a number of features of the population
response to IgE-mediated stimulation of human basophils.
One end of the spectrum is the nonreleaser phenotype.
Basophils from these subjects do not release histamine
when stimulated through the FceRI. However, other non-
IgE-mediated stimuli, such as the calcium ionophore, the
formyl-methionyl-leucyl-phenylalanine peptide, and the
phorbol ester, cause secretion from these nonreleasing
basophils.!! This suggests that there might be a defect in
early signaling events associated with FceRI. Indeed, Kep-
ley et allZ published a deficiency of the tyrosine kinase
Syk in 3 nonresponding donors. This observation was con-
firmed and extended to involve the tyrosine kinase Lyn by
Lavens-Philips and MacGlashan.!3 Both of these kinases
are known to be critical for initiating FceRI-mediated sig-
naling.14 At the other end of the spectrum are donors who
are hyperreleasable. By virtue of the response of basophils
from IgE* donors to stimuli, such as HrHRF, D,0, and IL-
3, these donors would be considered hyperresponsive. In
view of differential expression of Lyn and Syk in nonre-
leaser basophils compared with normal basophils, one
could consider that either these kinases or another signal-
ing molecule might be differentially expressed in hyperre-
sponsive IgE* donors.

A clue to increased hyperreleasability was demon-
strated in the mouse knockout of the gene encoding Src
homology 2 domain—containing inositol 5° phosphatase
(SHIP). SHIP was cloned in 1996 by 3 independent
groups.15-17 It has 1188 amino acids, is present on chro-
mosome 2, and becomes tyrosine phosphorylated and
associated with the adapter protein Shc in hematopoietic
cell lines after stimulation with cytokines.!8 The full-
length protein is 145 kd, but other molecular forms are
known to exist, such as those at 135, 125, and 110 kd.!8
It has been demonstrated to be a negative regulator of B-
cell antigen receptor signaling, as well as rodent mast-
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cell signaling, through recruitment of SHIP to the tyro-
sine phosphorylated inhibitory motif of FcyRIIB.19:20
Very recently, negative regulation of FceRI signaling by
cocrosslinking through FcyRIIB in human basophils
implicates the phosphatase SHP-1 rather than SHIP.2!
What is very intriguing is that SHIP knockout mice gen-
erated by means of homologous recombination in embry-
onic stem cells showed hydrolysis of phosphatidylinosi-
tol (3,4,5) triphosphate (PIP;) and degranulation of
mouse bone marrow-derived mast cells (BMMCs) sensi-
tized with IgE alone in the absence of antigen.22 More
recently, monomeric IgE was shown to stimulate
cytokine production and cell survival in mouse
BMMCs.23 This suggests that lower levels of SHIP
would correspond to hyperreleasability, at least in the
murine system. The current studies were undertaken to
address the presence and levels of SHIP in human
basophils and to compare it with the levels of Lyn and
Syk, 2 tyrosine kinases known to be important in human
basophil signaling, in basophils from 2 populations of
patients, both IgE+ and IgE- donors.

METHODS
Recombinant HrHRF production

The cDNA encoding glutathione-S-transferase (GST)-HrHRF
fusion protein was excision cloned by means of digestion from the
pGEX-2T vector into the baculovirus vector pVL1393. Plasmid
DNA was cotransfected into Sf9 cells for viral isolation and ampli-
fied according to the company’s specifications (Invitrogen, Carls-
bad, Calif). Subsequently, the Sf9 insect cells were infected with
recombinant baculovirus and grown commercially on a large scale
in serum-free media (Paragon Biotech, Baltimore, Md). The cell
pellets from 8 L of Sf9 cells were dissolved in 800 mL of NBB
buffer (20 mmol/L sodium phosphate and 500 mmol/L sodium
chloride, pH 7.8) to which 800 pL of BD PharMingen (San Diego,
Calif) inhibitor cocktail was added. The suspension was freeze-
thawed 3 times and centrifuged at 9000 rpm for 20 minutes. Purifi-
cation of the supernatant, which contained the GST-HrHRF fusion
protein, was accomplished by means of affinity chromatography on
immobilized glutathione and confirmed with SDS-PAGE and West-
ern blotting by using a polyclonal anti-HrHRF antibody generated
against the recombinant material produced in Escherichia coli. Pro-
tein concentration was determined by using the BioRad protein
assay and was found to be 160 pg/mL HrHRF. HrHRF was dialyzed
against physiologic 1x PIPES (25 mmol/L Pipes, 110 mmol/L
NaCl, and 5 mmol/L KCI, pH 7.4) for use in all assays. HrHRF was
found to contain a single band on SDS-PAGE and was judged to be
greater than 95% pure.

Basophil, monocyte, and lymphocyte
isolation

By definition, IgE* donor basophils demonstrate 10% or greater
histamine release to HrHRF. For histamine-release studies, basophils
were isolated by means of our standard dextran sedimentation
method?# and stimulated with polyclonal goat anti-human IgE,
recombinant HrHRF, or the phosphatidylinositol 3 kinase (PI3-K)
inhibitor LY294002 (Sigma, St Louis, Mo) for 45 minutes, and hist-
amine was measured by using our automated fluorometric method.2>
For studies investigating levels of Lyn, Syk, and SHIP, basophils
were purified from 150 mL of peripheral blood drawn from volun-
teers after obtaining informed consent. All blood drawing was con-
ducted under a protocol approved by the Johns Hopkins University
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Institutional Review Board. Blood was layered onto a discontinuous
double Percoll (Amersham-Pharmacia, Piscataway, NJ) gradient
consisting of 53.2% and 62% Percoll, respectively, in Accuspin tubes
(Sigma) and centrifuged at 130g for 20 minutes at room temperature.
After centrifugation, 2 bands of white cells were visible above the
filter, and the majority of red blood cells (RBCs) sedimented below
the filter. The cell suspension from the lower white cell band (con-
sisting primarily of basophils and lymphocytes, trace numbers of
RBCs, and, infrequently, eosinophils and neutrophils) was then fur-
ther purified by means of negative selection on a Midi-MAC LS+
gravity column (Miltenyi Biotech, Auburn, Calif) with the Miltenyi
basophil isolation kit. Routinely, basophil preparations were 87% to
99% pure. For real-time RT-PCR, which required basophils of 98%
to 100% purity, the StemCell (Vancouver, British Columbia, Cana-
da) basophil isolation kit and pump feed column were used to further
purify basophils isolated from a double Percoll gradient.

Ten milliliters of blood was collected in 0.1 mol/L EDTA to pre-
pare enriched monocyte and lymphocyte suspensions, and then both
monocytes and lymphocytes were prepared by using the Rosette-
SEP (StemCell) cell-enrichment cocktail for monocytes or lympho-
cytes. Cells were enriched according to the manufacturer’s protocol.
Of note, Ficoll-Paque (Pharmacia Biotech AB, Uppsala Sweden)
was used as the density gradient, and residual RBCs were removed
by using RBC lysis buffer (150 mmol/L NH4Cl, 10 mmol/L
KHCOs, and 0.1 mol/L EDTA). Monocytes and T cells were count-
ed with erythrosin B stain (Sigma). Forty million cells per milliliter
of either monocytes or lymphocytes were lysed in lysis buffer and
Western blotted for SHIP, as noted below. Flow cytometry was used
to determine the purity of these 2 cell populations. Mononuclear
lymphocyte specimens were labeled for direct immunofluorescence
and flow cytometry in the presence of 4 mg/mL human IgG to min-
imize nonspecific binding to FcyR, as previously described.26 For
each leukocyte subset, both light-scatter characteristics and specific
surface markers were used for analysis (CD14 for monocytes and
CD3 for T cells). Antibodies used for these studies included an
FITC-conjugated mouse anti-human CD14 (Pharmigen, San Diego,
Calif), phycoerythrin (PE)-conjugated mouse anti-human CD3
(Becton Dickinson, San Jose, Calif), FITC-conjugated irrelevant
mouse IgG, (Becton Dickinson), or PE-conjugated irrelevant mouse
IgG, (Biosource, Camarillo, Calif).

Cells were incubated with either the FITC IgG control or FITC
CD14 for monocytes or PE IgG control or PE CD3 for T cells for 30
minutes on ice. After washing, the cells were resuspended in 1%
paraformaldehyde (Sigma). Samples were analyzed by using a Coul-
ter EPICS Profile II flow cytometer with appropriate compensation.
Identical photomultiplier tube settings were used for each sample,
and the flow cytometer was fully aligned and calibrated with fluo-
rospheres daily. At least 5000 events per experimental condition
were counted. Data were expressed as net mean fluorescence inten-
sity (MFI; sample MFI minus MFI of the irrelevant IgG control).

Cell lysis and Western blotting

Cells were washed twice with 1x PIPES buffer and then lysed at
40 x 106 cell equivalents/mL by means of resuspending the cells in
1x PIPES buffer containing 1x PharMingen Protease Inhibitor Cock-
tail, 5 mmol/L EDTA, 1 mmol/L Na;VO,, and 5 mmol/L Na,P,0,
as inhibitors and adding an equal volume of 2x TRIS glycine SDS
sample buffer (Invitrogen) to determine relative Lyn, Syk, and SHIP
levels in purified human basophils. To measure SHIP levels in
human lymphocytes and monocytes, the cells were washed twice in
1x PIPES buffer and then lysed as above for basophils. Two hundred
thousand cell equivalents were loaded per lane and run on SDS-
PAGE under nonreducing conditions on a 10% TRIS-glycine gel
(Invitrogen) to detect Lyn and Syk. A SHIP Western blot standard
was prepared from primary T lymphocytes purified by means of
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countercurrent elutriation and lysed in TRIS glycine SDS sample
buffer. For Lyn and Syk Western blot standards, a similar whole-cell
lysate was prepared from the monocytes of a single donor. The stan-
dard lysates were placed in aliquots for single use before being
frozen at —80°C. Western blots were developed with rabbit anti-
human Lyn antibody (UBI, Lake Placid, NY) at a dilution of 1:5000
or mouse anti-human Syk (Santa Cruz Biotechnology, Santa Cruz,
Calif) at a dilution of 1:500, followed by anti-rabbit IgG-HRP or
anti-mouse IgG-HRP (Amersham-Pharmacia) at a dilution of
1:10,000 and developed with enhanced chemiluminescence (Pierce
Supersignal West Pico, Rockford, I11). To detect SHIP in human
basophils, 2 x 106 cell equivalents were loaded per lane and run on
an 8% TRIS-glycine gel under nonreducing conditions. Rabbit anti-
human SHIP (Santa Cruz) was used at 1:500 dilution, and Western
blots were developed as described above.

The method of loading the same amount of cell equivalents and
comparing levels of intracellular signaling molecules with the same
standard lysate loaded on every blot is a standard method when
using human basophils from different donors.!3:27:28 Additionally,
SHIP samples from the same donor were run on different blots to
document reproducibility, and compared with the internal T-cell
lysate standard and the interblot, variability was less than 10%, and
the intrablot variability was less than 6% when SHIP samples from
the same donor were run on the same blot. Furthermore, the linear-
ity of staining with the antibodies used for Western blotting was
confirmed by scanning blots loaded with increasing amounts of
lysate containing Lyn, Syk, or SHIP to verify that doubling the spe-
cific protein concentration doubled the blot intensity.

SHIP mRNA quantitation

Total RNA was isolated from highly purified human basophils
(98%-100%) by using RNAzol B, according to the manufacturer’s
instructions (Tel-Test, Friendswood, Tex). All samples were stored
at —20°C until mRNA was quantitated with real-time RT-PCR.2%
RNA concentration was determined by using UV absorbance. For-
ward and reverse oligonucleotide primers for SHIP were construct-
ed with Primer Express software (Perkin-Elmer, Foster City, Calif)
from a previously published SHIP ¢cDNA sequence (accession No.
U84400). The forward primer was 5"-CAAGAAGCTGAGTCC-
CTTTAACATC-3" (nucleotide position 1782), and the reverse
primer was 5"-GTAGGCAGATCCACACGGTAGTT-3" (nucleotide
position 1846). The probe for use in real-time RT-PCR was also
designed with Primer Express and the previously reported cDNA
sequence for human SHIP. The probe sequence for SHIP was
5’ACCGCTTCACGCACCTCTTCTGGTT-3". The 5"-reporter dye
was 6-carboxyfluorescein, and the 3”-quencher dye was 6-carboxy-
N,N,N",N’-tetramethylrhodamine. Primers and probe were pre-
pared and purified by BioSource International (Camarillo, Calif).
The real-time RT-PCR method is based on the cleavage of fluores-
cent dye-labeled probes by the exonuclease activity of Tag-DNA
polymerase during PCR and measurement of fluorescence intensity
with a Sequence Detection System (Perkin-Elmer Model 7700).
With this instrumentation, 7 measurements of fluorescence per well
per PCR cycle were made during a 40-cycle amplification, and the
point at which fluorescence exceeds a predetermined threshold
(occurring within the linear region of the amplification curve) deter-
mines the cycle number (so-called Cy) for the sample. Because mul-
tiple measurements are made during each cycle, the analytic soft-
ware produces fractional cycle numbers for each sample. Using this
system, we have determined mRNA levels for SHIP in human
basophils from a selection of IgE* and IgE- donors using a 1-step
RT-PCR protocol. The final PCR products were run on a 2.5%
agarose gel to confirm that a single band of the correct size (87 bp)
was amplified. The mRNA levels of SHIP from the donor samples
were quantified as the fold increase above a positive control RNA
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prepared from a single donor’s monocytes and stored in aliquots at
—20°C. Each basophil RNA sample was amplified at 5 serially dilut-
ed amounts of template (10-160 ng) in parallel with the similarly
diluted positive control RNA. Reactions were prepared by mixing
22 uL of a master mix consisting of 5.5 mmol/L MgCl,; 300
umol/L each of deoxyadenosine triphosphate, deoxycytidine
triphosphate, and deoxyguanosine triphosphate; 600 pmol/L
deoxyuridine triphosphate; 50 nmol/L each of forward primer,
reverse primer, and probe; 0.4 U/uL RNAse inhibitor; 0.25 U/uL
reverse transcriptase; and 0.025 U/uL. AmpliTaq Gold polymerase
(all from Perkin-Elmer) with 3 pL of template RNA diluted in
diethylpyrocarbonate-H,O in 96-well plates. The amplification pro-
gram consisted of an RT step (48°C for 30 minutes) and an Ampli-
Taq Gold activation step (95°C for 10 minutes), followed by a PCR
step (40 cycles each of 95°C for 15 seconds [denature] and 60°C for
1 minute [anneal-extend]). The difference in C; value between
basophil RNA and positive control RNA (ACy) at each dilution of
template was averaged to give the average difference in cycle num-
ber (ACrave). The fold increase in SHIP message above the positive
control RNA was calculated with the following formula: fold
increase = 2AC ave,

RESULTS

Correlation between the ability to respond to
HrHRF and cellular amount of SHIP, but not
Lyn or Syk protein

The current study was designed to elucidate a molec-
ular basis for the ability of basophils from IgE+ donors to
respond directly to HrHRF (ie, the hyperresponsiveness
of these basophils). An increase in a positive regulatory
molecule, such as Lyn or Syk, or a decrease in a negative
regulatory molecule, such as SHIP, would be expected to
increase releasability. Highly purified human basophils
(87%-99%) were isolated from peripheral blood (where
they constitute only 1% of the total cell population) by
means of double Percoll gradients and negative selection
with magnetic beads. Whole-cell lysates were then West-
ern blotted with antibodies to 3 different signal-transduc-
tion proteins (Lyn, Syk, and SHIP). Simultaneous with
basophil purification, histamine release to a dose
response of HrHRF or 100 ng/mL anti-IgE was per-
formed on dextran-sedimented basophils from the same
donor. As before, all donors were degranulated on FceRI
aggregation (54.4% + 5.3% [mean + SEM], n = 19), but
only a subset were degranulated to HrHRF (IgE+ donor
basophils, 32.6% =+ 3.1%; IgE~ donor basophils, 2.1% +
0.9%; n =9 or 10, respectively).

As shown in Fig 1, A, the 145-kd SHIP isoform was
detected in human basophils on an immunoblot from
both types of donors. Three different blots are shown
demonstrating SHIP levels from 2 IgE* and 2 IgE-
donors. For comparison, the T-cell lysate standard is
shown. In each case the IgE~ donors had more SHIP pro-
tein than the IgE* donors when compared with the stan-
dard. The presence of SHIP in human basophils was
recently described, but its function has not been
explored.2! We then isolated and blotted basophils from
additional IgE+ and IgE- donors. The cellular amount of
SHIP varied 10-fold among the donors tested. As shown
in Fig 1, B, there was a striking negative correlation
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between the amount of SHIP per cell equivalent and the
maximum histamine release to HrHRF (n = 11 prepara-
tions from 8 donors, R = 0.84). Western blotting of
whole-cell basophil lysates for Lyn from 2 IgE*+ and 2
IgE- donors, as shown in Fig 2, A, indicated that both
IgE* and IgE- donor basophils contained high and low
levels of Lyn tyrosine kinase. Fig 2, B, demonstrates that
the levels of Lyn varied greater than 40-fold among the 9
donors tested, and the levels of Lyn did not correlate with
histamine release to HrHRF. Similar experiments were
conducted, and basophils from both types of donors were
Western blotted for Syk tyrosine kinase (Fig 2, C). The
Syk levels between these 2 donors were similar. Fig 2, D,
indicates that the amounts of Syk varied greater than 10-
fold (n = 8) and also did not correlate with HrHRF-
induced histamine release. As mentioned in the “Meth-
ods” section, the linearity of staining with the antibodies
used for Western blotting was confirmed by means of
scanning blots loaded with increasing amounts of lysate
containing Lyn, Syk, or SHIP to verify that doubling the
antigen concentration doubled the blot intensity (data not
shown). For each type of blot, the scanned value was nor-
malized to the same amount of standard loaded onto the
gel (primary T-cell lysate for SHIP and monocyte lysate
for Lyn and Syk). To correct for differences in basophil
purity (87%-99%) between preparations, we Western
blotted the corresponding amount of column contami-
nants. To be more specific, if the basophil preparation
purity was 87%, then 13% would constitute the contam-
inants. In this instance an equivalent number correspond-
ing to 13% of the column contaminants were loaded onto
the gel. This number of contaminating cells was suffi-
ciently low that no detectable signal could be seen, and
therefore the signal that was detected came from the
basophils alone. In most instances (9/11 SHIP samples,
9/9 Lyn samples, and 5/8 Syk samples) the basophil puri-
ty was sufficiently high that no signal was detected in the
column contaminants. In the few instances in which a
signal was detected, the basophil value for SHIP, Lyn, or
Syk was corrected accordingly (average = 12% for the
correction factor). These results suggest that the hyperre-
leasability of IgE* HrHRF-responsive donors is associat-
ed with low levels of SHIP and implicate SHIP as a cru-
cial negative regulator of secretion in human basophils.

SHIP protein levels in human lymphocytes
and monocytes

A disparity in SHIP levels between our 2 donor
basophil populations raised the issue of whether SHIP
levels in IgE+* donors are reduced in additional cell types.

The purity of monocytes using the RosetteSEP reagent
(see “Methods” section) from 5 IgE* and 5 IgE~ donors
was 83% + 2% and 82% + 2%, respectively. Likewise,
the purity of T cells from 5 IgE* and 5 IgE- donors was
98% + 0.5% and 97% = 0.6%, respectively. Lysates of
human monocytes and lymphocytes were prepared from
both IgE+ and IgE- donors and were analyzed by means
of anti-SHIP Western blotting in comparison with the
same p145 SHIP standard lysate. SHIP levels in mono-
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FIG 1. p145 SHIP protein is reduced in human basophils from IgE+
donors who respond directly to HrHRF. A, Anti-SHIP Western blot.
Human basophils were isolated from peripheral blood to a final
purity of 87% to 99%. Whole-cell lysates (2 x 106 cell equivalents)
of 2 IgE+ and 2 IgE- donor basophils were Western blotted with a
polyclonal anti-SHIP antibody. A whole-cell lysate prepared from
primary T cells is shown for comparison on each blot. B, Negative
correlation between p145 SHIP protein expression and histamine
release to HrHRF. Quantitation of SHIP protein was performed by
scanning blots with Kodak Image software and normalizing to a
fixed amount of primary T-cell lysate run on each gel. The value
on the ordinate was calculated by dividing the basophil SHIP
value by the T-cell standard value to give [p145 SHIP] . Hista-
mine release was performed on the same day on dextran-sedi-
mented basophils. Stimulation was with 2 to 64 pg/mL GST-
HrHRF fusion protein or 100 ng/mL polyclonal anti-IgE for 45
minutes. All donors in Figs 1 and 2 released histamine to anti-IgE
(54.4% + 5.3% [mean + SEM], n = 19; R = 0.84).

cytes and lymphocytes from 2 IgE+ and 2 IgE- donors are
shown in Fig 3, A. Quantitation of blots from 5 IgE+ and
5 IgE- donors showed that the levels of SHIP (per cell
equivalent) were not statistically different in monocytes
and lymphocytes from the 2 donor populations. Although
there was a tendency toward lower levels of SHIP in the
IgE* donors, the error bars overlapped compared with
those of the IgE- donors (P > .29 for monocytes and P >
.53 for T cells, paired ¢ test). Therefore SHIP levels
appear to be regulated in basophils, but not in monocytes
or lymphocytes, from our 2 donor populations.

Histamine release to HrHRF by IgE+
basophils requires PIP;

To further investigate the role of SHIP in HrHRF-
induced histamine release in IgE* basophils, we used the
PI3-K inhibitor LY294002, which has been used to pre-
vent PIP; formation in a variety of cell types.30 LY294002
was recently shown to prevent FceRI-induced signaling
and histamine release in human basophils.27-31 Dextran-
sedimented IgE* basophils were incubated simultaneously
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with stimulus (32 pg/mL GST-HrHRF or 100 ng/mL anti-
IgE) and various doses of LY294002 for 45 minutes. His-
tamine release was quantitated by means of automated flu-
orometry from duplicate samples. Values obtained from
stimulated samples were corrected for spontaneous release
and expressed relative to basophils stimulated in the
absence of drug (29.9% + 6% for GST-HrHRF and 52.5%
+ 6% for anti-IgE [mean + SEM], n =4 donors). As shown
in Fig 4, treatment of dextran-sedimented IgE* basophils
with the LY294002 compound prevented histamine
release induced by both HrHRF and anti-IgE. These data
are consistent with a SHIP deficiency in IgE* basophils
causing an excess PIP; accumulation, which is reversed by
treating the cells with LY294002. As expected, histamine
release to anti-IgE from both types of donor basophils was
inhibited by incubation with LY294002 (50% inhibition at
2 umol/L for IgE+ [Fig 4] or IgE- (data not shown)
basophils, respectively).

Posttranscriptional regulation of SHIP
protein levels in human basophils

To begin to understand the molecular mechanisms reg-
ulating the steady-state levels of SHIP protein in human
basophils, we used real-time PCR to quantitate the mes-
sage for SHIP from both IgE+ and IgE~ basophils (Fig 5).
Real-time PCR was performed on total RNA prepared
with RNAzol B from 98% to 100% pure basophils. One-
step RT-PCR analysis was conducted by using primers
and a probe directed to the SHIP catalytic domain (87-bp
amplicon). Results are expressed relative to a total RNA
standard prepared from human monocytes and analyzed
in each run. The value for each sample was calculated
from the average ACy value between monocyte standard
RNA and basophil RNA over 5 serial dilutions of tem-
plate. Each basophil sample (n = 8 donors) was tested in
duplicate in 2 separate runs. Electrophoresis of amplified
samples on a 2.5% agarose gel stained with ethidium
bromide detected a single band of approximately 90 bp,
confirming the predicted amplicon (results not shown).
Surprisingly, the quantitation of SHIP message levels by
real-time PCR indicates no correlation between the
amount of SHIP mRNA and the amount of SHIP protein
expressed in human basophils. These data suggest that
SHIP protein levels are controlled by a posttranscription-
al mechanism in human basophils.

DISCUSSION

In the current study we chose HrHRF-induced hista-
mine release from human basophils as a model of
basophil hyperreleasability in allergic patients. Previous
studies had established that IgE+ donor basophils from
highly allergic patients were distinguished by their abili-
ty to respond to HrHRF (=10% histamine release at <64
pg/mL GST-HrHRF)! and pharmacologic doses of IL-3
(46% histamine release at 300 ng/mL IL-3) and D,O
(>50% histamine release to 44% D,0).8-

The concept of basophil releasability was proposed to
explain the inability of serum IgE concentrations and
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FIG 2. Lack of correlation between cellular levels of p53/p56 Lyn or p72 Syk and histamine release to HrHRF.
A, Western blot of human basophil tyrosine kinase Lyn from 2 IgE+ and 2 IgE- donors. Western blots were
performed on whole-cell lysates (200,000 cell equivalents) prepared from purified human basophils by using
a polyclonal anti-Lyn. B, Blots were scanned with Kodak Image software, and values were normalized to a
monocyte lysate run on each gel. The value on the ordinate was calculated by dividing the basophil Lyn
value by the monocyte standard value to give [p53/56 Lyn],,. HrHRF-induced histamine release was deter-
mined as described in the legend to Fig 1. C, Western blots were performed as in A with a monoclonal anti-
Syk antibody. The value on the ordinate was calculated by dividing the basophil Syk value by the monocyte
p52 standard value to give [p72 Sykl,,. D, Again, HrHRF-induced histamine release was determined, as

described in B.

skin test reactivity to various types of allergens to predict
the extent of a patient’s in vivo allergic response.32:33 For
example, in one study of in vitro releasability, human
basophils isolated from 3 different donors, all containing
100,000 sensitized FceRI molecules, released 10% to
95% of total cellular histamine to polyclonal anti-IgE as
the stimulus. It has been previously determined that
donor basophils containing as few as 5000 IgE molecules
or as many as 500,000 IgE molecules release similar
amounts of histamine to polyclonal anti-IgE. They pro-
posed that additional nonimmunoglobulin biochemical
molecules must contribute to the amount of inflammato-
ry mediators released by a particular donor and that these
differences could contribute to the complexity of symp-
toms exhibited by various allergic patients. Additional
studies conducted by the Marone laboratory found a pos-
itive correlation between donor age and histamine release
to anti-IgE, as well as histamine release to the same stim-
ulus, between monozygotic, but not dizygotic, twins.34.35

The elucidation of the secretory pathway in rodent
BMMCs, as well as in rodent cell lines (eg, RBL), has
defined several key regulatory sites that may be applica-
ble to secretion in human basophils and mast cells as

well. Potentially, an increase in the specific activity or
amount of a positive regulatory molecule or a decrease in
a negative regulatory molecule could contribute to
basophil hyperreleasability. We chose to quantitate the
cellular amounts of the tyrosine kinases Lyn and Syk and
the 5’-inositol phosphatase SHIP in human basophils.
The tyrosine kinase Lyn, which initiates signaling
through FceRI, was proposed to be limiting in RBL cells
on the basis of studies noting a plateau in receptor phos-
phorylation with time while new aggregates continued to
form.36 In fact, in FceRI-transfected Chinese hamster
ovary fibroblasts further transfected with increasing
amounts of Lyn, aggregation of the receptors by covalent
IgE dimers led to a linear increase in receptor tyrosine
phosphorylation.37 Furthermore, Lyn is associated with
the common [ chain of the IL-3 receptor.3® Syk-deficient
RBL cells generated by means of chemical mutagenesis
failed to degranulate in response to antigenic challenge;
transfection of Syk restored phospholipase C-y phosphor-
ylation and sustained calcium mobilization and hista-
mine release, indicating the essential role of Syk kinase
in RBL secretion.3® Human basophils that fail to degran-
ulate to FceRI-mediated stimulation (nonreleaser
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FIG 3. SHIP deficiency in IgE+ donors is not found in their monocytes
or lymphocytes. A, Human lymphocytes and monocytes were puri-
fied, and whole-cell lysates were prepared, as described in the
“Methods” section. Anti-SHIP Western blots for each cell type were
quantitated relative to a primary T-cell standard lysate, as described
in the legend of Fig 1. Data from 2 blots demonstrating SHIP levels
in purified monocytes and T cells from 2 IgE*+ and 2 IgE- donors are
shown. B, As described in the legend to Fig 1, quantitation of SHIP
protein is demonstrated. The data depict the average + SEM for 5
donors of each type (IgE+ and IgE- donor cells).

basophils) were recently shown to be deficient in Syk
alone or Lyn and Syk, depending on the donor popula-
tion.1213 As shown in Fig 2, degranulation of IgE*
basophils to HrHRF did not correlate with increased
amounts of these 2 kinase proteins. Although possible, it
is not likely that differences in the specific activity of the
2 kinases are responsible for increased releasability
because a study by Lavens-Phillips and MacGlashan!3
found maximum histamine release to anti-IgE correlated
with protein levels of Lyn and Syk in human basophils.
A negative regulatory role of SHIP in limiting murine
mast cell degranulation was proposed on the basis of the
hyperresponsiveness of BMMCs from SHIP knockout
mice.2240 SHIP-deficient mice have a myeloproliferative-
like syndrome, with lung infiltration and increased num-
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FIG 4. PIP; is required for histamine release to HrHRF. Dextran-
sedimented IgE+ basophils were incubated simultaneously with
stimulus (open squares, 32 mg/mL GST-HRF; filled diamonds, 100
ng/mL anti-IgE) and various doses of LY294002 for 45 minutes.
Histamine release was quantitated by means of automated fluo-
rometry from duplicate samples. Values obtained from stimulat-
ed samples were corrected for spontaneous release and
expressed relative to basophils stimulated in the absence of drug
(10%-42% for GST-HRF and 34%-64% for anti-IgE). The results
shown are the average + SEM for 4 IgE*+ donors.
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FIG 5. SHIP protein levels do not correlate with message levels.
Real-time PCR was performed on total RNA prepared by using
RNAzol B from 98% to 100% pure basophils. One-step RT-PCR
analysis was conducted by using primers and a probe directed to
the SHIP catalytic domain. Results are expressed relative to a total
RNA standard prepared from human monocytes and analyzed in
each run. The value for each sample was calculated from the aver-
age ACt value between monocyte standard RNA and basophil
RNA over 5 serial dilutions of template. Each basophil RNA sam-
ple was tested in duplicate in 2 separate runs. The results shown
depict SHIP mRNA levels for 4 IgE+ and 4 IgE- donors.

bers of granulocyte-macrophage progenitor cells in bone
marrow and the spleen, leading to a reduced life span.41
When BMMCs from wild-type mice are incubated with
IgE or Steel factor, no degranulation results. However, IgE
or Steel factor stimulation alone resulted in up to 80%
degranulation in SHIP-~ BMMCs. As shown in Fig 1, a
striking negative correlation was seen between the amount
of SHIP protein per cell and the degree of degranulation to
HrHRF in human basophils, implicating SHIP in limiting
degranulation to incomplete stimuli in IgE- basophils.
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More recently, a related 5° inositol phosphatase, SHIP-
2, has been cloned, and its expression has been reported
in a variety of hematopoietic and nonhematopoietic tis-
sues and cell lines.!8 Like SHIP, it is tyrosine phosphory-
lated on growth factor stimulation and associates with Shc
and FcyRIIB. However, the failure of SHIP-2 to substitute
for SHIP in FceRI-mediated signaling in SHIP knockout
BMMCs would indicate that the 2 have nonredundant
roles, at least in rodent mast cells. We are currently exam-
ining human basophils for the presence of SHIP-2.

The 2 functions that have been proposed for SHIP in
immune-system cells are regulation of plasma mem-
brane—-bound PIP; levels and competition for binding to
the adaptor Shc with Grb-2.18 In vitro phosphatase
assays indicate that SHIP has the ability to hydrolyze
PIP; and inositol 1,3,4,5 tetraphosphate to phosphatidyli-
nositol 3,4 bisphosphate (PIP,) or inositol 1,3,4 trisphos-
phate, respectively.!> Membrane-bound PIP; can bind to
Pleckstrin homology domains found in a variety of pro-
teins, including members of the Tec family of protein
kinases, such as Btk.42 Activation of Btk through aggre-
gation of the B-cell antigen receptor or FceRI acts on
phospholipase C-y, which generates inositol 1,3,4
trisphosphate, which is responsible for transient calcium
release from the endoplasmic reticulum.*344 Sensing of
endoplasmic reticulum calcium depletion then results in
the opening of a store-operated calcium channel and then
leads to the sustained increase in cytosolic calcium
required for secretion in mast cells or proliferation in B
cells.#5 In B cells transfection studies and coimmunopre-
cipitation studies indicate that Shc forms mutually exclu-
sive complexes with either Grb-2 leading to ras activa-
tion or SHIP, which thereby acts as a sink for Shc.46 In
human basophils SHIP may function either way because
Miura and MacGlashan?? and Lavens-Phillips and Mac-
Glashan!3 have demonstrated the presence of Shc, ras,
Grb-2, and Btk by means of Western blotting.

Furthermore, the apparent requirement for PIP; for
HrHRF-mediated secretion in responsive IgE*+ basophils
demonstrated by our experiments with the PI3-K inhibitor
L'Y294002 may dovetail with the ability of D,O to activate
these same cells. Previously, Maeyama et al47 reported that
D,0 stimulates phosphatidylinositol turnover in RBL cells.

Our results (Fig 3) indicate the expression of SHIP is
not differentially regulated in the lymphocytes or mono-
cytes from our 2 donor populations. As previously men-
tioned, 2 groups have recently reported either a deficien-
cy of Syk or both Syk and Lyn in human basophils that
do not degranulate in response to FceRI crosslinking (ie,
so-called nonreleaser basophils).!213 The B cells,
eosinophils, and neutrophils from one nonreleaser donor
group contained normal levels of Syk, indicating that a
basophil-specific regulatory mechanism was operating in
nonreleaser basophils.!3 Murine SHIP protein expression
is developmentally regulated during hematopoiesis and
spermatogenesis.*® The recent cloning of the murine
SHIP promoter revealed several putative hematopoietic
transcription factor—binding sites that may be candidates
for regulation of human SHIP.49
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SHIP is constitutively phosphorylated during the
chronic phase of chronic myelogenous leukemia, and its
expression appears to be regulated by the oncogene
Bcer/Abl generated during the Philadelphia chromosome
translocation, which is characteristic of the disease.50 In
transfected myeloid cells, induction of Ber/Abl reduces
the half-life of SHIP protein from 18 to 3 hours, as well
as decreasing SHIP mRNA levels. Therefore both tran-
scriptional and posttranscriptional mechanisms are
responsible for the Ber/Abl-mediated SHIP downregula-
tion. In human basophils we have found that SHIP mes-
sage levels, as monitored with real-time PCR, are not
correlated with the amount of SHIP protein expressed. A
similar posttranscriptional mechanism for Lyn and Syk
protein expression was suggested by Lavens-Phillips and
MacGlashan!? to explain their observation that releasing
and nonreleasing human basophils have similar message
levels but differ on the protein level by 10-fold. Likewise,
Kepley et al5! postulated a posttranslational mechanism
for Syk levels in nonreleaser basophils.

A variety of mechanisms have been identified that reg-
ulate the efficiency of translation for a given mRNA. RNA
transcription begins in the nucleus with the assembly of a
protein-DNA complex at a sequence-specific initiation
site. Both the 5’ untranslated region (UTR) and the 3’ UTR
contain information that will regulate the half-life, spatial
localization, and translation efficiency of a given mRNA.
For the mRNA to be exported to the cytoplasm, where it is
translated on ribosomes, the initial immature message
must be spliced and polyadenylated, and any nuclear
retention signal must be masked. Also, once the mature
message reaches the ribosomes, the rate at which the mes-
sage will be translated to protein, as well as the lifetime of
the message, can be regulated. A variety of physiologic
and pathologic changes in gene expression have been
reported to be controlled by posttranscriptional mecha-
nisms, including the cellular iron-mediated regulation of
ferritin mRNA and its dysregulation, leading to hereditary
hyperferritinemia-cataract syndrome (HHCS).52-54 The
production of ferritin protein, which binds iron itself and
stores it in the cell until needed, allows cells to regulate
cellular iron availability. In HHCS a mutation in the stem-
loop structure in the 5° UTR of the ferritin mRNA prevents
regulation of ferritin protein production. The resulting
excessive ferritin accumulation leads to cataract formation
in the affected patient with HHCS. The cloning and
sequencing of SHIP cDNAs from both hyperresponsive
IgE+ human basophils and their IgE- counterparts may
identify a posttranscriptional regulatory mechanism that
affects the severity of an individual’s allergic response.

In conclusion, we have demonstrated a deficiency of
the negative regulatory molecule SHIP in the basophils
of allergic donors whose hyperresponsiveness is charac-
terized by degranulation to 3 stimuli (ie, HrHRF, IL-3,
and D,0) that are incomplete stimuli for IgE~ basophils.
Inactivation of PI3-K with the specific inhibitor
LY294002 prevented HrHRF-induced degranulation in
IgE+ basophils, which is consistent with a requirement
for PIP;. The extent of SHIP expression in human
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basophils appears to be regulated at both the cellular and
posttranscriptional levels.

‘We thank Dr Donald MacGlashan for helpful discussions and crit-
ical reading of the manuscript, Edward Siekierski and Dr David
Proud for helpful discussions concerning real-time PCR, and Dr San-
dra Lavens-Phillips for helpful suggestions on basophil purification.
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