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Pet allergens are major causes for asthma and allergic rhinitis. Fel d 1 protein, a key pet allergen from domestic cat, can
sensitize host and trigger asthma attack. In this study, we report that co-immunization with recombinant Fel d 1 protein
(rFel d 1) plus plasmid DNA that contains Fe1 d 1 gene was effective in preventing and treating the natural Fel d 1 (nFel d
1) induced allergic airway inflammation in mice. A population of T regulatory cells (iTreg) exhibiting a CD4+CD25-Foxp3+
phenotype and expressing IL-10 and TGF-B was induced by this co-immunization strategy. Furthermore, after adoptive
transfers of the iTreg cells, mice that were pre-sensitized and challenged with nFel d 1 exhibited less signs of allergic
inflammation, AHR and a reduced allergic immune response. These data indicate that co-immunization with DNA and
protein mixture vaccine may be an effective treatment for cat allergy.

Introduction

Allergic asthma is caused by hypersensitive immune disorder
(type I hypersensitivity). Common allergens, such as house dust,
pollen and animal dander,' promote type 2 T cell responses to
allergic rhinitis or asthma. Felis domesticus allergen 1 (Fel d 1),
which is a dander protein primarily found in cat saliva and seba-
ceous glands,?® can elicit IgE responses in 95% of patients who
are allergic to cat.*” The clinically symptoms of cat allergy range
from mild rhinitis, conjunctivitis, allergic inflammation to even
life-threatening asthmatic responses.

The most common treatment of allergic asthma includes
avoidance of the allergen, pharmacotherapy and allergen-specific
immunotherapy (allergen-SIT). However, each method has
its drawbacks. Avoidance of allergens is often difficult and not
always possible. Pharmacotherapy, such as bronchodilators and
anti-inflammatory drugs, can only temporarily relieves allergic
symptoms, but fails to have any effect on immunological disorder
that results in allergy. Immunotherapy, such as desensitization
with multiple s.c. injections, takes years to desensitize,*” thus
making treatment difficult both for patients and for clinicians.
Therefore, allergen tolerance needs to be induced with a more
feasible and cost-effective SIT-treatment method.

Previously, we reported that a co-immunization vaccine is
capable of alleviating allergy.®® The vaccine, consisting of allergen

(Protein vaccine) and plasmid coding same allergen (DNA vac-
cine), was able to induce allergen specific tolerance following co-
immunization. To explore the mechanism behind this tolerance,
it was found that a unique subset of regulatory T cells (Treg)
was induced by co-immunization.”” This subset of inducible
Treg has a CD4+CD25-Foxp3+ phenotype and could suppress
allergic response.” As the protein and DNA combined vaccine is
easy to immunize and induce an allergic specific tolerance, we
are interested in its clinical potential on domestic asthma. In this
report, we investigated whether the co-immunization vaccine of
the major cat allergen Fel d 1 is effective to induce allergen toler-
ance and to treat allergy.

Results

Vaccine preparation. Fel d 1 is a 17-KD heterodimer containing
two peptide chains linked by three Interchain disulphide bonds:
chain 1 with 70 amino acids and chain 2 with 90-92 amino acids.
In natural Fel d 1, two of these heterodimers form a tetramer
with a molecular weight of 33-39-KD glycoprotein.? To prepare
Fel d 1 antigen and its corresponding gene (DNA) for co-immu-
nization, rFel d 1 protein and the eukaryotic expression plasmid
proVAX-rFel d 1 were generated and prepared.

Briefly, the plasmids pET28a-SMT3-rFel d 1 and proVAX-
rFel d 1 expressing rFel d 1 were constructed by directly linking
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Figure 1. Schematic diagram of vaccine preparation. Vectors proVAX-rFel d 1 and pET28a-SMT3-rFel d 1 expressing rFel d 1 antigen were constructed
as described in Materials and Methods. Vector proVAX-rFel d 1 was transformed in bacterial cells and plasmid DNA was purified and incorporated into
a DNA vaccine. rFel d 1 was expressed in E. coli with IPTG induction, purified and used as a protein vaccine. Plasmid DNA was mixed 1:1 with the puri-

the C-terminal residue of chain 1 (Cys70) to the N-terminal resi-
due of chain 2 (Val70) as described in Materials and Methods. As
shown in Figure S1, the plasmid pET28a-SMT3-rFel d 1 were
expressed efficiently in Escherichia coli. (lane 3, Fig. S1B) and the
rFel d 1 was purified (lane 6, Fig. S1B) and characterized by west-
ern blot (Fig. S1C). In addition, vector proVAX-rFel d 1 could
also successfully express rFel d 1 antigen in mammalian cells, as
had been shown by western blot analysis (Fig. SID).

As indicated in Figure 1, mice were immunized with plasmid
proVAX-rFel d 1 (DNA vaccine), rFel d 1 (protein vaccine) and
the equal (1:1) mixture of the both (co-immunization vaccine).

Prevention and treatment of nFel d 1-induced allergic air-
way inflammation in a mouse model by DNA/protein vaccine
co-immunization. To address if co-immunization vaccine could
alleviate the signs of allergic inflammation in the rFel d 1 allergic
model, BALB/c mice were sensitized and challenged with rFel
d 1. As data showed that co-immunization vaccine was able to
prevent and to treat rFel d 1 airway inflammation (Figs. S2 and
S3), we then examined the efficacy of co-immunization on air-
way inflammation induced by native Fel d 1 (nFel d 1).

To test if co-immunization vaccine prevents allergic airway
inflammation in the nFel d 1 allergic model, BALB/c mice were
i.m. co-immunized twice with plasmid proVAX-rFel d 1 plus rFel
d 1 vaccine. Single immunization with either proVAX-rFel d 1
or rFel d 1 alone, or mismatch immunizations with rFel d 1 plus
proVAX vector were used as controls. These mice were then sensi-
tized and challenged with nFel d 1 protein (Fig. 2A). Naive mice
neither vaccinated nor sensitized were used as negative controls.
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The allergic mice without any pre-vaccination were used as a
positive control.

Airway inflammation was evaluated with H&E histology.
The infiltration of inflammatory cells was inhibited in the co-
immunization group comparing with the negative control groups
and other vaccinated groups (Fig. 2B and C). Moreover, lower
BAL cell numbers (Table 1) were observed in co-immunization
group. Similarly, differential cell counts showed that, compared
with allergic model groups the number of eosinophis was signifi-
cantly reduced only in the DNA/protein co-vaccine group. Total
serum IgE was also significantly suppressed in the co-immuniza-
tion vaccine group (Fig. 2D).

To determine whether the co-immunization ameliorates air-
way hyperreactivity (AHR), the dynamic respiratory resistance
(Rrs) was measured in response to acetylcholine chloride at vari-
ous doses. As shown in Figure 3A, values of Rrs were significantly
higher in the allergic model group than in the naive group in
response to acetylcholine chloride. Co-immunization treatment
significantly reduced the level of Rrs (co-immunization group vs.
model group, p = 0.0307, iv. acetylcholine chloride at 0.08mg,
Fig. 3A).

The preventive efficacy of co-immunization was further
examined by allergic anaphylaxis. Experimental mice (n = 6) were
challenged with high-dose of rFel d 1 by i.v. injection, and body
temperatures were monitored at regular intervals. As shown in
Figure 3B, mice in allergic model group experienced anaphylaxis
with severe drops in body temperature. Similarly, the sharp drops
in body temperature were also observed in the proVAX-rFel d 1
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Figure 2. Lung inflammation and total serum IgE levels in mice inmmunized with different vaccines. (A) Schematic outline of the experiment. (B)
Histological examination of lung tissues by H&E staining (n = 5). Magnification, x 200. (C) Lung inflammation was defined as the peribronchial inflam-
mation score (n = 5). Values are expressed as mean + SEM *** p < 0.001; significantly different from the allergic group. (D) Serum of individual mouse
was collected after intratrachea with nFel d 1 (d42). Total serum IgE levels were measured using double-antibody sandwich ELISA technique (n = 6). * p
< 0.05.

alone or rFel d 1 vaccine alone group. However, co-immunization Among the various types of vaccine options, only the co-
suppressed anaphylaxis with only mild temperature drops. When — immunization group of proVAX-rFel d 1 plus rFel d 1 can sig-
the changes in temperature were analyzed as the areas under the nificantly alleviate the symptoms in the established allergic
curve over 60 min, only the co-immunization with proVAX-rFel =~ model. As can be seen in Figures 4 and 5, compared with the
d 1 plus rFel d 1 revealed a significant suppression of anaphylaxis model group, co-immunization vaccine resulted in diminish-
compared with the allergic mice (p < 0.001, Fig. 3B). ment of inflammatory cells infiltration in the lung tissue (Fig.

To further investigate whether the co-immunization vaccine 4B and C), a decrease in total serum IgE levels (Fig. 4D) and
could treat the established airway allergic inflammation, BALB/c  significant relief in the level of Rrs (i.v. acetylcholine chloride at
mice were sensitized and challenged with nFel d 1 antigen, then  0.1mg, p = 0.0286, Fig. 5A). In addition, a mild drop in body
randomly divided into several groups and immunized with dif- temperature was observed in co-immunization group (Fig. 5B).
ferent types of vaccines. Once again, naive mice were negative BAL result (Table 2) showed that only DNA/protein co-vaccine
control and the allergic mice without vaccination were positive  group can significantly reduce the number of total BAL cells and
control (Fig. 4A). eosinophils.
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Table 1. Characterization of the bronchoalveolar lavage fluid from mice immunized with different vaccines in a prevention experimental model

Groups Total cells Eosinophis Basophils Monocytes Neutrophils
(X 10%/mlI) (X10%/ml) (X 103/ml) (X 10*/ml) (X 10*/ml)
Naive 107.67 + 32.39 8.61 +2.59 0.17 £0.29 1.62 + 0.49 21.53 +£6.48
Allergic model 241.33 + 47.59 72.40 £ 14.28 0.96 + 0.90 3.62 +0.71 48.27 £9.52
proVAX-rFel d 1 220.33 £ 27.74 66.10 = 8.32 0.97 £0.90 3.31+042 44.07 £ 5.55
rFeld 1 235.33+£32.25 70.60 + 9.68 1.31 £ 1.46 3.53+0.48 47.07 + 6.45
proVAX + rFel d 1 230.00 + 26.85 69.00 + 8.06 0.99 +0.87 3.45+0.40 46.00 + 5.37
proVAX-rFel d 1 + rFel d 1 131.00 £ 35.79 * 26.20 £ 7.16 *** 0.81 +1.03 2.01+0.40* 2790 +5.51*

Values are expressed as mean + SEM. ANOVA, co-immunization vaccine group vs. other vaccine group, * p < 0.05, ** p < 0.005, *** p < 0.0005.
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Figure 3. Prevention of AHR and acute systemic anaphylaxis by co-immunization strategy. (A) AHR was measured by the RC system in mice in
response to the intra-jugular administration of acetylcholine chloride at various doses on the x-axis and expressed as Rrs on the y-axis. The allergic
model was induced by nFel d 1 without vaccination (n = 6). (B) After vaccination and follow-up sensitization, 6 mice of each group were challenged
i.v. with rFel d 1 and body temperature was measured at regular intervals. Changes in body temperature in degrees Celsius + SD are shown on the
left panel and mean area above the curves + SD on the right panel (n = 6). Data shown are representative of three independent experiments with the

Collectively, these results demonstrated that the co-immuni-
zation strategy had both preventive and therapeutic effects on
nFel d 1-induced allergic airway inflammation in mice.

Functional CD4+CD25- Treg is induced by co-immuniza-
tion vaccine. To address if previous prevention and treatment by
co-immunization was due to tolerance induction, we tested regu-
latory T cells after immunization. Previousstudies demonstrated
that a subset of CD4+CD25-Foxp3+ phenotype Treg cells
secreting IL-10 and TGF- were induced by co-immunization
with protein antigen plus cognate DNA vaccine.!”" Therefore,
here we tested Foxp3+ Tregs in CD4+CD25- population in co-
immunized mice. BALB/c mice were immunized by different
vaccines and then tested for iTregs. As shown in Figure 6, mice
co-immunized with proVAX-rFel d 1 plus rFel d 1 had a higher
level of CD4+CD25-Foxp3+ iTreg cells than other two groups
that were treated either with proVAX-rFel d 1 alone or rFel d 1
alone, while the percentage of CD4+CD25+Foxp3+ nTreg cells
did not change in all other groups. Similarly, established allergic
model mice showed the same trend that percentage of iTregs was
increased after being vaccinated with DNA/protein co-vaccine,
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while percentage of nTregs was not changed (Fig. S4), indicating
that nTreg cells are not involved in the beneficial effects. These
data suggests CD4+CD25-Foxp3+ iTreg were efficiently induced
by co-immunization.

To further determine whether the iTreg cells induced by the
co-immunization vaccine express certain types of well-docu-
mented markers associated with Treg cells (e.g., Foxp3, TGF-
and IL-10),"*'* CD4+CD25- T cells from naive mice and mice
immunized with different vaccines were isolated, purified and
analyzed by flow cytometry using intracellular staining with
specific fluorescently labeled antibodies. As shown in Figure 7,
percentages of Foxp3+IL-10+ or Foxp3+TGF-B+ cells among
CD4+CD25- cells were significantly increased in the co-immu-
nized mice as compared with other vaccine groups, indicating
suppressive iTregs were induced.

Protection against allergic airway inflammation induced
by nFel d 1 by adoptive transfer of CD4+CD25- T cells. To
determine whether the CD4+CD25- iTregs play a crucial role
in inhibiting signs of allergic airway inflammation in the aller-
gic model, we adoptively transferred CD4+CD25- T cells taken

Volume 9 Issue 5



(nFel d 1/Alum i.p.) (nFel d 1/PBS)

A Allergic model induced by nFel d 1 Immunization for therapy Test
C|IO d|7 d1|4 d}G d1|8 d?O d2|1 d?5 42 d42l-44
]
Sensitization Sensitization Intratrachea Vaccination Vaccination bleed IgE, BALF, Histology

(rFel d 1,proVAX-rFel d 1, co-immunization, i.m.)

Rrs, Anaphylaxis

-
"f.r.{
ity

g
Naive

b S e s “ ‘;: X
VAX-rFel d 155
. a— -

-
i

- ;0 TMaEN DA S U LR A YN ":-,

* 0 proVAX-rFel d 1+ rFel d 1 i

i s ool 41
AN ; .

Naive

Allergic model
proVAX-rFel d 1

rFeld1

proVAX +rFeld 1
proVAX-rFel d 1 + rFeld 1

Inflammation score

Naive

Allergic model
proVAX-rFel d 1

rFeld1

proVAX +rFel d 1
proVAX-rFeld 1 + rFeld 1

Total serum IgE levels
(ng/ml)

total serum IgE levels + SD, ** p < 0.005.

Figure 4. Therapeutic relief of nFel d 1-induced allergic symptoms in mice by co-immunization. (A) Schematic outline of the experiment. (B) Histologi-
cal examination of lung tissues (n = 5) by H&E staining (d43). Magnification, x 200. (C) Lung inflammation was defined as the peribronchial inflamma-
tion score (n = 5). Values are expressed as mean + SEM * p < 0.05; significantly different from the control group. (D) Serum of individual mouse was
collected after vaccination (d42). Total serum IgE levels were measured usi

ing double-antibody sandwich ELISA technique (n = 6) and shown as mean

from the BALB/c mice previously co-immunized (Donor) to the
nFel d I-induced allergic model mice (Recipient). To optimize
transfer dose, we injected intravenously 0.1 x 10%, 0.5 x 10°, 1.0 x
10° and 5.0 x 10° CD4+ CD25- T cells to allergic mice, respec-
tively. Correspondingly, naive mice and the allergic mice were
respectively served as the negative control and positive control.
As shown in Figure 8, total serum IgE decreased significantly
in the 1.0 x 10° recipient group (p < 0.05) and 5.0 x 10° recipient
group (p < 0.005), compared with the allergic model. Likewise,
AHR results also confirmed that values of Rrs were obviously
lower after transferring 1.0 x 10° (at 0.08 mg dose, p = 0 0.0392)
and 5.0 x 10° cells (at 0.08 mg, p = 0.0051 and at 0.1 mg doses,

www.landesbioscience.com Human Vaccines &1

p = 0.0088, respectively, Fig. 8C). Moreover, body temperature
drops remained relatively stable (left panel in Fig. 8D) and the
area above the curves reduced significantly in 5.0 x 10° recipient
group (p < 0.0001, right panel in Fig. 8D). Therefore, 5.0 x 10°
dosage was selected for future experiments.

To exclude the possibility that CD4+ CD25- T cells from other
vaccine groups (except for co-immunization group) could allevi-
ate allergic symptoms in mice, we then adoptively transferred 5.0
x 10° CD4+ CD25- T cells isolated from mice either immunized
with DNA vaccine, protein vaccine, or DNA/protein co-vaccine
to nFel d 1-induced allergic airway inflammation mice. Allergic
mice were transferred with 5.0 x 10° CD4+ CD25- T cells derived

mmunotherapeutics
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Figure 5. Reduction of AHR and inhibition of anaphylactic reaction by DNA/Protein co-vaccination. (A) AHR was measured by the RC system in mice in
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experiments with the same number of mice per group. (A): * p < 0.05; (B): ** p < 0.001.

Table 2. Characterization of the bronchoalveolar lavage fluid from mice immunized with by different vaccines in a therapeutic experimental model

e Total cells Eosinophis Basophils Monocytes Neutrophils
(X 10%/ml) (X 10%/ml) (X 10%/ml) (X 10%/ml) (X 10%/ml)

Naive 94.00 + 31.00 8.27 £1.76 0.00 £+ 0.00 141 £047 18.80 £ 6.20

Allergic model 218.00 + 32.08 65.40 £ 9.62 117 £0.76 3.27 £0.48 43.60 = 6.42

proVAX-rFel d 1 207.33 £30.09 62.20 £9.03 0.94 +0.92 3.11+£045 41.47 £6.02

rFeld 1 222.67 £21.13 66.80 + 6.34 1.28 + 1.49 4.24 £ 1.56 44.53 +4.23

proVAX + rFel d 1 209.67 + 27.68 62.90 +8.30 0.93 £0.93 3.15+0.42 4193 £5.54
proVAX-rFel d 1 + rFel d 1 123.33 £ 15.63 ** 20.00 £ 5.33 *** 0.50 + 0.43 2.29 £ 0.59 24.67 +3.13 **

Values are expressed as mean + SEM. ANOVA, co-immunization vaccine group vs. other vaccine group, * p < 0.05, ** p < 0.005, *** p < 0.0005.

from naive mice served as a negative control, naive mice without
any treatment served as a baseline control and allergic mice as
a positive control. It was found that only CD4+ CD25- T cells
from the co-immunization group, compared with allergic model
group, could significantly inhibit the increase in total serum IgE
levels (Fig. 9B) and reduce Rrs (p = 0.0425 at 0.1 mg dose, Fig.
9C), suggesting that co-immunization initiated the suppression
of already established allergic reaction via induction of CD4+

CD25- iTreg.
Discussion

We previously delineated that induction of iTreg inhibits antigen
specific effector T-cells in vivo by co-inoculating antigen-matched
DNA and protein vaccines,'" which proved the suppression of
autoimmune and allergic disease in mouse model.**>!¢ In the
present study, we describe a novel therapy for cat allergy with
Fel d 1 co-immunization vaccine. The co-inoculation therapy
relieved the established allergic airway inflammation in mice

6 Human Vaccines & Immunotherapeutics

sensitized by nFel d 1 through inducing the adaptive CD4+
CD25-Foxp3+ iTreg cells expressing IL-10 and TGF-, which
was further confirmed by the suppression test in vitro (Fig. S6).

To date, although allergen-specific immunotherapies are
effective for allergy and have shown successes in some disease-

1718 the procedures are time consuming and

modifying therapies,
even require 1-3 y of regular treatments.®” Therefore, develop-
ment of tolerance by SIT-treatment is a cost-efficient alternative
to treat allergy.

We previously reported that co-immunization with protein
antigen and sequence matched DNA could lead to antigen-spe-
cific immune suppression whereas protein or DNA vaccination
alone did not result in immune suppression. Conversely, T cell
reactivity was enhanced in DNA or protein alone immunized
mice.*' Furthermore, co-immunization vaccine could induce
regulatory DCs through co-uptaking of DNA and protein
immunogens by the same DCs via caveolae-mediated endocy-
tosis. This process upregulated Tollip and downregulated the
phosphorylation of Cav-1, which in turn downregulates NF-kB

Volume 9 Issue 5
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Figure 6. Induction of CD4+CD25-Foxp3+ T regulatory cells in BALB/c mice by co-immunization with DNA and protein mixture (1:1) vaccine. (A) Sche-
matic outline of the experiment. (B) Seven days after the second immunization, single splenocyte suspensions were prepared from mouse spleen and
analyzed by flow cytometry. Percentages of CD4+CD25+Foxp3+ nTreg cells were analyzed by gating on the CD4+CD25+ T cells, and percentages of
CD4+CD25-Foxp3+ iTreg cells were analyzed by gating on the CD4+CD25- T cells during FACS analysis. Naive mice without vaccination were regarded
as negative control. (C) Statistical analysis of percentages of nTreg cells (Left, n = 6) and iTreg cells (Right, n = 6). Compared with naive group, mice
treated with co-immunization strategy can induce CD4+CD25-Foxp3+ iTreg cells. Numbers in the outlined areas indicate percentage of cells. Data
shown are representative of three independent experiments with the same number of mice per group. ** p < 0.005.

and STAT-1a and upregulates SOCSI in the downstream signal-
ing pathway. The DCregs induced by co-immunization vaccine
showed CD11c+CD80+CD86+CD40"IL-10+ phenotype®"
and could convert naive T cells into Ag-specific regulatory T cells
of a CD4+CD25-Foxp3+IL-10+ phenotype in vitro and in vivo,®
which in turn mediated Ag-specific tolerance.®''

Interestingly, the CD4+CD25- iTregs induced by co-immu-
nization is different than Trl cells. CD25- iTregs lack IL-2Ra,
and are unable to deprive IL-2 from environment as CD25+ Tregs
do.” In addition, CD25- iTreg express low levels of CTLA-4,
PD-1, high level of GITR (unpublished data), which is abnormal

www.landesbioscience.com

in CD25+ Tregs. Moreover, CD25- iTreg can be induced sys-
tematically by i.m. or s.c. immunization,'’ but Trl is mainly
induced in mucosal tract. Although SIT also can induce a spe-
cific Treg response, the Treg phenotypes induced by SIT were not
the same as the iTreg induced by co-immunization. Recent data
indicate thart allergen-specific IL-10-secreting TR1-like cells and
CD4+CD25+ regulatory Treg cells?*” and CD4+CD25-Foxp3-
Treg cells®® were boosted by SIT.

Although the requirement for weak antigen stimulation is well
established for the induction of CD4+CD25+Foxp3+ iTreg, we
have previously confirmed that highly antigenic T cell epitope
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Fel d 1, a major cat allergen inducing

allergic rhinitis and asthma in sensitized
individuals, is currently used for diagnosis
of cat allergy. Allergic symptoms induced
by Fel d 1 include rhinitis, conjunctivi-

tis, allergic inflammation and even life-
threatening asthmatic responses. However,

it is not easy to avoid exposure to Fel d 1,
because it is often associated with small
particles that easily become airborne and

remain airborne for long periods,*®?” which
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would allow the allergens to circulate and
settle throughout a house. Previously, Fel
d 1 therapies have been reported, includ-
ing hypoallergens immunotherapy,®® T-cell
epitope therapy*®#* and Fel d 1-coupled
therapy.®¥
Here, we designed a co-immunization strat-

immunomodulatory carrier

egy with rFel d 1 protein plus its cognate
DNA vaccine for cat allergy through induc-
ing the adaptive CD4+CD25-Foxp3+ T
regulatory cells, suggesting a new potential
application for cat allergy and an alternative
cat allergy treatment. With further study,
the co-immunization vaccine, which is very
easy to implement in a very short period of
time, can be used for treating cat-allergic
patients in the future.

Figure 7. Increase in percentages of Foxp3+IL-10+ and Foxp3+TGF-+ cells among CD4+CD25-
cells in co-immunized mice. Seven days after the second immunization, single splenocyte
suspensions were prepared and analyzed by flow cytometry. (A) Percentages of Foxp3+IL-10+
(upper) and Foxp3+TGF-B+ cells (lower) among CD4+CD25- cells. Percentages of double positive
cells were shown. (B) Statistical analysis of percentages of Foxp3+IL-10+ cells and Foxp3+TGF-B+
cells in CD4+CD25- T cells (n = 3). Compared with other groups, percentages of double positive
cells among CD4+CD25-T cells in the co-immunization group increased significantly (p < 0.05).
Numbers in the outlined areas indicate percentage of cells. Data shown are representative of
three independent experiments with the same number of mice per group. * p < 0.05.

Materials and Methods

Mice. Adult female BALB/c mice (6-8
weeks) were purchased from The Animal
Institute of Chinese Medical Academy
(Beijing, China) and maintained in patho-
gen-free environment. All animal experi-

ments were reviewed and approved by

is required for efficient induction of CD4+CD25-Foxp3+ iTreg
in co-immunization strategy.”” Thus, it is important to identify
Fel d 1 antigenic epitopes for T cells to induce the CD4+CD25-
Foxp3+ iTreg cells more effectively for cat allergy therapy.
Previous epitope-mapping studies identified the immunodomi-
nant epitopes of Fel d 1 in chain 1, but not chain 2, of the mol-
ecule.®¥ In contrast, Reefer and coworkers proposed that the
major T cell epitopes is localized in chain 232 In the context,
DNA vaccine and protein vaccine contain both chain 1 and chain
2 in order to include all possible epitopes of Fel d 1. Moreover,
it has been recently demonstrated that the recombinant Fel d 1
protein with a direct linkage of chain I to chain 2 expressed both
in prokaryotic and eukaryotic displays similar tertial structure
and immunoreactivity to the native tetramer allergen (e.g., nFel d
1),%3 implying the probable reason why the co-immunization
strategy can suppress already established allergic mice induced

by nFel d 1.

Human Vaccines & Immunotherapeutics

Experimental Animal Committee of China
Agricultural University.

Cloning, expression and purification of rFel d 1. A covalent
fusion of rFel d 1 was generated as previously described® with
modifications. Sequences of chain 1 and chain 2 encoding cat
allergen Fel d 1 were optimized and synthesized. The Fel d 1(1+2)
construct was created by directly linking the C-terminal residue
of chain 1 (Cys70) to the N-terminal residue of chain 2 (Val70)
using overlapping oligonucleotides in PCR. This ¢cDNA was
cloned in frame into a modified version of pET-28a(+) (Novagen),
leading to the addition of the sequence of the ubiquitin-like pro-
tein SMT3 at the N terminus of the covalent dimer in order to
enhance the solubility of the fusion protein. An ubiquitin-like
specific protease Ulpl recognition site was also added at 3' end
of SMT3 so that rFel d 1 protein can be cleaved from the fusion
protein molecule after expression in Escherichia coli (Fig. S1). The
resultant expression vector was named as pET28a-SMT3-rFel d
1. Then pET28a-SMT3-rFel d 1 was transformed into Escherichia
coli strain BL21(DE3) pLysS. Expression of pET28a-SMT3-rFel
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Figure 8. Descrease in total serum IgE levels, reduction of AHR and inhibition of anaphylactic reaction by adoptively transfer CD4+CD25- T cells from
co-immunized mice. CD4+CD25- T cells from co-immunized mice were isolated, purified and adoptively transferred intravenously to nFel d 1-induced
allergic mice as described in Materials and Methods. Four different transfer groups received the following four doses of cells: 0.1 x 10, 0.5 x 10°, 1.0

% 10°and 5.0 x 10°. The nFel d 1-induced allergic airway inflammation mice without adoptive transfer served as a positive control. Naive BALB/c mice
without sensitization and transfer served as a negative control. (A) Schematic outline of the experiment. (B) 14 d after CD4+CD25- T cells transfer,
serum of individual asthmatic mouse was collected. Mean total serum IgE levels + SD are shown (n = 6). For 1.0 x 10° recipient group vs. model group,
p < 0.05; for 5.0 x 10° recipient group vs. model group, p < 0.005. (C) AHR was measured by the RC system in mice in response to the intra-jugular
administration of acetylcholine chloride at various doses on the x-axis and expressed as Rrs on the y-axis (n = 6). (D) 15 d after adoptive transfer, 6 mice
in each group were challenged i.v. with rFel d 1 and body temperature was measured at regular intervals. Changes in body temperature in degrees
Celsius + SD (n = 6) are shown on the left panel and mean area above the curves + SD (n = 6) on the right panel. Individual areas above the curves were
determined and compared by one-way ANOVA using Bonferroni’s post test. Data shown are representative of three independent experiments with six
mice per group. (B and C) * p < 0.05; ** p < 0.005; D: *** p < 0.0001; ns, no significant difference.

d 1 was induced at 37°C with 1 mM IPTG. After 5 h, cells were
harvested, resuspended in native lysis buffer (50 mM NaH_PO,,
300 mM NaCl and 10 mM imidazol, pH 8.0) and disrupted
by sonication. The fusion protein His tag-SMT3-rFel d 1 was
Ni2+ affinity purified using Ni-NTA agarose (Cat. No. 30210,

www.landesbioscience.com

Qiagen). rFel d 1 protein was then cleaved from the fusion pro-
tein by adding protease His tag-Ulpl to the elution fractions at
4°C. After 3 h, the imidazole concentration in the elution frac-
tion was reduced to 10 mM using Ultrafiltration (Amicon Ultra-
15ml, 3KD, Millipore). The protein solution was passed over a

Human Vaccines & Immunotherapeutics 9
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Figure 9. Effect of adoptive transfer of CD4+CD25- T cells from co-immunized mice on total serum IgE levels and AHR. CD4+CD25- T cells from
different vaccine groups were isolated, purified and adoptively transferred intravenously to nFel d 1-induced allergic airway inflammation mice as
described in Materials and Methods. Adoptively transferred CD4+CD25- T cells were 5.0 x 10° cells per mouse. Four different transfer groups were set
up [i.e,, CD4+CD25- T cells were derived from naive mice, BALB/c mice vaccinated with rFel d 1 alone, proVAX-rFel d 1 alone or proVAX-rFel d 1 and
rFel d 1 mixture (1:1), respectively]. The nFel d 1-induced allergic mice without adoptive transfer served as positive control and the naive BALB/c mice
without sensitization and transfer served as negative control. (A) Schematic outline of the experiment. (B) Fourteen days after CD4+CD25- T cells
transfer, serum of individual mouse was collected. Mean total serum IgE levels + SD are shown (n = 6). (C) AHR was measured by the RC system in mice
in response to the intra-jugular administration of acetylcholine chloride at various doses on the x-axis and expressed as Rrs on the y-axis (n = 6). Data
shown are representative of two independent experiments with six mice per group. * p < 0.05; ** p < 0.005.

chromatography column containing nickel (Ni-NTA agarose,
Cat. No. 30210, Qiagen). As a result, His tag-SMT3 and His
tag-Ulpl ligated the nickel and attached to the column while rFel
d 1 protein was passed through the column. Imidazole in puri-
fied rFel d 1 was then removed by Ultrafiltration and protein was
concentrated to 10 mg/ml in PBS.

For eukaryotic expression vector proVAX-rFel d 1, sequences
of chain I and chain 2 encoding cat allergen Fel d 1 were cloned
from cat skin cDNA and directly linked the C-terminal residue
of chain 1 (Cys70) to the N-terminal residue of chain 2 (Val70)
using overlapping PCR. Then the chain 1-chain 2 was cloned in
frame into the modified vector proVAX. The constructed vector

10 Human Vaccines & Immunotherapeutics

proVAX-rFel d 1 could successfully express Fel d 1 antigen in
HEK293 cells, which had been proved by western blot (Fig.
S1D).

Sensitization and vaccination. Seusitization. For nFel d
1 protein sensitization, naive BALB/c mice (6-8wk) were
injected i.p. with 1.5 pg of nFel d 1 (Indoors Biotechnologies,
Product Code: NA-FD1-2) mixed in 100 pl of Alum (50 mg/
ml AI(OH),; Sigma-Aldrich) on day 0 and day 7. Subsequently,
intra-tracheal challenges were performed. In brief, mice were
anesthetized by inhalation of ether, followed by delivery of 1 pg
of nFel d 1 to the back of the tongue of each animal on days 14,
16, 18 and 20.
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Vaccination. Adult female BALB/c mice (6—8 wk) were vac-
cinated with rFel d 1 protein (100 pg/mouse), plasmid proVAX-
rFel d 1 (100 pg/mouse) or their mixture (100 pg protein and
100 pg plasmid/mouse) into tibialis anterior muscle. Plasmid
proVAX-rFel d 1 and rFel d 1 protein were dissolved in PBS and
then used for vaccine. All mice were immunized on day 0 and
boosted on day 14. All experiments were repeated three times.

Bronchoalveolar lavage (BAL). Immediately after i.p. injec-
tion with an overdose of pentobarbital, 0.8mL of saline was
instilled twice via the tracheal cannula and recovered by gentle
manual aspiration. BAL collected from one mouse was pooled,
centrifuged and cells were resuspended in 1 mL of saline con-
taining 0.1% BSA. Total BAL cells were counted by cell count
ing chamber and the differential cell counts on at least 200 cells
were performed on May—Grunwald-Giemsa stain using standard
morphological criteria. Three mice in each group were measured
by BAL method.

Respiratory resistance. Dynamic respiratory resistance (Rrs)
was measured in mice in response to 50pL of acetylcholine chlo-
ride intra-jugular administrated at various doses in the Resistance
and Compliance (RC) system (model AniRes2005; Beijing
Bestlab Technology Co. Beijing, China). Briefly, 72 h after final
challenge, mice were anaesthetized, tracheotomized and con-
nected to the ventilator. Mechanical ventilation was performed,
dynamic airway pressure (AP) and volume of chamber (AV) were
recorded and peak resistance and compliance were automatically
measured as Rrs = AP/(AV/AT) after each 50 pL of intra-jugular
administration of various doses of acetylcholine chloride (mg).**
Six mice of each treatment group were used for analysis of the Rrs.

Histology and inflammation score. Lung samples from mice
were collected from each group, fixed in 4% paraformaldehyde
and embedded in paraffin blocks. Sections were then cut and
fixed. Antigen retrieval was accomplished by boiling the slides in
0.01M citrate buffer (pH 6.0) followed by staining with H&E for
evaluation of cell invasion and analyzed under a light microscope
for determining histology changes.

Lung inflammation was blindly scored. A value from 0 to 3
per criterion was adjudged to evaluate the degree of peribronchial
inflammation, as described elsewhere.®>° A value of 0 was for
no inflammation, a value of 1 was for occasional cuffing with
inflammatory cells, a value of 2 for most bronchi surrounded by
thin layer (one to five cells) of inflammatory cells and a value of 3
was for most bronchi surrounded by a thick layer (more than five
cells thick) of inflammartory cells. Each group used 5 mice for HE
staining and scoring analysis.

Isolation of CD4+CD25- T cells and adoptive transfer.
Single splenocyte suspensions were prepared from mouse spleen
and T cell subtypes of CD4+CD25- were isolated and purified
by using the MagCellect Mouse CD4+CD25+ T Cell Isolation
Kit according to manufacturer’s protocol (R&D Systems, Inc.,
Minneapolis, MN, USA). The purity of the selected cell popula-
tions was 94-96%. A certain number of CD4+CD25- T cells
were adoptively transferred intravenously to BALB/c allergic
mice pre-induced by nFel d 1 protein.

Acute systemic anaphylaxis. For the induction of anaphy-
laxis, mice were challenged i.v. with 50 pg of rFel d 1 / 100 pl
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PBS. Temperature was measured with an Infrared Thermometer
immediately after iv. antigen challenge and monitored for a
maximum of 100 min after challenge. For statistical analysis,
the area above the curve was determined using Prism (GraphPad
Software, Inc.). Six mice of each treatment group were used for
the induction of acute systemic anaphylaxis.

Measurement of total serum IgE levels. Total serum IgE lev-
els were measured using double-antibody sandwich ELISA tech-
nique (Mouse Immunoglobulin E (IgE) ELISA Kit, DongGe
Biotechnology, Beijing). Measurements were performed accord-
ing to manufacturer’s instructions.

Flow cytometry. CD4+CD25-Foxp3+ iTreg were detected
by immunostaining with anti-CD4-FITC, anti-CD25-APC
and anti-Foxp3-PE mAbs. For analysis of cytokine profile of
CD4+CD25- Treg cells, CD4+CD25- T cells were isolated and
purified after the second immunization. Co-expression of Foxp3
and IL-10 were detected by intracellular staining with anti-Foxp3-
APC mAb and anti-IL-10-PE mAb. Similarly, Co-expression of
Foxp3 and TGF-f were detected by intracellular staining with
anti-Foxp3-APC mAb and anti-TGF-B-PE mAb. Data were col-
lected with a BD FACSCalibur and analyzed with Flowjo (Tree
Star).

Statistical analysis. All statistical analysis comparing two dif-
ferent groups were performed with two tailed Student’s t tests.
The resulting p-values are either indicated in figure legends or
with asterisks in figures (* p < 0.05; ** p < 0.005; *** p < 0.001).
For statistical analysis of anaphylaxis experiments, individual
areas above the curves were determined and compared by one-
way ANOVA using Bonferroni’s multiple comparison posttests
(* p < 0.01; ** p < 0.001; *** p < 0.0001).
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