Type | skin reactivity to native and
recombinant phospholipase A, from
honeybee venom is similar
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Phospholipase A, is the major allergen in honeybee venom. Recombinant phospholipase A,
was produced in prokaryotes and tested for its biologic activity by intracutaneous skin testing
with serial 10-fold dilutions in comparison with native and deglycosylated phospholipase A, in
patients allergic to bee venom. Linear regressions of the log of the wheal area versus the log of
the allergen concentration were calculated for all allergens in each patient. The relative
allergenic potency of the various preparations was analyzed by comparing the linear
regressions. Native phospholipase A, was about 10 times more potent than whole bee venom.
None of 58 patients allergic to bee venom was missed by testing with native phospholipase A,
alone. This allergen and deglycosylated native phospholipase A, resulted in similar skin
reactions, indicating that the sugar residues were of little relevance for IgE-binding in the
patients tested. Native phospholipase A, also had relative potency similar to that of
recombinant refolded phospholipase A, whereas recombinant nonrefolded phospholipase A,
had almost no biologic activity in skin testing. These results demonstrate in vivo activity of the
recombinant bee venom allergen phospholipase A, Although correct refolding is a prerequisite
for type I skin reactivity, glycosylation seems to be less important. (] ALLERGY CLIN IMMUNOL
1995,96:395-402.)
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Recombinant DNA technology has been used
successfully to clone and to elucidate the structure
of genes encoding allergens from house dust
mites,! grass pollen,? birch pollen,® ragweed pol-
len,* cat dander,> Dolichovespula venom,® and fun-
gi.” Analysis of these genes provides detailed
knowledge about the primary structure of aller-
gens.

Recent improvements in biotechnology allow
the production of pure recombinant allergens in
large amounts.”-® In contrast to allergens purified
by biochemical methods, recombinant proteins are
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Abbreviations used
BV: Honeybee venom
ICC,4y: Log of the concentration (in grams per
liter) resulting in a 100 mm* wheal in
intracutaneous skin testing
PLA: Phospholipase A, from honeybee
venom
PLA,;: Deglycosylated phospholipase A,
PLA: Native phospholipase A,
PLA,: Recombinant nonrefolded phospho-
lipase A,
PLA_: Recombinant refolded phospholipase
Ay

free of contaminating allergens from the same
allergen source. Hence recombinant proteins
promise to improve diagnostic precision in aller-
gology substantially and may lead to a better
understanding of the basic pathophysiologic mech-
anisms of IgE-mediated allergic diseases.

395



396 Miller et al.

Hymenoptera stings, particularly those of the
honeybee (Apis mellifera) and various vespids, are
a well-known cause of IgE-mediated anaphylaxis.®
Such reactions may be life threatening and occa-
sionally even fatal. Bee venom phospholipase A,
(PLA) was identified as the major allergen of
honeybee venom (BV) many years ago.*® PLA was
also used to induce human secondary immune
responses and antibody production in vitro.'* Re-
cently complementary DNA cloning of PLA was
described? and recombinant PLA (PLA,) ex-
pressed in prokaryotes is available.!® Its immuno-
logic activity has been investigated in vitro.'* In
this article we describe the in vivo activity of PLA_
in comparison with its native purified counterpart
and to whole BV in skin testing of persons allergic
to bee venom.

METHODS
Patients and control subjects

Fifty-eight adult patients with a well-defined history of
allergic reactions to honeybee stings and positive diag-
nostic test reactions to BV were screened. Of the 17 who
were finally selected for more detailed analysis, 16 had
had a systemic allergic reaction and one had a large local
reaction to honeybee stings. All had a positive intracu-
taneous skin test reaction to BV at a concentration of
107* gm/L (0.1 pg/ml) or less.'>6 BV-specific IgE
serum antibodies were detected by RAST in 16 of the 17
patients. None of the patients was treated by BV immu-
notherapy before or at the time of testing. Twenty-two
healthy adults with no history of allergic reactions to bee
stings, a negative skin test reaction to BV at 107% gm/L
(1 pg/ml), and a negative RAST result to BV served as
control subjects.

The study protocol was approved by the ethical com-
mittee of the medical facuity of the University of Bern.
All persons gave their informed consent to the skin tests
with recombinant PLA.

Allergens

BV for skin testing was obtained from Pharmacia AB,
Uppsala, Sweden. Native bee venom PLA (PLA))
(Boehringer, Mannheim, Germany) was used directly as
supplied or after deglycosylation. Allergen concentra-
tions refer to their protein content. For deglycosylation
500 pg of PLA, was dissolved in 1 ml of 250 mmol/L
sodium acetate, pH 6.5, containing 1 mmol/L phenyl-
methylsulfonyl fluoride (Fluka, Buchs, Switzerland). To
this 1 U of endoglycosidase F-N-glycosidase (Boehr-
inger) was added and the mixture incubated for 24
hours at 37° C, followed by dialysis against phosphate-
buffered saline solution (pH 7.4) for 3 days at room
temperature. Complete deglycosylation was verified
by polyacrylamide gel electrophoresis.!” Deglycosy-
lated PLA (PLA ) was stored at 4° C for no more than
1 week before use.
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PLA, was produced as described recently.!® Briefly, a
synthetic gene encoding the mature form of PLA!? was
designed and subcloned in a prokaryotic high-level
expression vector!® provided by Dr. D. Stiiber (Hoff-
mann-La Roche, Basel, Switzerland). PLA, was ex-
pressed, purified, and refolded as described'® and was
used without removal of the [histidine]g affinity peptide.
Biologic activity of all PLA preparations was determined
by enzymatic assays'® and by antibody-binding with
human monoclonal and polyclonal antibodies.'* In these
tests no difference was found between PLA and PLA_.
For some tests sulfonated but nonrefolded recombinant
PLA (PLA,,) was used. In contrast to the refolded
preparation, PLA _had neither enzymatic nor antigenic
activity in vitro.!3

The PLA content of the BV stock solution of 100
wg/ml was estimated in two ways: (1) by a spectropho-
tometric enzymatic assay?® and (2) by inhibition ELISA
with the human monoclonal antibody BVA,.?! The PLA
content found by the enzymatic assay was 16.4 ug/ml,
and that by ELISA inhibition was 10 pg/ml.

Skin testing

For quantitative skin testing a stock solution of 107*
gm/L (100 pg/ml) of native or recombinant allergens was
prepared in commercial skin test diluent (Pharmacia
AB, Uppsala, Sweden), a phosphate buffer containing
0.03% human serum albumin. The preparations were
sterilized by microfiltration (0.2 pm pores; Millipore,
Bedford, Mass.) and stored at 4° C for not more than 1
week.

Serial 10-fold dilutions ranging from 1072 to 10~%
gm/L were then prepared in skin test diluent and applied
intracutaneously to the volar side of the forearms of the
patients or appropriate control subjects.'> ¢ Injection
sites were at least 5 cm apart from each other. A volume
resulting in a wheal about 5 mm in diameter (approxi-
mately 0.02 ml) was injected intracutaneously on each
site. The reactions were read exactly 15 minutes after
allergen challenge. The area of the wheal was outlined
with a pen and transferred to the recording sheet with
cellophane tape. The wheal area was estimated accord-

ing to the formula
d; + dy\?
2

where d; and d, are the two largest diameters perpen-
dicular to each other. Wheal areas were then plotted
against concentration on a log-log scale, and linear
regressions were calculated for each allergen in every
patient.?? The concentration resulting in a wheal area of
100 mm? (ICC, ,) was calculated for each preparation in
all patients. The two allergens to be compared were
always tested simultaneously in each patient.
Histamine and the albumin diluent were used as
positive and negative controls, respectively. In intracu-
taneous skin testing with Hymenoptera venoms a test
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TABLE I. Comparison of BV and PLA, in quantitative skin testing

Linear regression

Patient No. of allergen Difference
No. doses Intercept Slope in slope r ICC100
1
BV 4 2.98 0.183 0.997 -5.33
PLA, 5 2.85 0.122 -0.061 0.967 —6.95
2
BV 6 2.53 0.127 0.99% —-4.15
PLA, 5 2.61 0.125 -0.002 0.977F —4.87
3
BV 6 2.74 0.149 0.99% —4.99
PLA, 5 2.61 0.128 —0.021 0.99* -4.95
4
BV 5 2.81 0.169 0.99% —4.78
PLA, 5 2.88 0.133 —0.036* 0.99% —6.59
5
BV 4 3.46 0.284 0.96* —5.14
PLA, 5 2.93 0.166 —-(.118* 0.99% —-5.59
6
BV 5 2.92 0.201 0.96F —4.55
PLA, 5 2.81 0.140 -0.061 0.99% —5.78
7
BV 4 2.81 0.234 0.99F —3.44
PLA, 5 2.61 0.132 —0.102% 0.99% —4.61
8
BV 4 2.94 0.219 0.99% —4.29
PLA, 5 2.88 0.152 —-0.067* 0.99% —5.76
9
BV 4 2.79 0.184 0.96* —-4.3
PLA, 5 2.66 0.132 —0.052 0.987 -5.01
Mean
BV 47 2.79 0.194 0.99% —4.55
PLA, 5 2.77 0.136 —0.058* 0.99% —5.57
*p < 0.05.
ip < 0.01.
p < 0.001.

result is regarded as positive when a wheal of at least 5
mm in diameter (25 mm? area) with erythema results.!®

Statistical analysis

For linear regression analysis of log wheal area on log
allergen concentration we selected only test series in
which at least three (generally four to six) wheals of
25 mm? or larger could be measured. The correlation
coefficient and the global F test were calculated for each
test series.”® To reduce errors resulting from technical
inaccuracy during skin testing, only regressions with an r
greater than 0.90 and a p value of less than 0.05 in the
global F test were further investigated. On the basis of
all the described conditions, seven of 16 patients (five
with < three wheals) had to be excluded for the com-
parison of BV with PLA _, three of seven (three with <
three wheals) for PLA -PLLA, comparison, and three of

nine (one with < three wheals) for PLA -PLA_ compar-
ison.

To compare the relative potency of the various aller-
gen preparations, we proceeded in two steps. First, we
compared the two slopes within each patient by calcu-
lating their difference and testing it against zero with an
F test. This was achieved with a regression model with an
interaction term of log concentration with allergen. The
difference in slopes and the results of this test are
displayed in Tables I through IIL. Next, the slope differ-
ences were treated as single observations and it was
tested whether their mean differed significantly from
zero by a one-sample, two-sided ¢ test. If the null
hypothesis was confirmed, indicating that the slopes of
the regressions were not significantly different, the rela-
tive potency was calculated on the basis of a common
slope.?* A significant difference in relative potency was
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TABLE Il. Comparison of PLA, and PLA, in quantitative skin testing

Linear regression

Patient No. of allergen Difference
No. doses Intercept Slope in slope r 1CC.00
10
PLA, 5 2.48 0.158 0.99* -3.03
PLA, 5 2.50 0.167 0.009 0.99+ -3.2
11
PLA, 5 3.13 0.236 0.96* —4.79
PLA, 5 2.66 0.175 —0.061 0.99+ -3.76
12
PLA, 4 2.46 0.092 1.0% —4.96
PLA, 5 2.28 0.069 —0.023* 0.99% —-4.01
13
PLA, 4 2.59 0.157 0.99* -3.73
PLA, 4 2.80 0.212 0.055 0.98% -3.79
Mean
PLA, 4.5 2.59 0.160 0.99% -3.96
PLA, 4.75 248 0.142 —-0.018 0.98+ —3.63
Relative potency: PLA,, 100 (95% confidence limits, 58 to 243); PLA,, 65.1 (95% confidence limits, 18 to 301).
*p < 0.05.
ip < 0.01.
Ip < 0.001.

assumed when the value of the test preparation was not
within the 95% confidence intervals found for PLA . If
the null hypothesis was rejected, indicating nonparallel
lines, ICC,,, was used for an approximate estimation of
relative potencies.

To judge the reproducibility of the skin test method,
nine patients with BV allergy were tested simultaneously
in duplicate with five serial 10-fold dilutions of PLA,.
The mean within-patient variation coefficient for the
wheal area was 7.5%; after exclusion of two patients in
whom the regression did not fulfill the criterion of an r of
0.9 or greater, it was 5.9%. A significant difference in
slope was observed in only one patient, who had to be
excluded because of an r value less than 0.9. The 2 SD
limits of the geometric mean relative potency were 54 to
257; the 95% confidence interval was 58 to 243.%*

RESULTS
Comparison of type | skin test reactivity to
BV and PLA

In a screening experiment 58 patients with a
history of allergic reactions to bee stings and a
positive skin test reaction to BV at 10~ gm/L (0.1
pg/ml) were skin tested with PLA . All also had a
positive test reaction to PLA, at 10™* gm/L. In
contrast, 22 control subjects with a negative BV
skin test reaction at 102 gm/L also had a negative
skin test reaction to PLA, at this concentration.

Nine subjects allergic to BV were studied in
more detail by quantitative skin testing. Their
results are summarized in Table I and Fig. 1.

Comparison of the mean slopes of the linear
regressions for BV versus PLA, by ¢ test shows a
significant difference (p < 0.01), indicating nonpar-
allel lines. The slope for PLA, was consistently
smaller than that for BV. According to the mean
ICC, 49, PLA, was 10.5 times more potent than BV.
PLA_ was more potent than BV in eight of the
nine patients and of similar relative potency in one
(patient 3; Table I).

Comparison of type | skin test reactivity to
PLA, and PLA,

Four subjects with BV allergy were studied.
Their results are summarized in Table II and Fig.
2. It can easily be seen that PLLA, and PLA, were
of similar relative potency in all four patients. The
relative potency of PLA, was calculated to be
65.1% (95% confidence limits, 18 to 301) of that of
PLA,. Statistically, no difference was found be-
tween the two regressions regarding either slope or
relative potency (p > 0.05). However, because of
the small sample, these results must be interpreted
cautiously.

Comparison of type I skin test reactivity to
PLA,, PLA,, and PLA,,

Six persons allergic to BV and six control sub-
jects were studied. Table III and Fig. 3 summarize
the results of the patients. PLA . induced only
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FIG. 1. Comparison of BV and PLA,, in quantitative intra-
cutaneous skin testing. Mean values of nine simulta-
neously tested patients are given.
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FIG. 2. Comparison of native (PLA,) and PLA, in quanti-
tative intracutaneous skin testing. Mean values of four
simultaneously tested patients are given.

TABLE lli. Comparison of PLA,, and PLA, in quantitative skin testing

Linear regression

Patient No. of allergen Difference
No. doses Intercept Slope in slope r ICC100
11
PLA, 4 245 0.150 1.0z -3.0
PLA, 4 231 0.135 -0.015 0.98* -2.33
13
PLA, 3 275 0.188 1.0% —4.0
PLA, 4 2.15 0.091 —0.097* 0.97* -1.69
14
PLA, 5 2.89 0.156 0.99% —5.68
PLA, 5 2.50 0.105 —0.051* 0.98% —-4.77
15
PLA, 5 2.98 0.160 0.99% —6.12
PLA, 5 3.04 0.165 0.005 0.97+ -6.25
16
PLA, 3 2.87 0.222 0.99* - -3.92
PLA, 4 2.64 0.152 —0.070 0.99+ —4.24
17
PLA, 4 3.12 0.210 0.98* —5.34
PLA, 4 2.79 0.143 —0.067 0.99* —5.49
Mean
PLA, 4 2.80 0.181 0.99% —-4.79
PLA, 43 2.53 0.131 —-0.050* 0.99% —4.45
*p < 0.05. .
ip < 0.01.
ip < 0.001.

minimal skin test reactivity in two of the six
patients at 1072 gm/L and 10~ gm/L, respectively,
and no activity at up to 10™" gm/L was found in the
remaining four patients (data not shown). In the

six control subjects no reactivity was observed to
PLA,, or PLA, up to 103 gm/L. Comparison of the
mean slopes of the linear regressions for PLA,
versus PLA, by ¢ test shows a significant difference
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FIG. 3. Comparison of PLA, and PLA, in quantitative
intracutaneous skin testing. Mean values of six simulta-
neously tested patients are given.

(p < 0.05) indicating nonparallel lines: the slope
for PLA, was usually smaller than for PLA,.
According to ICC, values, the relative potencies
of the two preparations were similar, with PLA
being about twice as potent as PLA..

DISCUSSION

PLA is the major allergen of BV.1? Its three-
dimensional structure has been resolved by x-ray
crystallography,? and detailed knowledge about its
enzymatic activity is available.!® The gene encod-
ing PLA has been cloned'? and PLA, produced.?
Although recombinant DNA technology offers
great prospects for diagnosis and treatment of
allergic disease,® several problems may arise:

1. Allergen extracts are usually mixtures of several
major and minor allergenic components. In BV,
besides the major allergen PLA, the compo-
nents hyaluronidase, acid phosphatase, melittin,
and allergen C have been shown to induce IgE
antibody production in some patients.1%26-28 A
single major allergen may therefore be inade-
quate for diagnostic and therapeutic purposes.

2. Many allergens such as PLA are glycoproteins.
About 90% of PLA, isolated from BV is glyco-
sylated on a single site. The carbohydrate moi-
ety, however, is not expressed in recombinant
allergens produced in a prokaryotic system.

3. Allergenic B-cell epitopes are thought to be
conformational,” that is, dependent on the
correct three-dimensional structure of the pro-
tein molecule. Although the prokaryotic expres-
sion system used provides the amino acid se-
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quence of the allergen reliably, an in vitro
procedure has to be developed to refold the
recombinant allergen molecule to its correct
three-dimensional structure.’?

In previous studies' 3 we observed similar ac-
tivities of PLA,, and PLA, in in vitro tests such as
antibody-binding assays with human IgE and IgG
antibodies and in histamine release from periph-
eral blood leukocytes obtained from patients aller-
gic to BV.

In this article we have used an in vivo method,
intracutaneous skin testing, to address the three
problems mentioned. In a first series of experi-
ments PLA was compared with whole BV. We
actually found that none of 58 patients allergic to
BV had negative responses to skin testing with
PLA,, thus confirming PLA as the major allergen
of BV.10:27.28 Because none of 22 control subjects
with negative BV skin test results reacted to PLA,,
the specificity of PLA  seems to be at least equal to
that of whole BV. The detailed analysis in nine
patients showed that the mean relative potency
based on ICC,q, is 10.5 times higher in PLA , than
in BV. This can be expected because PLA consti-
tutes 10% to 15% of the protein content of BV.7 It
also fits well with the results of our in vitro
estimation of the PLA content of the BV stock
solution by ELISA inhibition, which was found to
be 10% of whole BV protein. However, consider-
able individual differences were observed, and the
slope for PLA, was significantly smaller than that
for BV. Both observations may be explained by the
varying contribution of other allergens besides
PLA. Although diagnostic skin testing with PLA
alone could thus replace testing with whole BV
without significant loss, immunotherapy with the
major allergen alone might still not induce full
protection in all patients.

Sugar residues of PLA have been reported to be
important for IgE-binding and hence for the aller-
genicity of this protein.>® The recombinant aller-
gen used was not glycosylated. In a second set of
experiments we therefore compared PLA with
PLA,. In the four persons allergic to BV tested we
found similar slopes and an almost identical rela-
tive potency of the two preparations. This suggests
that the carbohydrate moiety is of little relevance
for IgE-binding in these patients. However, it is
conceivable that glycosylation is relevant for the
induction and maintenance of PLA sensitization.

Comparison of PLA and PLA, showed similar
activity in skin testing of these two preparations.
PLA,, on the other hand, had only minimal
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activity in two of six patients and none in the other
four. Correct refolding is thus a prerequisite not
only for the enzymatic activity of PLA but also for
the in vivo activity of this molecule as an allergen.
These results indicate that PLA-specific IgE anti-
bodies recognize mainly conformational epitopes.
The slopes of linear regressions were significantly
smaller for PLA, than for PLA . This observation
could be explained by minor conformational dif-
ferences between PLA_ and PLA,, even though no
difference between the two molecules was found
when the enzymatic function,'> '° the in vitro bind-
ing to phospholipid bilayers, or the circular dichro-
ism spectra (Suter M, Gelb HM, unpublished
observations) were compared. Contamination of
PLA, with minor allergens could therefore be a
more likely explanation for the steeper slope of
PLA,, analogous to the observation that whole BV
consistently resulted in a steeper slope than PLA .

Overall, our results from skin testing are similar
to those found in various in vitro assays. Thus
PLA, and PLA, inhibited binding of both IgE and
IgG4 antibodies to PLA| in a similar way, whereas
PLA,, did not inhibit at all, even at high concen-
trations.'* Likewise, comparable histamine release
from basophils of subjects allergic to BV was
observed with PLA | and PLA_, but no release at all
was found with PLA .30

Two conclusions can be drawn from our exper-
iments:

1. It is possible to produce recombinant allergens
with an in vivo activity similar to that of purified
native allergens. This may be especially valuable
in situations where the isolation of natural
allergenic fractions is notoriously difficult, such
as in fungi.* In these cases potent major aller-
gens present in only small amounts in the
natural extract can be produced in large
amounts as recombinant allergens. This possi-
bility may become crucial for the improvement
of diagnosis of various allergies.” The availabil-
ity of biologically active recombinant allergens
together with genetic engineering also allows
definition and localization of discontinuous an-
tibody-binding epitopes on the molecule and
identification of epitopes responsible for cross-
reactivities between allergens from different bi-
ologic sources.>

2. PLA,, is enzymatically inactive and thus non-
toxic to cells. It is also unable to elicit allergic
reactions in vivo. This may be advantageous for
the study of T cell-mediated immune responses,
which are thought to be induced by nonconfor-
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mational, continuous amino acid sequences and
which may be disturbed by the cytotoxic action
of the native molecule.>* The lack of cytotoxicity
and the inability to elicit immediate-type aller-
gic in vivo reactions could also prove valuable
for immunotherapy for allergic diseases. Fur-
ther in vitro and in vivo studies, however, are
needed to show that unrefolded allergens or
even T-cell epitope-containing peptide frag-
ments thereof*3 are actually capable of inducing
anergy or modifying the immune response from
allergy to immune protection.

We are indebted to Prof. M. Gelb, University of
Washington, Seattle, for his helpful advice. We thank
Mrs. M. Schenk for preparation of the manuscript.
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