
Background: Cat allergen Fel d 1 is a heterodimer encoded by
2 separate genes that has been difficult to produce as a fully
immunoreactive molecule.
Objective: We sought to engineer recombinant (r) Fel d 1 with
IgE and IgG antibody binding comparable with that of the nat-
ural allergen that could be targeted to antigen-presenting cells.
Methods: The rFel d 1 chains were coexpressed in baculovirus,
either linked to the anti-CD64 antibody H22 (rFel d 1 H22+) or
alone (rFel d 1 H22–). Binding of expressed allergens to mouse
and human antibodies was compared with that of natural (n)
Fel d 1 by means of enzyme immunoassay and antigen-binding
and inhibition RIAs. Binding of rFel d 1 H22+ to the CD64
receptor on leukocyte subpopulations and on the THP–1 cell
line was analyzed by means of flow cytometry.
Results: The baculovirus-expressed allergens migrated with
molecular weights of 49 kd (rFel d 1 H22+) and 22 kd (rFel d 1
H22–). The rFel d 1 inhibited IgG antibody binding to nFel d 1
by greater than 95% and showed identical dose-dependent
inhibition curves. There was an excellent quantitative correla-
tion between IgE and IgG antibody binding to rFel d 1 and
nFel d 1 in sera from patients with cat allergy (IgE: n = 258, r =
>0.72, P < .001). The rFel d 1 H22+ bound to monocytes but not
to lymphocytes or neutrophils, and binding of rFel d 1 H22+ to
THP-1 cells was inhibited by a soluble CD64 fusion protein.
Conclusions: Recombinant Fel d 1 chains have been successful-
ly coexpressed as mature proteins with comparable immunore-
activities to nFel d 1. The rFel d 1 can be targeted to antigen-
presenting cells through CD64. These constructs will facilitate
structural studies of Fel d 1 and the development of improved
allergy diagnostics and therapeutics. (J Allergy Clin Immunol
2002;110:757-62.)
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Fel d 1 is the major allergen produced by domestic
cats and elicits IgE and IgG antibody responses in greater
than 90% of persons with cat allergy. Although other cat
allergens have been identified, including Fel d 2 (albu-
min) and Fel d 3 (cystatin), 60% to 90% of anti-cat IgE
is directed against Fel d 1.1-5 Fel d 1 has been used to
monitor antibody responses during immunotherapy and
to investigate the role of allergen sensitization in asth-
ma.4,6-12 Cat allergenic products used for diagnosis and
treatment are standardized according to Fel d 1 con-
tent.13,14 However, natural allergenic products contain
other cat proteins derived from dander or pelt, many of
which are nonallergenic. They might be contaminated
with other allergens (eg, dust mites) and are a potential
source of transmittable mammalian pathogens.13 These
problems can be circumvented by producing recombi-
nant allergens that can be produced on demand, can be
precisely formulated and standardized, and are free of
irrelevant proteins.4,15

The production of recombinant (r) Fel d 1 has been
challenging because Fel d 1 is a heterodimer composed
of 2 protein chains produced by separate genes.15-17 Fel
d 1 chains 1 and 2, produced separately in Escherichia
coli, had significantly reduced immunoreactivity com-
pared with that of the natural allergen.18,19 Denaturation
and refolding of the E coli–expressed chains increased
IgE antibody binding; however, the refolding process is
not practical for producing large amounts of allergen.4

Natural (n) Fel d 1 (chain 2) is glycosylated, whereas the
E coli–expressed chains were not. Coexpression of both
Fel d 1 chains in a eukaryotic expression system would
provide the machinery for folding, processing, and gly-
cosylation of the molecule similar to that of the natural
allergen. Production of mature rFel d 1 is essential for
studies to elucidate the structure and biologic function of
the allergen. Fel d 1 has been used extensively for human
T-cell studies, epitope mapping, and development of pep-
tide-based vaccines.16,20-22 Both T cell–proliferative
responses and epitope-mapping studies have been incon-
sistent, suggesting that better targeting of allergen to
antigen-presenting cells (APCs) would improve the mag-
nitude and reproducibility of the response.

In this article we describe the engineering of fully
immunoreactive rFel d 1 in the baculovirus expression
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system. Two constructs were expressed: linked Fel d 1
chains 1 and 2 (designated rFel d 1 H22–) and Fel d 1
chains linked to a single-chain variable-region antibody
fragment of the anti-CD64 mAb H22 (designated rFel d
1 H22+). Both constructs showed comparable IgE and
IgG antibody binding to nFel d 1. The anti-CD64 mAb
(H22) binds to high-affinity FcγRI receptors on APCs,
and there is evidence that targeting antigen to APCs by
means of CD64 increases the efficacy of antigen presen-
tation and enhances T-cell activation.23-25 High-level
expression of rFel d 1 will facilitate structural, biologic,
and immunologic studies of this important cat allergen,
as well as the development of better diagnostic reagents
and new approaches to allergen immunotherapy.

METHODS

Expression of Fel d 1 in baculovirus-infected

insect cells

Recombinant Fel d 1 H22+ construct. The sFv portion of the
anti-CD64 mAb H22 was cloned from vector pJG225 (Medarex

Inc, Annandale, NJ) into the BamHI and XbaI sites of the bac-
ulovirus expression vector pAcSAG-LIC (PharMingen, San Diego,
Calif). A 6× His tag was inserted at the end of the cloning site. Fel
d 1 chain 1 cDNA was cloned into the baculovirus expression vec-
tor, whereas chain 2 cDNA was cloned into vector pCR2.1 by using
the TA cloning kit (Invitrogen, Carlsbad, Calif).18 Primers were
designed to include 5′ XhoI and 3′ NdeI restriction sites on chain 1
and 5′ PstI and 3′ NotI restriction sites on chain 2. Chains 1 and 2
were subcloned in succession by using a flexible oligonucleotide
linker: 5′ TATG (GGT GGA GGA GGT TCT)×3CTGCA3′ (with 5′
NdeI and 3′ PstI sticky ends underlined).26 A 4-part ligation sub-
cloning into the XhoI and NotI sites of the baculovirus expression
vector was performed. The final construct is shown in Fig 1.

Recombinant Fel d 1 H22– construct. A similar baculovirus Fel
d 1 chain 1 and 2 construct was designed without the sFv portion of
mAb H22.

Recombinant virus, protein expression, and

purification

Recombinant baculovirus was generated by cotransfecting 1 µg
of linearized BaculoGold baculovirus DNA (PharMingen) and 2 µg
of expression plasmid construct into 3 × 106 Sf9 cells. Supernatant
containing recombinant virus was harvested after 4 days, amplified
to approximately 109 pfu/mL in Sf9 cells, and stored at –80°C as a
source of high-titer stock. Recombinant Fel d 1 protein was
expressed by using 1 mL of virus to infect 70% to 80% confluent
Sf9 cells. High-titer virus supernatant was harvested after 7 days
and stored at 4°C for use in expression. High Five (Hi5) insect cells
(Invitrogen) were grown to a density of 3 to 4 × 106/mL in a 2-L
baffled flask containing 500 mL of Excel 401 media (JRH Bio-
sciences, Lenexa, Kan). Cells were infected with 100 µL of high-
titer Fel d 1 virus supernatant and incubated with shaking at 30°C
for 72 hours. Cultures were centrifuged at 17,000g for 10 minutes,
and supernatant containing rFel d 1 was filtered through a 0.22-µm
filter and stored at 4°C.

Recombinant Fel d 1 was purified by means of nickel affinity chro-
matography, followed by anion-exchange HPLC. Allergen was ana-
lyzed in nonreducing sample buffer on silver-stained SDS-PAGE gels
by using a PhastSystem (Amersham Biosciences, Piscataway, NJ).

Purification of nFel d 1

Natural Fel d 1 was purified from house dust extract by means of
affinity chromatography with the anti-Fel d 1 mAb Fd1A and size
exclusion HPLC, as previously described.27,28

Serum samples

Human serum samples for analyses of IgE and IgG antibodies
against Fel d 1 were obtained from 3 sources: (1) a cohort of Japa-
nese children with cat allergy and asthma or rhinitis (n = 158) that
had previously been analyzed for IgE antibody to Fel d 1 and had
Pharmacia CAP scores to cat of class 2 or greater21; (2) a cohort of
adult patients allergic to cat (or other allergens, n = 75) kindly pro-
vided by Drs Mark Larché and Barry Kay (National Heart & Lung
Institute, London, United Kingdom); and (3) sera from patients with
cat allergy (n = 25) provided by Dr Peyton Eggleston (Johns Hop-
kins University, Baltimore, Md). Human subjects approval for col-
lection of sera was obtained from each institutional review board.

Antigen-binding RIAs

Purified nFel d 1 and rFel d 1 (H22+ and H22–) were radiola-
beled with iodine 125 and used in antigen-binding RIAs to measure
IgE and IgG antibodies.11 Binding of nFel d 1 and rFel d 1 to human
IgE and IgG antibody was compared by means of linear regression
with Microsoft Excel LINEST and least-squares analysis.
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APC: Antigen-presenting cell

FIG 1. Linear map of rFel d 1 constructs, showing restrictions sites
and the location of each Fel d 1 chain.

FIG 2. SDS-PAGE analysis of rFel d 1 constructs and nFel d 1
under nonreducing (NR) and reducing (RED) conditions (8%-25%
gradient gel, silver stained). MW, Molecular weight.



J ALLERGY CLIN IMMUNOL

VOLUME 110, NUMBER 5

Vailes et al 759

Inhibition RIA

The ability of rFel d 1 to inhibit the binding of allergic sera to
nFel d 1 was determined by using inhibition RIA. Serial 1:4 dilu-
tions of unlabeled nFel d 1 (from 400 to 0.4 ng/mL) were incubat-
ed with pooled serum from 10 Japanese or 6 US patients with cat
allergy. After a 2-hour incubation at room temperature, 110,000
cpm of iodine 125–labeled Fel d 1 H22+ was added to all tubes.
Tubes were incubated for an additional 2 hours, precipitated
overnight with goat anti-human IgG, washed, and counted.

Flow cytometric analysis

All procedures were performed at 4°C in PBS/0.2% sodium azide
with 2 mg/mL BSA, as previously described.29 Briefly, THP-1 cells
(American Type Culture Collection, Rockville, Md) or human blood
buffy coat cells were incubated for 1 hour with purified rFel d 1
H22+.30 For the blocking studies, 100-fold excess soluble CD64-
IgM fusion protein (Medarex Inc) was also added at this step.31 After
3 washes, the cells were stained with anti-Fel d 1 mAb 2H4 (20
µg/mL) in the presence of 4 mg/mL human IgG. The cells were
washed, stained with 17.5 µg/mL FITC-labeled goat F(ab′)2 anti-
mouse Ig, and fixed with 1% methanol-free formalin. Populations of
monocytes, lymphocytes, and neutrophils were gated by using for-
ward- and side-scatter profiles, and cell fluorescence intensity was
analyzed with a Becton Dickenson FACScan (Franklin Lakes, NJ).30

RESULTS

Expression of immunoreactive rFel d 1

Purified nFel d 1 migrated as a broad band at approxi-
mately 18 kd on SDS-PAGE (Fig 2). The rFel d 1 expressed
in baculovirus was simultaneously expressed, folded, and
secreted as a complete Fel d 1 molecule, and no additional
refolding or processing was required. The rFel d 1
expressed with the sFv portion of anti-CD64 mAb (H22+)
had a molecular weight of 49 kd on SDS-PAGE, and rFel d
1 expressed without H22 migrated at 22 kd (Fig 2).

Antibody binding to both forms of rFel d 1 was com-
pared by using 4 mAbs directed against nonoverlapping
epitopes on Fel d 1 in 2-site ELISA. Binding curves for
rFel d 1 (either H22+ or H22–) were almost identical to

those of nFel d 1 by using the mAbs 1G9 and 6F9 for
allergen capture and the biotinylated mAb 3E4 for detec-
tion (data not shown). Inhibition experiments were used
to compare the ability of nFel d 1 and rFel d 1 to compete
for human IgG antibody binding by means of cross-inhi-
bition in RIAs. Recombinant iodine 125–labeled rFel d 1
H22+ inhibited binding of nFel d 1 to anti-Fel d 1 IgG
antibodies in 2 serum pools by greater than 95% and
showed identical inhibition curves at concentrations of
0.4 to 400 ng/mL (Fig 3). These results showed that the
rFel d 1 was antigenically indistinguishable from nFel d
1 by using polyclonal human IgG antibodies.

IgE and IgG antibodies to nFel d 1 and rFel d 1

Allergic sera (n = 258) from 3 different geographic
locations were analyzed for IgE antibody binding to nFel
d 1, rFel d 1 H22+, and rFel d 1 H22– by means of anti-
gen-binding RIA with iodine 125–labeled allergens. Lin-
ear regression analysis showed a highly significant quan-
titative correlation between IgE antibody to both forms
of rFel d 1 when compared with IgE antibody binding to
nFel d 1 (P < .001, Fig 4). The specific activity of the
radiolabeled rFel d 1 was higher than that of the natural
allergen, and a subset of sera (approximately 10%)
showed positive IgE antibody binding to rFel d 1 and
weak or undetectable binding to nFel d 1. Because many
of these sera were previously confirmed to be of CAP
class 2 or greater to cat and IgE antibody levels to nFel d
1 were low (<25 U/mL), these results might indicate that
the RIA with labeled rFel d 1 was more sensitive.11 Only
5 (2%) sera showed higher IgE antibody binding to the
natural allergen than to rFel d 1 (Fig 4).

IgG antibody binding to both forms of rFel d 1 and to
nFel d 1 was compared in 73 sera from patients with cat
allergy and positive skin test results and from nonallergic
control subjects with negative skin test results from the
United Kingdom. In keeping with the IgE antibody
results and with the inhibition RIA data, there was a sig-
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FIG 3. Inhibition dose-response curves comparing nFel d 1 and rFel d 1 (H22+). Binding of iodine 125–labeled
nFel d 1 (2 ng, 110,000 cpm) to human IgG antibody in serum pools from either Japanese (A) or US (B)

patients with cat allergy was inhibited with 0.4 to 400 ng/mL nFel d 1 (filled circles) or rFel d 1 (open circles).
Uninhibited binding was 16 to 20,000 cpm for the different serum pools, and the assay background was
approximately 300 cpm.
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nificant quantitative correlation between IgG antibody to
rFel d 1 H22+ and H22– and nFel d 1 in these sera (r =
0.92, r = 0.95, and P < .001, respectively; Fig 5). We also
observed that some sera, usually from patients with neg-
ative skin test results, had increased levels of IgG anti-
body to the rFel d 1 but low or undetectable levels of IgG
antibody to nFel d 1. This effect was most marked for
rFel d 1 H22+, and 26 of 73 sera that were positive in the
H22+ assay were negative for IgG antibody to nFel d 1.
When assayed for IgG antibody to rFel d 1 H22–, 11 of
the 26 sera had IgG antibodies to both rFel d 1 H22– and
rFel d 1 H22+ without IgG antibody to nFel d 1 (Fig 5).
IgE antibody binding to nFel d 1 and rFel d 1 H22– for

these 73 sera was also compared. There was a significant
correlation in IgE antibody binding to rFel d 1 H22– and
nFel d 1 (r = 0.88, P < .001), and 35 of 73 individuals had
negative IgE results to both allergens. Three patients who
had negative IgE results to nFel d 1 by means of RIA but
positive results to rFel d 1 H22– were reported to have
positive skin test results to cat allergen (Dr Mark Larché,
written communication, February 1999).

Recombinant Fel d 1 H22+ selectively targets

CD64+ APCs

Titration curves of buffy coat leukocytes prepared
from whole blood, incubated with rFel d 1 H22+, and
stained with an anti-Fel d 1 mAb are shown in Fig 6, A.
The rFel d 1 bound to the surface of monocytes and THP-
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FIG 4. IgE antibody (ab) binding to rFel d 1 constructs. Linear
regression analysis was used to compare IgE antibody binding to
either rFel d 1 H22+ (A) or rFel d 1 H22– (B) with binding to nFel d
1 in sera from 258 patients with cat allergy. Sera were incubated
with iodine 125–labeled allergen in antigen-binding RIAs, and the
results are expressed in arbitrary units relative to a standard
serum pool.

FIG 5. Comparison of IgG antibody (ab) binding to rFel d 1 con-
structs (A, H22+; B, H22–) and to nFel d 1 in patients with positive
or negative skin test responses to cat allergen extract.
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1 cells with high affinity and specificity because staining
was saturated by 0.5 to 1 µg/mL rFel d 1 H22+, and no
surface staining was seen with lymphocytes or neu-
trophils. Recombinant Fel d 1 H22– did not stain any of
the cells (data not shown). To show that rFel d 1 H22+

specifically targeted Fel d 1 to CD64+ APCs, the CD64+

monocytic cell line THP-1 was exposed to 0.25 µg/mL
rFel d 1 H22+ in the presence or absence of 25 µg/mL of
the soluble CD64-IgM fusion protein. The cells were
then stained for surface-bound rFel d 1. Incubating THP-
1 cells with rFel d 1 H22+ resulted in the targeting of rFel
d 1 to the cell surface, whereas the addition of the block-
ing CD64-IgM fusion protein reduced surface rFel d 1
staining to near-background levels (Fig 6, B).

DISCUSSION

Chains 1 and 2 of Fel d 1 have been simultaneously
expressed in a eukaryotic system, resulting in the suc-
cessful production of a mature form of rFel d 1 having
IgE reactivity comparable with that of nFel d 1. Recom-
binant Fel d 1 was purified directly from culture super-
natant without the need for refolding or processing steps,
as was required for E coli–expressed allergen.4,16

Recombinant Fel d 1 was produced with and without an
anti-CD64–targeting, single-chain, variable-region anti-
body fragment, and both forms showed excellent IgE
antibody binding. The correlation between IgE antibody
binding to rFel d 1 and nFel d 1 in vitro was as strong as
has been observed for other recombinant allergens,
including Der f 1, Der p 2, and Bla g 2,32-34 and correlat-
ed with skin test reactivity to natural cat allergen extract.

The immunoreactivity of rFel d 1 was confirmed by
means of IgG antibody analyses with murine mAb and
human IgG antibody. The rFel d 1 inhibited IgG antibody
binding to nFel d 1 by greater than 95%, and there was a
good correlation between IgG antibody binding to both
the H22+ and H22– forms of rFel d 1 and the natural
allergen. There appeared to be some nonspecific IgG
binding to rFel d 1 in a subset of sera, mainly from
nonatopic control subjects, which showed IgG antibody
to rFel d 1 but not to the natural allergen. This binding
was more pronounced with the H22+ form of rFel d 1 and
might be explained by the presence of IgG anticarbohy-
drate antibody or cross-reacting IgG antibody to a por-
tion of the sFv region of the anti-CD64 mAb. Nonspecif-
ic IgG antibody binding to the H22– form of rFel d 1 was
less common (11/73 [15%] sera). This could indicate that
the carbohydrate moiety added to the molecule during
secretion from the insect cell might be responsible for
some IgG cross-reactivity. Glycosylation of rFel d 1
could be prevented by mutating the N-linked glycosyla-
tion site on chain 2. However, nFel d 1 is glycosylated,
and although the carbohydrate side chains do not appear
to be directly involved as antibody epitopes, they might
be necessary for proper folding to create IgE-binding
determinants.4,35

The rFel d 1 H22+ construct was designed to target the
allergen to immunoregulatory cells (monocytes,

macrophages, and dendritic cells) bearing the FcγRI
receptor (CD64). Both the H22 moiety and Fel d 1 could
be detected on human monocytes, suggesting that rFel d
1 H22+ could be used to investigate antigen processing,
presentation, and T-cell responses to Fel d 1, as has been
done for other antigens.23-25,36 Targeting antigen to
CD64 increases the efficiency with which dendritic cells
sequester antigen and enhances their T-cell stimulatory
potential.23 We speculate that this form of targeting
would improve the efficiency of allergen processing and
lead to more reproducible allergen-specific T-cell
responses. The recent observation that IFN-γ upregulates
the expression of functional high-affinity FcγRI receptors
on mast cells suggests that rFel d 1 H22+ could also be
used to investigate non–IgE-mediated mechanisms lead-
ing to mast cell degranulation.37
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FIG 6. Targeting of rFel d 1 H22+ to APCs. A, Binding of anti-Fel d
1 mAb to monocytes (shaded diamonds), THP-1 cells (filled
squares), neutrophils (filled triangles), or lymphocytes (shaded
squares) that had been incubated with different concentrations of
rFel d 1 H22+ (background fluorescence was subtracted for each
cell type) is shown. B, Binding of rFel d 1 H22+ to CD64 expressed
on THP-1 cells is inhibited by soluble CD64-IgM fusion protein.
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In summary, we have engineered 2 rFel d 1 constructs
that permit the expression of mature immunoreactive Fel
d 1 without refolding and that facilitate targeting to
APCs. The yield of rFel d 1 in baculovirus (4-6 mg/L)
has been enhanced by expressing rFel d 1 H22– in Pichia
pastoris (yield of 20-30 mg/L).34 The rFel d 1 allergens
have been used in miniaturized microchip arrays that
allow IgE responses to multiple allergens to be analyzed
in a single measurement.38 These allergens will also pro-
vide essential tools for basic and clinical studies of the
immune response to cat allergens, developing animal
models of asthma and structural modifications of aller-
gens that will allow new forms of immunotherapy to be
developed.15,39

We thank Dr Bruce Rogers for providing Fel d 1 cDNA, Dr Joel
Goldstein for providing the pJG225 vector, and Drs Mark Larché,
A. Barry Kay, and Peyton Eggleston for providing serum samples
for use in these studies. The technical assistance of Katharine Hintz
and Ineke Bos is gratefully acknowledged.

REFERENCES

1. Ohman JL, Lowell FC, Block KJ. Allergens of mammalian origin. III.
Properties of a major feline allergen. J Immunol 1974;113:1168-77.

2. Leitermann K, Ohman JL. Cat allergen 1: biochemical, antigenic, and
allergenic properties. J Allergy Clin Immunol 1984;74:147-53.

3. Lowenstein H, Lind P, Weeke B. Identification and clinical significance
of allergenic molecules of cat origin. Allergy 1985;40:430-41.

4. van Ree R, van Leeuwen A, Bulder I, Bond J, Aalberse RC. Purified nat-
ural and recombinant Fel d 1 and cat albumin in in vitro diagnostics for
cat allergy. J Allergy Clin Immunol 1999;104:1223-30.

5. Ichikawa K, Vailes LD, Pomés A, Chapman MD. Molecular cloning,
expression and modeling of cat allergen, cystatin (Fel d 3), a cysteine pro-
tease inhibitor. Clin Exp Allergy 2001;31:1279-86.

6. Péne J, Descroches A, Paradis L, et al. Immunotherapy with Fel d 1 pep-
tides decreases IL-4 release by peripheral blood T cell of patients aller-
gic to cats. J Allergy Clin Immunol 1998;102:571-8.

7. Prescott S, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt PG.
Development of allergen-specific T-cell memory in atopic and normal
children. Lancet 1999;353:196-200.

8. Larché M, Haselden BM, Oldfield WLG, et al. Mechanisms of T cell
peptide epitope-dependent late asthmatic reactions. Int Arch Allergy
Immunol 2001;124:272-5.

9. Finn PW, Boudreau JO, He H, et al. Children at risk for asthma: home
allergen levels, lymphocyte proliferation, and wheeze. J Allergy Clin
Immunol 2000;105:933-42.

10. Platts-Mills TAE, Sporik R, Squillace SP, Woodfolk J, Vaughan J.
Decreased risk of sensitization and asthma in children with high exposure
to cat allergen is associated with a modified Th2 response. Lancet
2001;357:752-6.

11. Ichikawa K, Iwasaki E, Baba M, Chapman MD. High prevalence of sen-
sitization to cat allergen among Japanese children with asthma, living
without cats. Clin Exp Allergy 1999;29:754-61.

12. Chapman MD, Wood RA. The role and remediation of animal allergens
in allergic diseases. J Allergy Clin Immunol 2001;107:S414-21.

13. van Ree R. Analytic aspects of the standardization of allergenic extracts.
Allergy 1997;52:795-805.

14. American Academy of Allergy, Asthma and Immunology (AAAAI).
Position Statement: The use of standardized allergen extracts. J Allergy
Clin Immunol 1997;99:583-6.

15. Chapman MD, Smith AM, Vailes LD, Arruda LK, Dhanaraj V, Pomes A.
Recombinant allergens for diagnosis and therapy of allergic disease. J
Allergy Clin Immunol 2000;106:409-18.

16. Duffort OA, Carreira J, Nitti G, Polo F, Lombardero M. Studies on the
biochemical structure of the major cal allergen Felis domesticus I. Mol
Immunol 1991;28:301-9.

17. Morgenstern JP, Griffith IJ, Brauer AW, et al. Amino acid sequence of Fel

d I, the major allergen of the domestic cat: protein sequence analysis and
cDNA cloning. Proc Natl Acad Sci U S A 1991;88:9690-4.

18. Slunt JB, Rogers BL, Chapman MD. IgE antibodies to recombinant
forms of Fel d 1: dichotomy between fluid-phase and solid-phase bind-
ing studies. J Allergy Clin Immunol 1995;95:1221-8.

19. Rogers BL, Morgenstern JP, Garman RD, Bond JF, Kuo MC. Recombi-
nant Fel d 1: expression, purification, IgE binding and reaction with cat-
allergic human T cells. Mol Immunol 1993;30:559-68.

20. Counsell CM, Bond JF, Ohman JL, Greenstein JL, Garman RD. Defini-
tion of the human T-cell epitopes of Fel d 1, the major allergen of the
domestic cat. J Allergy Clin Immunol 1996;98:884-94.

21. Haselden BM, Kay AB, Larché M. Immunoglobulin E-independent
major histocompatibility complex-restricted T cell peptide epitope-
induced late asthmatic reactions. J Exp Med 1999;189:1885-94.

22. Maguire P, Nicodemus C, Robinson D, Aaronson D, Umetsu DT. The
safety and efficacy of ALLERVAX CAT in cat allergic patients. Clin
Immunol 1999;93:222-31.

23. Keler T, Guyre PM, Vitale LA, et al. Targeting weak antigens to CD64
elicits potent humoral responses in human CD64 transgenic mice. J
Immunol 2000;165:6738-42.

24. Fanger NA, Voigtlaender D, Liu C, et al. Characterization of expression,
cytokine regulation, and effector function of the high affinity IgG recep-
tor Fc gamma RI (CD64) expressed on human blood dendritic cells. J
Immunol 1997;158:3090-8.

25. Van Vugt MJ, Kleijmeer MJ, Keler T, et al. The FcγRIa (CD64) ligand
binding chain triggers major histocompatibility complex class II antigen
presentation independently of its associated FcR γ-chain. Blood
1999;94:808-17.

26. Raag R, Whitlow M. Single-chain Fvs. FASEB J 1995;9:73-80.
27. De Groot H, van Swieten P, van Leeuwen J, Lind P, Aalberse RC. Mono-

clonal antibodies to the major feline allergen Fel d 1. I. Serologic and bio-
logic activity of affinity purified Fel d I and of Fel d I-depleted extract. J
Allergy Clin Immunol 1988;82:778-86.

28. Chapman MD, Aalberse RC, Brown MJ, Platts-Mills TAE. Monoclonal
antibodies to the major feline allergen Fel d I. II. Single step affinity
purification of Fel d I, N-terminal sequence analysis, and development of
a sensitive two-site immunoassay to assess Fel d I exposure. J Immunol
1988;140:812-8.

29. Morganelli PM, Guyre PM. IFN-gamma plus glucocorticoids stimulate
the expression of a newly identified human mononuclear phagocyte-
specifiec antigen. J Immunol 1988;140:2296-304.

30. Hoffman RA, Kung PC, Hansen WP, Goldstein G. Simple and rapid mea-
surement of human T lymphocytes and their subclasses and their sub-
classes in peripheral blood. Proc Natl Acad Sci U S A 1980;77:4914-7.

31. Keler T, Graziano RF, Mandal A, et al. Bispecific antibody-dependent
cellular cytotoxicity of HER2/neu overexpressing tumor cells by Fc
gamma receptor type I-expressing effector cells. Cancer Res
1997;57:4008-14.

32. Best EA, Stedman KE, Bozic CM, et al. A recombinant Group 1 house
dust mite allergen, rDer f 1, with biological activities similar to those of
the native allergen. Protein Expr Purif 2000;20:462-71.

33. Smith SM, Benjamin DC, Hozic N, et al. The molecular basis of anti-
genic cross-reactivity between the group 2 mite allergens. J Allergy Clin
Immunol 2001;107:977-84.

34. Vailes LD, Ichikawa K, Pomés A, et al. Validation of recombinant aller-
gens: ELISA reactivity, IgE antibody binding, and skin test reactivity
[abstract]. J Allergy Clin Immunol 2001;107:S219.

35. Vailes LD, Ying L, Yongde B, Degroot H, Aalberse RC, Chapman MD.
Fine specificity of B-cell epitopes on Felis domesticus allergen I (Fel d
I): effect of reduction and alkylation or deglycosylation on Fel d 1 struc-
ture and antibody binding. J Allergy Clin Immunol 1994;93:22-33.

36. Wallace PK, Tsang KW, Goldstein J, et al. Exogenous antigen targeted to
FcγRI on myeloid cells is presented in association with MHC classI. J
Immunol Methods 2001;248:183-94.

37. Okayama Y, Kirshenbaum AS, Metcalfe DD. Expression of a functional
high affinity IgG receptor, FcγRI on human mast cells. J Immunol
2000;164:4332-9.

38. Hiller R, Laffer S, Harwanegg C, et al. Microarrayed allergen molecules:
diagnostic gatekeepers for allergy treatment. FASEB J 2002;16:414-6.

39. Kraft D, Ferreira F, Vrtala S, et al. The importance of recombinant aller-
gens for diagnosis and therapy of IgE-mediated allergies. Int Arch Aller-
gy Immunol 1999;118:171-6.

M
echanism

s
of allergy


