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Allergen immunotherapy modulates
sensitivity of Treg cells to apoptosis in a rat
model of allergic asthma
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Aim: To study the apoptosis of Foxp3+ Treg cells following Alstonia scholaris pollen sensitization–challenge
and following allergen immunotherapy. Materials & methods: Wistar rats were sensitized–challenged
with Alstonia scholaris pollen and were further given intranasal immunotherapy. For the analysis of the
apoptotic proteins on Treg cells by flow cytometry, multiple gating procedures were followed. Results:
Allergen sensitization–challenge increases Annexin-V, Fas, FasL, caspases-8, 9, 3 cytochrome-C, APAF-1,
Bax, perforin-1 and granzyme-B on Treg cells which is decreased following intranasal immunotherapy.
On the other hand, Bcl-2 expression is decreased in allergy and increased by immunotherapy. Conclusion:
Apoptosis of Treg cells is increased following allergen sensitization–challenge via extrinsic, intrinsic and
perforin/granzyme pathways and allergen immunotherapy decreased the sensitivity to apoptosis of Treg
cells.

First draft submitted: 4 April 2017; Accepted for publication: 30 August 2017; Published online:
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Asthma of allergic phenotype is a Th-2 mediated disorder that is characterized by reversible airflow obstruction,
airway hyper-responsiveness to a wide variety of stimuli, chronic airway inflammation and airway remodeling [1,2].
This abnormal behavior of airway cells is due to dysregulated immune homeostasis in the airways [3]. There exists
compelling evidence that CD4+CD25+ Treg cells suppress immune responses and are important in peripheral
immunological tolerance [4]. Failure in this process can result in an exaggerated immune response and cause allergic
airway inflammation. Deterioration of the balance between regulatory and effective immune responses can lead to
the induction of several types of diseases. For example, effective immune responses are often hindered by an excessive
number of Tregs in the tumor microenvironment; on the other hand, decreases in the number and functionality
of Tregs are observed in many inflammatory conditions [5,6]. Given that Tregs are valuable targets for immune
therapies against various inflammatory and autoimmune diseases, there is an urgent need to understand both the
cellular and molecular mechanisms contributing to Treg homeostasis in various disease states. Unlike effector T
cells, Tregs are considered to be anergic. However, Tregs undergo expansion and vigorous proliferation, particularly
in a lymphopenic host, which suggests that these cells are active under such circumstances [7].

Programmed cell death (apoptosis) is the predominant underlying mechanism for maintaining T-cell homeostasis.
Apoptosis itself is a delicate process that can be initiated via either an extrinsic or intrinsic signaling cascade [8]. The
presence of low numbers of Treg cells at the site of inflammation could be due to increased rates of apoptosis of
these cells, inadequate homing of Treg cells to the site of inflammation or to downregulation of their characteristic
CD25 expression [9,10]. The exact mechanism in various disease states varies and needs to be studied. In the present
study we have used a rat model of allergic sensitization–challenge to elucidate the modulation of various apoptotic
proteins of Treg cells and hence its sensitivity to apoptosis by specific allergen immunotherapy.
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Materials & methods
Reagents & chemicals
RPMI-1640 and Histopaque-1077 were purchased from Sigma-Aldrich, USA. Monoclonal primary antibodies spe-
cific to anti-Annexin V, anti-Fas (CD 95), anti-Bcl-2, anti-FADD, anti-caspase-3, anti-caspase-8, anti-caspase-9,
anti-Apaf-1, anti-cytochrome-C, anti-perforin-1 and anti-granzyme-B were purchased from Santa Cruz Biotech-
nology, CA, USA; and monoclonal primary antibodies specific to anti-Bax and anti-FasL were purchased from BD
Biosciences, USA. All other chemicals were purchased from local suppliers and were of the highest purity grade.

Preparation of Alstonia scholaris pollen extract
Fresh pollen samples were collected from the flowering plants of Alstonia scholaris during the flowering season
(September–November). The pollens were then dried in hot air oven (35–40◦C) and extracted in phosphate-
buffered saline as described previously [11]. The protein content of pollen extract was determined following Lowry’s
method.

Animals & animal grouping
Albino Wistar rats of same age group, with body weight of 100 to 120 gm were obtained from a recognized
laboratory animal breeder. Rats were housed in polypropylene cages at an ambient temperature of 25–30◦C and
45–55% relative humidity with a 12 h each of dark and light cycle. All the rats were given a 15-day period of
acclimatization before starting the experiment. Rats were fed pellet diet and water ad libitum. Animal maintenance
and experiments were performed in accordance with protocols approved by Institutional Animal Ethics Committee,
School of Tropical Medicine, Kolkata, and the Committee for the Purpose of Control and Supervision of Experiment
on Animal, Government of India.

The animals were grouped into four groups, as detailed in our previous study [11]. To summarize:

Sensitization phase

Group-I (Normal group/vehicle control group): three consecutive intraperitoneal (ip.) injections of saline
(1 ml) at 0-, 7- and 14-day intervals.
Group-II (Alum group/adjuvant control group): three consecutive ip. injections of aluminum hydroxide
(20 μg/gm) in 1 ml of saline at 0-, 7- and 14-day intervals.
Group III (Alstonia group): three consecutive ip. injections of A. scholaris (1 μg/gm) and aluminum
hydroxide (20 μg/gm) in 1 ml of saline were administered at 0-, 7- and 14-day intervals.

Challenge phase

On 50th day, before 72 and 48 h sacrifice, rats from Group III were given intranasal (i.n.) challenges with A.
scholaris (0.6 μg/gm) in 50 μl of saline. Groups I and II received 50 μl of i.n. saline challenge.

Immunotherapy protocol

Group IV (Intranasal immunotherapy group): Three consecutive ip. injections of A. scholars (1 μg/gm)
and aluminum hydroxide (20 μg/gm) in 1 ml of saline were administered at 0-, 7- and 14-day intervals.
These rats further received immunotherapy on days 19, 22, 26, 33, 36 and 40 with the following increasing
dose of A. scholaris pollen extract (0.04, 0.2, 1, 5, 25, 40 and 40 μg/gm) in 1 ml of saline via i.n. route
and then on 50th day, before 72 and 48 h sacrifice, rats were given i.n. challenges with A. scholaris pollen
extract (0.6 μg/gm) in 50 μl of saline as detailed before.

Isolation of splenic lymphocyte
Briefly, the whole spleen was mechanically minced and passed through an 80-gauge wire mesh and incubated in
petri dishes with phosphate-buffered saline (PBS) for 1 h at 37◦C in 4% CO2 environment. The nonadherent cells
were collected and washed with PBS. Resulting cell suspensions were layered on Histopaque 1077 density gradient
(Sigma-Aldrich) and subjected to density gradient centrifugation for 20 min at 1700–1800 r.p.m. Lymphocyte
layers were carefully removed from the buffy layer interface. Cells from this layer were washed thrice and suspended
in RPMI-1640 for further analysis. Purity of isolated lymphocytes was characterized by identifying CD3 marker
on the cells in the isolated populations by flow cytometry [11].
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Labeling & gating of splenic Treg cells for the flow cytometric analysis
Multiple gating strategy was done for the flow cytometric analysis of Treg cell apoptosis as described before [12].
Briefly, after initial washing and resuspension of splenic lymphocytes in PBS, cell-surface protein expressions on T
cells were analyzed, and 1 × 107 cells/ml were incubated with primary monoclonal antibody, that is, anti-CD4. The
cells were centrifuged, washed, resuspended in PBS and then incubated with secondary fluorescein isothiocyanate
(FITC)-conjugated secondary antibody. Then the cells were incubated with primary monoclonal antibodies, that
is, anti-Annexin V, anti-Fas and anti-FasL, respectively. The cells were again centrifuged, washed, resuspended
in PBS and then incubated with phycoerythrin (PE)-conjugated secondary antibody. After this step, cells were
treated with paraformaldehyde and then washed with cold PBS and permeabilized with Triton X-100 (0.5%).
After permeabilization, cells were then incubated with monoclonal anti-Foxp3. Finally, the cells were incubated
with secondary peridinin chlorophyll proteins (PerCP)-conjugated secondary antibody. Similarly, for intracellular
apoptotic proteins, that is, Bax, Bcl-2, cytochrome-C, APAF-1, caspase-8, caspase-9, perforin-1, granzyme-B and
caspase-3, the permeabilization step is done before the tagging of these proteins. This is finally followed by tagging
with anti-Foxp3.

The percent expression of each protein was flow cytometrically assessed in FACS Calibur Instrument (BD
Biosciences, USA) using CellQuest Pro software. For each sample, 40,000 events were acquired and analyzed [12].
To summarize, first we set the instrument gain using unstained sample of the desired cell population. We adjusted
the voltage such that the unstained cells appeared in the first quartile of the log scale for each fluorochrome, that is,
FITC, PE and PerCp as these fluorochromes have shorter wavelength emissions. Then we run the compensation
bead sample. Correct color compensation is thereby calculated and applied via the software to remove the effects of
spectral overlap. Our number of fluorochromes was only three and their wavelengths did not overlap considerably
so the spillover effect was minimum. Then we removed the autofluorescence by the use of unstained ‘negative’
control, following which we used a gating control which is a biological comparison control, that is, our unstimulated
normal control. We compared our experimental groups with this biological control [12].

For CD4+Foxp3+Fas+ cells, double positive cells from dot plot CD4+FITC (FL1) versus Foxp3+ PerCP
(FL3) were gated and analyzed for Fas expression in the next dot plot, that is, sideward scatter (SSC) versus FAS
conjugated with PE (FL2). The population of cells in the lower right quadrant was the desired population, that is,
CD4+Foxp3+Fas+ cells.

Similar gating strategy was followed for the other apoptotic proteins namely Annexin-V, FasL, Bax, Bcl-2,
cytochrome-C, APAF-1, perforin-1, granzyme-B, caspase-8, caspase-9 and caspase-3.

Statistical analysis
Data of protein expression levels by flow cytometry were analyzed using factorial one-way ANOVA. Bonferroni’s
post hoc test was applied to the data: a value of p < 0.001 following this post hoc procedure was considered statistically
significant. All results were evaluated statistically by applying the GraphPad Prism software (Prism 4 for Windows,
Version 4.03).

Results
Allergen sensitization–challenge increases Annexin-V expression on Treg cells which decreases
following i.n. immunotherapy
Flow cytometric analysis (F[3,20] = 1215.0) revealed (Figure 1) a significant increase (p < 0.001) in Annexin-
V expression in CD4+FOXP3+ T cells in Alstonia group (0.543 ± 0.010) as compared with normal group
(0.223 ± 0.010) and adjuvant (alum) group (0.363 ± 0.010). Intranasal immunotherapy (0.243 ± 0.010)
significantly decreases (p < 0.001) the Annexin-V expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Allergen sensitization-challenge increases Fas, FasL & caspase-8 expression on Treg cells which
decreases following i.n. immunotherapy
Flow cytometric analysis (F[3,20] = 484.70) revealed (Figure 2A) a significant increase (p < 0.001) of FAS expression
in CD4+FOXP3+ T cells in Alstonia group (0.656 ± 0.015) as compared with normal group (0.453 ± 0.010)
and adjuvant (alum) group (0.563 ± 0.010). Intranasal immunotherapy (0.398 ± 0.014) significantly decreases
(p < 0.001) the Fas expression in CD4+FOXP3+ T cells as compared with the Alstonia group.
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Figure 1. Annexin V expression of apoptotic Treg cells.

Flow cytometric analysis (F[3,20] = 1426.9) revealed (Figure 2B) a significant increase (p < 0.001) in FasL expres-
sion in CD4+FOXP3+ T cells in Alstonia group (0.703 ± 0.010) as compared with normal group (0.383 ± 0.010)
and adjuvant (alum) group (0.513 ± 0.010). Intranasal immunotherapy (0.353 ± 0.010) significantly decreases
(p < 0.001) the FasL expression in CD4+FOXP3+ T cells as compared with the Alstonia group.

Flow cytometric analysis (F[3,20] = 567.66) revealed (Figure 2C) a significant increase (p < 0.001) in caspase-
8 expression in CD4+FOXP3+ T cells in Alstonia group (0.513 ± 0.010) as compared with normal group
(0.333 ± 0.010) and adjuvant (alum) group (0.513 ± 0.413). Intranasal immunotherapy (0.283 ± 0.010)
significantly decreases (p < 0.001) the caspase-8 expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Allergen-specific i.n. immunotherapy balances the Bax & Bcl-2 ratio on Treg cells
Flow cytometric analysis (F[3,20] = 1396.9) revealed (Figure 3A) a significant increase (p < 0.001) in BAX expres-
sion in CD4+FOXP3+ T cells in Alstonia group (0.633 ± 0.010) as compared with normal group (0.353 ± 0.010)
and adjuvant (alum) group (0.423 ± 0.010). Intranasal immunotherapy (0.263 ± 0.010) significantly decreases
(p < 0.001) the Bax expression in CD4+FOXP3+ T cells as compared with the Alstonia group.

Flow cytometric analysis (F[3,20] = 2633.9) revealed (Figure 3B) a significant decrease (p < 0.001) in Bcl-
2 expression in CD4+FOXP3+ T cells in Alstonia group (0.213 ± 0.010) as compared with normal group
(0.423 ± 0.010) and adjuvant (alum) group (0.343 ± 0.010). Intranasal immunotherapy (0.723 ± 0.010)
significantly increases (p < 0.001) the Bcl-2 expression in CD4+FOXP3+ T cells as compared with the Alstonia
group.

Allergen sensitization–challenge increases cytochrome-c, Apaf-1 & caspase-9 expression on Treg
cells which decreases following i.n. immunotherapy
Flow cytometric analysis (F[3,20] = 566.25) revealed (Figure 4A) a significant increase (p < 0.001) in cytochrome-
c expression in CD4+FOXP3+ T cells in Alstonia group (0.553 ± 0.010) as compared with normal group
(0.323 ± 0.010) and adjuvant (alum) group (0.413 ± 0.010). Intranasal immunotherapy (0.363 ± 0.010)
significantly decreases (p < 0.001) the cytochrome-c expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Flow cytometric analysis (F[3,20] = 386.25) revealed (Figure 4B) a significant increase (p < 0.001) in Apaf-
1 expression in CD4+FOXP3+ T cells in Alstonia group (0.583 ± 0.010) as compared with normal group
(0.403 ± 0.010) and adjuvant (alum) group (0.453 ± 0.010). Intranasal immunotherapy (0.413 ± 0.010)
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Figure 2. Modulation of the extrinsic apoptotic pathway by allergen-specific immunotherapy.
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Figure 3. Alteration of Bax/Bcl-2 ratio following Alstonia scholaris pollen extract immunotherapy.

significantly decreases (p < 0.001) the Apaf-1 expression in CD4+FOXP3+ T cells as compared with the Alstonia
group.

Flow cytometric analysis (F[3,20] = 406.41) revealed (Figure 4C) a significant increase (p < 0.001) in caspase-
9 expression in CD4+FOXP3+ T cells in Alstonia group (0.513 ± 0.010) as compared with normal group
(0.363 ± 0.010) and adjuvant (alum) group (0.393 ± 0.010). Intranasal immunotherapy (0.313 ± 0.010)
significantly decreases (p < 0.001) the caspase-9 expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Allergen sensitization–challenge increases perforin/granzyme-B expression on Treg cells which
decreases following i.n. immunotherapy
Flow cytometric analysis (F[3,20] = 327.66) revealed (Figure 5A) a significant increase (p < 0.001) in perforin-
1 expression in CD4+FOXP3+ T cells in Alstonia group (0.463 ± 0.010) as compared with normal group
(0.343 ± 0.010) and adjuvant (alum) group (0.393 ± 0.010). Intranasal immunotherapy (0.283 ± 0.010)
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Figure 4. Allergen-specific immunotherapy attenuates apoptosome formation.
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Figure 5. Alteration of perforin/granzyme pathway by allergen-specific immunotherapy.

significantly decreases (p < 0.001) the perforin-1 expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Flow cytometric analysis (F[3,20] = 263.91) revealed (Figure 5B) a significant increase (p < 0.001) in granzyme-
B expression in CD4+FOXP3+ T cells in Alstonia group (0.523 ± 0.010) as compared with normal group
(0.413 ± 0.010) and adjuvant (alum) group (0.463 ± 0.010). Intranasal immunotherapy (0.363 ± 0.010)
significantly decreases (p < 0.001) the granzyme-B expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Allergen sensitization-challenge increases caspase-3 expression on Treg cells which decreases
following i.n. immunotherapy
Flow cytometric analysis (F[3,20] = 459.38) revealed (Figure 6) a significant increase (p < 0.001) in caspase-
3 expression in CD4+FOXP3+ T cells in Alstonia group (0.473 ± 0.010) as compared with normal group
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Figure 6. Retardation of executioner caspase–caspase 3 by Alstonia scholaris pollen extract Immunotherapy.

(0.283 ± 0.010) and adjuvant (alum) group (0.413 ± 0.010). Intranasal immunotherapy (0.303 ± 0.010)
significantly decreases (p < 0.001) the caspase-3 expression in CD4+FOXP3+ T cells as compared with the
Alstonia group.

Discussion
We have previously established a sensitization–challenge and i.n. immunotherapy rat model of pollen allergy us-
ing A. scholaris pollen extract [11]. Furthermore, we had shown that pollen-induced sensitization and challenge
caused reduction of CD4+CD25+Foxp3+ Tregs, required for maintenance of T-cell tolerance and i.n. allergen
immunotherapy caused increase of CD4+CD25+Foxp3+ Treg cells and thus alleviated allergic airway inflamma-
tion [12]. Based on modulation of Tregs before and after immunotherapy, the present study elucidates for the first
time Treg apoptosis during i.n. allergen immunotherapy and dissects the various pathways of Treg apoptosis in this
animal model.

Maintenance of the peripheral immune tolerance requires adequate number and functioning of Treg cells. Since
programmed cell death or apoptosis is an important mechanism for the maintenance of cellular homeostasis, so
study of Treg apoptosis will reveal newer insights of Treg functioning in allergic airway disease. Our findings have
established that increased apoptosis of CD4+Foxp3+ Treg cells contributed to reduced Tregs following pollen
sensitization–challenge and allergen immunotherapy decreased Treg apoptosis as a mechanism to regain of Treg
survival to maintain homeostasis. Together these data demonstrate that allergen sensitization and challenge caused
increased airway inflammation which is due to reduced Treg suppression of effector cells in the setting of allergy,
which is further associated with increased apoptosis of Treg cells and all these changes are normalized following
allergen immunotherapy.

It has been shown that Tregs actually proliferate more rapidly than conventional T cells under a static condition,
indicating that the Treg population is dynamic [13]. The interactions between anti-apoptotic proteins, pro-apoptotic
proteins and apoptosis regulators determine the fate of cells [14]. We found that the diminished functioning of Treg
cells is the result of direct modulation of death receptors on Treg cells following allergen sensitization–challenge,
which caused the death of these cells which was corrected following allergen immunotherapy.

Allergen sensitization–challenge caused increased externalization of membrane phosphatidylserine in splenic
Tregs which is required for early phagocytic recognition of apoptotic cell [15]. Annexin-V binds to membrane
phosphatidylserine during early apoptosis. A. scholaris sensitization and challenge increased Annexin-V positive
Treg cell which was decreased following allergen immunotherapy which shows decreased sensitivity to apoptosis
following allergen sensitization (Figure 1).
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We first studied the importance of Treg apoptosis by extrinsic pathway. Extrinsic pathway involves death receptors
that are members of the TNF receptor gene superfamily [16]. The sequences of events that define the extrinsic phase
of apoptosis are best characterized with the FasL/FasR. The binding of Fas ligand to Fas receptor results in the
binding of the adapter protein with recruitment of Fas-associated protein with death domain (FADD) [17,18]. FADD
then associates with procaspase-8 via dimerization of the death-effector domain. At this point, a death-inducing
signaling complex is formed, resulting in the autocatalytic activation of procaspase-8 [19]. Once caspase-8 is activated,
the execution phase of apoptosis is triggered. Previous studies have shown that IL-10 induces Treg apoptosis via
TNF superfamily of proteins [20]. We similarly showed that Fas (CD95), FasL and caspase-8 expression increased
after A scholaris sensitization and challenge (Figure 2), which is decreased following immunotherapy (Figure 2)
highlighting the point that apoptosis of Treg cells via TNF receptor superfamily protein-mediated pathway is
modulated by allergen immunotherapy.

The control and regulation of apoptotic mitochondrial events occur through members of the Bcl-2 family of
proteins which can be either pro-apoptotic or anti-apoptotic [21]. The Bcl family proteins, particularly Bcl-2 and
Bcl-xL, prevent cells from undergoing apoptosis when they are deprived of activating stimuli or growth factors [22].
The proapoptotic proteins exemplify Bax, Bak and Bok, which contain three BH domains (BH1–3) [15,23]. Based
on work done on Bax−/−Bak−/− double deficient mice, it is believed that Bax and Bak are the main cell death
executioners in the intrinsic cell death pathway [19,24]. We showed that allergen sensitization–challenge increases
Bax:Bcl-2 ratio in splenic Tregs and i.n. immunotherapy decreases the Bax:Bcl-2 ratio (Figure 3). These proapoptotic
molecules activate downstream apoptotic machinery. Once cytochrome-c enters the cytoplasm, it binds to Apaf-
1 and pro-caspase-9. Cytochrome-c, Apaf-1 and procaspase 9 then form a super-molecular complex called the
apoptosome with the help of deoxyadenosine triphosphate (dATP). The formation of the apoptosome leads to the
cleavage of procaspase 9 and the generation of active caspase-9 [25]. Active caspase-9 further activates downstream
effector caspases, including caspase 3, 6 and 7, which in turn cleave cellular components and result in irreversible
cell death. We showed that cytochrome-c, Apaf-1 and caspase-9 expression increased after A. scholaris sensitization
and challenge which decreased with i.n. immunotherapy (Figure 4).

Another pathway of apoptosis is by transmembrane pore-forming molecule perforin, with a subsequent exophytic
release of cytoplasmic granules through the pore and into the target cell [26]. The serine proteases granzyme-A
and granzyme-B are the most important component within the granules. Granzyme-B will activate procaspase-
10 [27]. However, granzyme-B can also directly activate caspase-3. In this way, the upstream signaling pathways
are bypassed and there is direct induction of the execution phase of apoptosis. We showed that perforin-1 and
granzyme-B expression increased after A. scholaris sensitization and challenge which was downregulated following
immunotherapy (Figure 5).

All these pathways end at the point of the execution phase, considered the final pathway of apoptosis. Caspase-3 is
considered to be the most important of the executioner caspases [28]. We showed that caspase-3 expression increases
significantly after A. scholaris sensitization and challenge, and decreased with i.n. immunotherapy (Figure 6).

Conclusion
This report for the first time provides direct evidence indicating that apoptosis of Treg cells is increased following
allergen sensitization–challenge via extrinsic, intrinsic and perforin/granzyme pathways. Furthermore, we present
compelling data indicating that allergen immunotherapy decreased the sensitivity to apoptosis of Treg cells via all
the three pathways. These results provide insights into the mechanisms involved in regulating the homeostasis of
Treg cells in allergic airway diseases, though more studies are required to further elucidate the modulation of various
regulators of Treg apoptosis following immunotherapy.
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Summary points

� Alstonia scholaris pollen sensitization–challenge increases Treg apoptosis by various pathways in a rat model of
airway allergy, which is reduced following intranasal allergen immunotherapy. This finding is very unique
because apoptosis of Tregs had not been studied previously in the setting of allergy and also this study is an
attempt to elaborate all the pathways of apoptosis in Tregs, which is very unique.

� In our study A. scholaris sensitization and challenge results in increased Annexin-V-positive Treg cells. This
indicates that pollen-induced allergy causes increased externalization of membrane phosphatidylserine in splenic
Tregs to which Annexin-V binds. This is required for early phagocytic recognition of apoptotic cell. This study is a
hallmark of apoptotic study. The level of Annexin-V was decreased following allergen immunotherapy showing
decreased sensitivity to apoptosis following allergen sensitization. This initial study gives a total reflection that
pollen-induced allergy results due to death of the Tregs and this scenario has changed A. scholaris pollen-specific
immunotherapy, which causes survival of Tregs resulting in alleviation of immune homeostasis of the respiratory
mucosa.

� The upstream level of the extrinsic pathway of apoptosis that was studied during A. scholaris pollen
sensitization–challenge showed marked upregulation of Fas/Fas-L, which are death receptors belonging to
members of the TNF receptor gene superfamily. The sequence of events that define the extrinsic phase of
apoptosis are best characterized by the binding of Fas ligand to Fas receptor causing dimerization of the death
effector domain which gets attached to the adapter protein FADD. At this point, a death-inducing signaling
complex is formed, resulting in the autocatalytic activation of procaspase-8 to active-caspase-8, which then
triggers the execution phase of apoptosis. In our study, we have found that Fas, Fas-L and caspase-8 expression
increased after A. scholaris sensitization and challenge which significantly decreased following immunotherapy.
This highlights the point that apoptosis of Treg cells via TNF receptor superfamily protein-mediated pathway is
modulated by allergen immunotherapy.

� In the intrinsic mitochondrial pathway which was studied in the Tregs, the proapoptotic protein Bax was
upregulated and the antiapoptotic protein Bcl-2 was simultaneously downregulated following A. scholaris
pollen-induced sensitization–challenge. The reverse effects were seen after allergen-specific immunotherapy. Bax
pores holes in the mitochondrial membrane helping release of the mitochondrial apoptotic proteins. Bcl-2
opposes this effect. Allergen sensitization–challenge increases Bax:Bcl-2 ratio in splenic Tregs and intranasal
immunotherapy decreases the Bax:Bcl-2 ratio. These proapoptotic molecules then activate the downstream
apoptotic machinery.

� In the downstream intrinsic pathway, it was seen in our study that cytochrome-c, Apaf-1 and procaspase-9 all
showed heightened levels indicating formation of a super-molecular complex called the apoptosome. This
formation of the apoptosome led to the cleavage of procaspase-9 and the generation of active caspase-9.
Caspase-9 of Tregs was markedly increased following A. scholaris pollen sensitization–challenge. All the above
proteins are downregulated after allergen-specific immunotherapy. The above results indicate involvement of
the intrinsic pathway in killing in Tregs during the allergic state and revival of Tregs after immunotherapy to
maintain immune homeostasis.

� Another pathway of apoptosis by transmembrane pore-forming molecule perforin, with a subsequent exophytic
release of cytoplasmic granules like granzymes, through the pore onto the target cells, was also studied. In our
result it has been documented that both perforin and granzyme levels increased after A. scholaris pollen
sensitization and challenge indicating death of Tregs through this pathway; also the levels of these two proteins
decreased after allergen-specific immunotherapy. This is a new documentation which had not been reported
previously. The serine proteases granzyme-B present within the granules directly activates caspase-3.

� Caspase-3 level had been heightened in our study during the A. scholaris pollen-induced allergy and this level
had been lowered following allergen-specific immunotherapy. All apoptotic pathways converge on caspase-3
considered to be the execution caspase. Caspase-3 is considered to be the most important of the executioner
caspases. Caspase-3 induces cytoskeletal reorganization and disintegration of the cell into apoptotic bodies.

� Thus this study for the first time delineates the three pathways of apoptosis of Tregs heralding a new dimension
in the field of allergen immunotherapy by indicating its effect on programmed cell death of Treg cells. In near
future this study will pave a new dimension in the regulation of pollen-induced allergy pathogenesis.
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