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Airway smooth muscle (ASM) growth contributes to the mechanism of airway hyperresponsiveness in asthma. 
Here we demonstrate that CD4+ T cells, central to chronic airway inflammation, drive ASM remodeling in 
experimental asthma. Adoptive transfer of CD4+ T cells from sensitized rats induced an increase in prolifera-
tion and inhibition of apoptosis of airway myocytes in naive recipients upon repeated antigen challenge, which 
resulted in an increase in ASM mass. Genetically modified CD4+ T cells expressing enhanced GFP (EGFP) were 
localized by confocal microscopy in juxtaposition to ASM cells, which suggests that CD4+ T cells may modulate 
ASM cell function through direct cell-cell interaction in vivo. Coculture of antigen-stimulated CD4+ T cells 
with cell cycle–arrested ASM cells induced myocyte proliferation, dependent on T cell activation and direct T 
cell–myocyte contact. Reciprocally, direct cell contact prevented postactivation T cell apoptosis, which suggests 
receptor-mediated T cell–myocyte crosstalk. Overall, our data demonstrate that activated CD4+ T cells drive 
ASM remodeling in experimental asthma and suggest that a direct cell-cell interaction participates in CD4+ T 
cell regulation of myocyte turnover and induction of remodeling.

Introduction
Asthma is a chronic inflammatory disorder of the airways that 
induces changes in airway structure, termed remodeling (1, 2). 
The changes include an increase in airway smooth muscle (ASM) 
mass, an increase in the size and number of mucous glands, and 
subepithelial fibrosis. The result is a thickened and hyperrespon-
sive airway that gives rise to the clinical manifestations of asthma. 
Overall, the increase in ASM mass may be the main contributing 
factor to airway hyperresponsiveness (3, 4). CD4+ T cells with Th2 
effector function play a pivotal role in the initiation and perpetu-
ation of the inflammatory response in asthma (5–7). However, the 
relationship between airway inflammation and ASM remodeling 
is poorly understood.

A role for the T cell in ASM growth has been suggested by in 
vitro studies (8). However, the trafficking of antigen-specific CD4+ 
T cells to the ASM and their ability to induce remodeling in vivo 
have not been addressed. Although it has been possible to model 
the increase in ASM by allergic sensitization followed by repeat-
ed antigen challenge in the rat (9), the role of the T cell cannot 
be isolated in actively sensitized animals. Here, we employed the 
technique of adoptive transfer to test the hypothesis that anti-
gen-specific CD4+ T cells drive ASM remodeling upon encoun-
tering antigen in vivo. Adoptive transfer of CD4+ T cells from 
sensitized rats mediates late allergic airway responses and eosino-
philic inflammation in naive recipients upon antigen challenge, 
in the absence of specific immunoglobulins (10). In the present 
study, CD4+ T cells from OVA-sensitized rats were stimulated in 

vitro with OVA and subsequently transduced with recombinant 
retroviruses encoding enhanced GFP (EGFP). We exploited this 
stimulation and transduction protocol to generate a population 
of antigen-specific CD4+ T cells (11) that could also be localized in 
recipients. Our data demonstrate that following antigen challenge, 
these CD4+ T cells are localized in the vicinity of ASM or in actual 
contact with the myocytes. Moreover, adoptively transferred CD4+ 
T cells purified from OVA-sensitized donors regulate both prolif-
eration and apoptosis of airway myocytes and induce an increase 
in ASM mass in an antigen-specific manner. In vitro, a crosstalk 
was established between cocultured CD4+ T cells and ASM cells in 
a cell-cell contact–dependent fashion. CD4+ T cells, activated by 
antigen, induced ASM cell DNA synthesis and proliferation only 
upon direct cell contact. Reciprocally, CD4+ T cell function was 
also affected by the cell contact, which prevented apoptosis of both 
activated and resting T cells.

Results
Generation of antigen-specific, EGFP+/CD4+ T cells by sequential in vitro 
antigen stimulation and retroviral transduction. We performed in vitro 
antigen stimulation followed by retroviral transduction to gener-
ate a population of OVA-specific CD4+ T cells stably expressing 
EGFP in order to localize transduced, antigen-specific CD4+ T cells 
relative to ASM following antigen reexposure in vivo. Recombinant 
retroviruses transduce only dividing cells. Thus, following stimula-
tion by antigen-presenting cells in vitro, antigen-specific CD4+ T 
cells undergo cell proliferation and are selectively transduced (11). 
These cells can then be identified and FACS sorted on the basis of 
transgene expression. Following culture of total lymph node cells 
from OVA-sensitized rats with OVA, and transduction with recom-
binant retroviruses encoding EGFP, an average of 7.9% of the live 
cells were EGFP+ (Figure 1A). The EGFP+ cell population consisted 
almost exclusively of live CD4+ T cells: 87.8% of the transduced 
cells were viable, as assessed by propidium iodide exclusion (Fig-
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lar lavage; EGFP, enhanced GFP; PBM, basement membrane perimeter; PCNA, prolifer-
ating cell–associated nuclear antigen.
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ure 1C), and 92.9% of the transduced cells were CD4+ (Figure 1E). 
The percentage of CD4+ T cells that constituted the lymph node 
cultures also was enriched by this stimulation protocol, increasing 
from 56.6% on day 1 to 90.7% by day 6 (Figure 1, B, D, and F), likely 
due to the combined effects of activation of antigen-specific CD4+ 
T cells and extensive death of other cell subsets. Significantly, the 
stimulated cells upregulated the expression of CD4 from days 3 to 
6 as an effect of activation (12). This subset of CD4+ T cells is both 
selectively transduced (11) upon incubation with recombinant ret-
roviruses and responsible for adoptive transfer of antigen-specific 
allergic responses (13).

Adoptive transfer of small numbers of selected antigen-specific CD4+ T 
cells induces a robust inflammatory response with infiltration of the air-
way wall by activated CD4+ T cells. On day 6 of primary cell culture 
we sorted the EGFP+ cells by FACS and transferred 2 × 105 cells 
i.v. into unsensitized syngeneic rats. The recipient rats were chal-
lenged with aerosolized OVA or vehicle 24 hours prior to adoptive 
transfer, to enhance the recruitment of OVA-specific CD4+ T cells 
to the lungs, and rechallenged immediately following cell trans-
fer. Forty-eight hours after transfer, total lung lymphocytes were 
quantified. In the recipients of EGFP+/CD4+ T cells challenged 
with OVA, the absolute lymphocyte numbers (range: 19.2 × 106 to 

29.6 × 106 cells) averaged 5-fold greater than those of vehicle-chal-
lenged recipients or naive controls challenged with OVA (3.7 × 106 
to 5.6 × 106 cells) (Figure 1G). In bronchoalveolar lavage (BAL), 
the amount of leukocyte infiltrate was 3-fold (range: 0.67 × 106 to 
0.78 × 106 cells) greater than that of control animals (0.18 × 106 to 
0.34 × 106 cells). By confocal microscopy, we localized CD4+ T cells 
expressing EGFP and the activation markers OX-40 and CD25 in 
the lungs. OX-40 (CD134) was first characterized in the rat as a 
specific marker of activated CD4+ T cells (14), and adoptive trans-
fer experiments suggest that T cells expressing OX-40 may have 
recently encountered antigen in vivo, after transfer (15). On lung 
sections of the OVA-challenged recipients, we detected transduced 
and activated CD4+ T cells (Figure 2, A–E) in arteriolar walls, which 
suggests diapedesis; in the connective tissue bridging the vascular 
and airway walls; and infiltrating the airway wall, particularly the 
lamina propria. Significantly, EGFP+ and activated T cells were 
also located in contact with α-SMA–positive ASM bundles, with 
some labeled cells appearing to synapse with ASM cells (Figure 2 
B–D). The confocal images colocalizing T cells with α-SMA–posi-
tive ASM represent optical sections of 0.6-μm thickness. Overall, 
this tissue distribution suggests that following antigen challenge, 
the transferred CD4+ T cells migrate from vessels into the airway 
wall, where they might regulate ASM function in a paracrine fash-
ion and/or by direct cell-cell contact.

Antigen-specific CD4+ T cells drive an increase in ASM mass upon repeat-
ed antigen challenge. To determine whether CD4+ T cells were able 
to induce changes in the amount of ASM in an antigen-depen-
dent fashion, we transferred purified CD4+ T cells from OVA- or 
sham-sensitized rats into unsensitized recipients, which were sub-
sequently repeatedly airway challenged with aerosolized OVA or 
BSA. The transferred cell suspensions were obtained from donors 
by immunomagnetic negative selection and had at least 98% CD4+ 
T cell purity. Each recipient received 2 × 106 CD4+ T cells i.p. Fol-
lowing the CD4+ T cell transfer, the recipients were assigned to 
3 study groups. In one group (OVA/OVA group; n = 8) the rats 
were challenged with aerosolized OVA at days 2, 5, and 8 after cell 

Figure 1
CD4+ T cell activation, retroviral transduction, and adoptive transfer 
of inflammatory responses. Total cell populations from sensitized 
lymph nodes were cultured with OVA and subsequently transduced 
with retroviruses encoding EGFP. (A) We identified the transduced 
cell population using EGFP as a selectable marker. (C) The EGFP+ 
cells exclude propidium iodide (PI) and are thus viable. (E) The major-
ity of the EGFP+ cells are CD4+ T cells, which demonstrates selective 
transduction of this cell type. (B, D, and F) Stimulation with OVA led to 
progressive enrichment of CD4+ T cells in the cultured population as 
well as upregulation of CD4 expression from day 1 to day 6 (compare B 
and D). The data from B and D are presented as histograms in F. The 
thin line represents the CD4 distribution in the lymph node cell popula-
tion as harvested from donors on day 1. The thick line represents the 
CD4 distribution following lymph node culture with OVA for 6 days. The 
dotted line represents the isotype control. (G) Following transduction, 
EGFP+ cells were sorted by FACS, and 2 × 105 cells were transferred 
into unsensitized recipients that were subsequently airway challenged 
with OVA. Controls were recipients of EGFP+ cells challenged with 
vehicle or naive animals challenged with OVA. In recipients of EGFP+ 
cells, the absolute number of lung lymphocytes was increased 5-fold, 
and the absolute number of BAL leukocytes was increased 3-fold com-
pared with controls. Data are from 2 independent experiments. Error 
bars represent range.
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transfer. The rats assigned to the second group (OVA/BSA control 
group; n = 8) were challenged with aerosolized BSA at the same time 
points. Rats in an additional control group (sham/OVA group;  
n = 8), which received CD4+ T cells from sham-sensitized donors, 
were OVA challenged as described above. Twenty-four hours after 
the final airway challenge, we harvested and fixed the lungs. On 
lung sections, we localized by immunofluorescence the α-SMA–
positive ASM bundles and subtracted this signal from the rest of 
the lung tissue using confocal microscopy (Figure 2, F–H). We then 
calculated ASM mass by quantitative image analysis. We expressed 
ASM mass as a dimensionless index that is derived from ASM area 
normalized for airway size using the basement membrane perim-
eter squared (PBM

2). ASM mass was increased in the recipients of 
OVA-primed CD4+ T cells that were challenged with OVA (OVA/
OVA group) compared with the OVA/BSA and sham/OVA con-
trol groups (Table 1 and Figure 3). These data indicate that: (a) 
the increase in ASM mass observed in the OVA/OVA group was 
driven by antigen-specific CD4+ T cells, since recipients of CD4+ 
T cells purified from sham-sensitized donors (sham/OVA group) 
did not develop this response upon challenge with OVA; and (b) 
the increase in ASM mass depended on the interaction between 
OVA-specific CD4+ T cells and OVA presented in the recipients, 
since CD4+ T cells transferred from OVA-sensitized donors did not 
lead to increased ASM mass upon BSA challenge.

The antigen-specific, CD4+ T cell–dependent increase in ASM 
mass is associated with increased myocyte proliferation and inhi-
bition of baseline apoptosis. To investigate the mechanisms of 
the antigen-specific CD4+ T cell–driven increase in ASM mass, we 

quantified proliferation and apoptosis of airway structural cells in 
lung sections of the recipient animals. We detected cell prolifera-
tion in airway sections by immunostaining for proliferating cell–
associated nuclear antigen (PCNA), a DNA polymerase-δ cofactor 
expressed in cells progressing through the cell cycle, the expression 
of which peaks during the DNA synthesis phase. Apoptotic cells 
were identified through in situ detection of DNA fragmentation 
by the TUNEL technique. To demonstrate proliferation or apopto-
sis of ASM cells, we colocalized PCNA- or TUNEL-positive nuclei 
with the cytoplasmic α-SMA staining of ASM bundles (Figure 4). 
We corrected the numbers of positive cells for airway size using 
PBM

2 as was done for ASM mass. The number of PCNA+ cells per 
millimeter2 was significantly increased in the OVA/OVA group 
compared with the OVA/BSA and sham/OVA control groups, in 
both the airway epithelium and ASM (Table 1 and Figure 5A). This 
effect was present in small, medium, and large airways (Figure 5, 
B–C). The number of TUNEL+ cells per millimeter2 in the airway 
epithelium and ASM was significantly decreased in the OVA/OVA 
group compared with the OVA/BSA and sham/OVA groups (Table 
1 and Figure 5D). This effect was also significant in the partial 
comparisons made according to airway size in both the epithelium 
and ASM (Figure 5, E–F). Together, our data suggest that increased 
proliferation and decreased apoptosis of ASM cells contributed to 
the ASM remodeling induced by antigen-specific CD4+ T cells.

We used nonlinear regression analysis to fit a model of the 
increase in ASM mass as a dual function of increased myocyte 
proliferation and decreased apoptosis (Figure 6A). Details on the 
regression analysis are provided as supplemental material (avail-

Figure 2
Confocal microscopy. (A–E) Distribution of EGFP+ (A–C), OX-40+ (D), and CD25+ (E) cells (red signal) relative to α-SMA (green signal). Insets in 
A and B show an overlay of the confocal sections over transmission histological images. (A) Example of an EGFP+ cell inside vascular smooth 
muscle (Vsm), likely exiting a small vessel (L, lumen). (B–D) Confocal colocalization in 0.6-μm-thick optical sections suggesting direct contact 
between EGFP+ (B and C) or OX-40+ (D) cells and ASM (Asm). adv, adventitia; alv, alveolar walls; E, bronchial epithelium. (E) A CD25+ cell 
likely migrating between a vessel and a neighboring airway. (F–H) Confocal extraction of ASM for quantitation. (F) In an airway, the smooth 
muscle bundles are identified by α-SMA immunostaining (red). The green signal corresponds to pan-actin (all actin isoforms), which was used 
as a general counterstain. (G) A high-magnification field (corresponding to the square in F) illustrates the airway epithelium, smooth muscle, 
adventitia, alveolar walls, and alveolar macrophages (mac). (H) The ASM bundles were isolated by confocal subtraction, to measure their surface 
area corrected by airway size. Scale bars: 100 μm (F and H); 50 μm (G); 20 μm (A and B); 10 μm (D and E); and 5 μm (C).
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able online with this article; doi:10.1172/JCI19711DS1). The pos-
sibility that a downregulation of myocyte apoptosis significantly 
determined the increase in ASM mass is supported by the fact that 
airway size had a dual effect (Figure 6B) on the size of the dec-
rements of myocyte apoptosis frequency (exponential, r = –0.66; 
P = 0.0012) and the ASM mass increments (hyperbolic, r = –0.45; 
P < 0.0001) in the OVA/OVA group, whereas the airway size did 
not influence the increases in pro-
liferation (P = 0.42). In the control 
groups, the relationship between 
ASM mass and PBM length was 
approximately flat (slope = –0.11), 
which suggests that the relative 
amount of ASM is a physiological 
constant along the bronchial tree 
in the rat (Figure 6B) and validates 
PBM

2 as an appropriate normaliza-
tion for airway size.

Cell contact–dependent crosstalk 
between cultured ASM cells and CD4+ T 
cells activated by antigen induces ASM 
cell DNA synthesis and inhibits CD4+ T 
cell apoptosis. Next we tested in vitro 
the hypothesis, suggested by our 
in vivo cell tracking and confocal 
microscopy data, that a direct T 
cell–ASM cell contact mechanism 
participates in the induction of 
myocyte proliferation. We cocul-
tured passage 1 cell cycle–arrested 
ASM cells with CD4+ T cells puri-
fied from OVA-sensitized donors 
that had been either activated with 
OVA in vitro or freshly harvested 

and added to the ASM cell cultures without prior activation. The 
activated CD4+ T cells were either allowed to establish direct cell-
cell contact with the myocytes or cultured in the upper chamber 
of a Transwell system that prevents cell contact. After 48 hours of 
coculture, ASM cell proliferation was analyzed by flow cytometry 
on the basis of BrdU incorporation during the last 24 hours of 
coculture, as a cumulative measurement of DNA synthesis (Figure 
7). Following trypsin treatment of the cocultures, the ASM cells 
and the myocyte-adherent fraction of the T cells were fully dissoci-
ated. The ASM cells were resolved from the CD4+ T cells by CD4 
phenotyping combined with side-scatter profiling. Whereas base-
line BrdU incorporation was 8.82% ± 1.45%, the addition of OVA-
activated CD4+ T cells to confluent, cell cycle–arrested ASM cells 
induced DNA synthesis in 26.73% ± 5.32% of the myocytes only if 
direct cell contact was allowed (P = 0.001). Conversely, in Transwell 
cultures, where the activated T cells did not contact the ASM cells, 
BrdU incorporation into the ASM cells was significantly lower 
(7.48% ± 1.81%; P = 0.001) and did not differ from that at baseline 
(P = 0.778). In addition, only 10.02% ± 3.20% of the ASM cells incor-

Table 1
ASM mass and PCNA+ and TUNEL+ cell frequencies

 Group ASM mass or positive  P Mean Δ; (95% CI)
  cells/mm2, mean ± SE
ASM mass (×10–3) OVA/BSA 1.42 ± 0.20 0.372A –0.12; (–0.87, 0.62)A

 Sham/OVA 1.12 ± 0.09 < 0.001B 1.69; (0.95, 2.44)B

 OVA/OVA 3.25 ± 0.41 < 0.001C 1.57; (0.82, 2.31)C

PCNA+ cells in epithelium OVA/BSA 2.76 ± 0.60 0.142A –1.82; (–4.31, 0.66)A

 Sham/OVA 0.94 ± 0.22 < 0.001B 4.92; (2.43, 7.40)B

 OVA/OVA 5.86 ± 1.32 0.017C 3.092; (0.61, 5.58)C

PCNA+ cells in ASM OVA/BSA 0.33 ± 0.16 0.912A –0.04; (–0.82, 0.73)A

 Sham/OVA 0.28 ± 0.14 0.001B 1.48; (0.70, 2.25)B

 OVA/OVA 1.76 ± 0.40 0.001C 1.43; (0.66, 2.21)C

TUNEL+ cells in epithelium OVA/BSA 7.24 ± 1.28 0.133A –2.23; (–5.20, 0.74)A

 Sham/OVA 5.01 ± 0.89 0.041B –3.11; (–6.09, –0.14)B

 OVA/OVA 1.90 ± 0.80 0.001C –5.34; (–8.32, –2.37)C

TUNEL+ cells in ASM OVA/BSA 3.49 ± 0.63 0.496A –0.45; (–1.80, 0.90)A

 Sham/OVA 3.04 ± 0.46 0.003B –2.17; (–3.52, –0.81)B

 OVA/OVA 0.87 ± 0.14 0.001C –2.62; (–3.97, –1.27)C

ASM mass was calculated in cross-sectioned airways as ASM surface divided by PBM
2 to standardize by air-

way size, which resulted in a dimensionless index. The frequencies of PCNA+ and TUNEL+ cells in epithelium 
and ASM were also referenced to PBM

2 and are expressed as cells per millimeter2. Values are mean ± SE.  
The post-ANOVA multiple comparison P values are shown. The ANOVA P values are: < 0.001 for ASM 
mass; 0.002 for PCNA in epithelium; 0.001 for PCNA in ASM; 0.005 for TUNEL in epithelium; and 0.001 for 
TUNEL in ASM. The 95% confidence intervals (CI) of the mean increment (Δ) estimate the size of the effects. 
Asham/OVA versus OVA/BSA; BOVA/OVA versus sham/OVA; COVA/OVA versus OVA/BSA.

Figure 3
Quantitation of ASM mass. (A) An increase of ASM mass was induced 
in the group receiving CD4+ T cells purified from OVA-sensitized 
donors followed by repeated airway challenge with aerosolized OVA 
(OVA/OVA group) compared with BSA-challenged controls (OVA/BSA 
group) or controls that received CD4+ T cells from sham-sensitized 
donors and were challenged with OVA (sham/OVA group). (B) The 
CD4+ T cell–driven increase in ASM mass affected small (PBM < 1 mm), 
medium, and large (PBM ≥ 2 mm) airways. *P < 0.05. Error bars repre-
sent SE. (C) Illustrative examples of ASM, once subtracted by confocal 
microscopy. Airways of 2 different sizes are shown for each group. The 
numbers below each panel correspond to basement membrane length 
and ASM mass (dimensionless index, ×10–3).
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porated BrdU when incubated with nonactivated CD4+ T cell in 
spite of direct T cell–myocyte contact (P = 0.007 vs. direct contact 
of activated T cells; P = 0.817 vs. baseline). The ability of activated 
CD4+ T cells to induce proliferation of ASM cells through direct 
contact was dose dependent (r = 0.99; P < 0.001; Figure 7E).

The analysis of BrdU incorporation versus DNA content in the 
CD4+ T cells cocultured with the ASM cells allowed us to distin-
guish several T cell subpopulations according to status of activa-
tion and viability, as determined by DNA synthesis and cell cycle 
analysis (Figure 8 and Table 2). Following activation by OVA in 
vitro and 48 hours of subsequent coculture with ASM cells, a frac-
tion of the CD4+ T cells was progressing through the cell cycle and 
synthesized DNA. This T cell fraction comprised BrdU+ cells that 
were in S or G2/M phases of the cell cycle (region 2 in Figure 8 and 
Table 2) plus a subpopulation of live postmitotic cells (BrdU+ cells 
in G0/G1 phase of the cell cycle; region 3) and a subpopulation of 
cells that underwent postactivation apoptosis (BrdU+ cells with 
subdiploid DNA content; region 4). Another fraction of the CD4+ 
T cells, likely comprising non–OVA-specific T cells, did not incor-
porate BrdU and stayed quiescent (BrdU– cells in G0/G1 phase; 
region 1) or underwent apoptosis (BrdU– cells with subdiploid 
DNA content; region 5). In OVA-activated CD4+ T cells in direct 
contact with ASM cells, compared with T cells cultured in the 
Transwell chamber, postactivation apoptosis of the BrdU+ T cells 
as well as spontaneous apoptosis occurring in the BrdU– resting T 
cell fraction were prevented. Significantly, the proportion of live 
BrdU+ T cells was higher if the T cells were in contact with the ASM 
cells rather than separated from them, as those cultured in the 
Transwell chamber. These data suggest that OVA-activated CD4+ 
T cells in contact with ASM cells are selectively retained in a viable, 
proliferating compartment as a result of the downregulation of 
postactivation apoptosis. Moreover, direct contact of non–OVA-

activated CD4+ T cells with ASM cells did not elicit progression 
through the T cell cycle, which suggests that the mere adhesion 
of CD4+ T cells to ASM cells does not result in T cell activation. 
Nevertheless, the apoptosis of nonactivated CD4+ T cells was pre-
vented by adherence to ASM cells, as shown by comparison with 
the BrdU– fraction of T cells cultured in Transwells (Figure 8A, top 
left panel, region 5).

Overall, these data suggest that CD4+ T cells activated by anti-
gen establish direct crosstalk with ASM cells, eliciting reciprocal 
effects. In a CD4+ T cell–ASM cell contact–dependent fashion, 
CD4+ T cells previously activated by antigen induce myocyte DNA 
synthesis and proliferation. Furthermore, direct contact with the 
ASM cells largely prevents apoptosis of the T cells, which may 
result in prolonged survival and expansion of CD4+ T cells follow-
ing activation by antigen.

Discussion
The data presented here support the idea that ASM remodeling, 
an important feature of asthma and airway hyperresponsiveness 
(3, 4, 16, 17), is driven by antigen-specific CD4+ T cells through a 
mechanism involving direct T cell–myocyte contact. We applied 
the methodology of Costa et al. (11), who demonstrated that a rare 
subpopulation of antigen-specific CD4+ T cells could be selectively 
transduced with recombinant retroviruses and subsequently sort-
ed on the basis of transgene expression. We demonstrate here that 
relatively small numbers (2 × 105) of retrovirally transduced CD4+ 
T cells, when transferred back in vivo, migrate into the lungs and 
induce an amplified inflammatory response upon airway antigen 
challenge. This resulted in a spatial distribution of the adoptively 
transferred CD4+ T cells, which suggests that these cells may come 
into direct contact with the ASM in vivo. To quantify CD4+ T cell–
driven ASM growth, we transferred purified CD4+ T cells from sen-

Figure 4
Colocalization of PCNA and TUNEL with α-SMA. (A–D) Detection of proliferating cells (PCNA+, open arrowheads). (E–H) Detection of apoptotic 
cells (TUNEL+, filled arrowheads). Examples illustrating PCNA immunostaining and TUNEL, respectively, are shown for the OVA/BSA (A and E), 
sham/OVA (B and F), and OVA/OVA (C and G) groups. Both PCNA and TUNEL are shown as dark nuclear signals, colocalized with the α-SMA+ 
smooth muscle bundles (red cytoplasmic signal). D and H illustrate at high magnification the colocalization of PCNA and TUNEL, respectively, 
with α-SMA. PCNA+ and apoptotic cells can also be identified in the airway epithelium, in vascular smooth muscle of bronchial arterioles, and 
other locations as indicated. Counterstain: methyl green. Scale bars: 50 μm (A–C and E–G); 10 μm (D and H).
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sitized rats into unsensitized recipients. Previous work using this 
adoptive transfer model showed that the CD4+ T cells infiltrat-
ing the airways have a Th2 phenotype (18). Here, repeated airway 
challenge of the CD4+ T cell recipients resulted in an increase in 
the amount of ASM. This increase in ASM mass occurred in asso-
ciation with CD4+ T cell–dependent hyperplasia and inhibition of 
apoptosis of airway myocytes, which suggests that CD4+ T cells 
induce ASM remodeling by regulating myocyte proliferation and 
survival. Consistent with the confocal microscopy data suggesting 
direct contact between activated CD4+ T cells and ASM in vivo, 
results from experiments in vitro demonstrated 
CD4+ T cell–ASM cell crosstalk, which was depen-
dent upon direct cell contact. CD4+ T cells activated 
by OVA, but not resting T cells, induced ASM cell 
proliferation through a mechanism in which direct 
T cell–myocyte contact was necessary, whereas sol-
uble CD4+ T cell mediators were not sufficient if 
the activated CD4+ T cells and the ASM cells were 
separated by a Transwell membrane. As a reciprocal 
effect, direct contact with the myocytes prevented 
postactivation CD4+ T cell apoptosis and also the 
spontaneous apoptosis of resting T cells and result-
ed in significant retention of OVA-activated, prolif-
erating CD4+ T cells in the live cell compartment.

In allergen-sensitized rats, repeated airway chal-
lenge leads to an increase in ASM mass (9) of com-
parable magnitude to our current results, and that is 
caused at least in part by hyperplasia, as shown by the 
induction of DNA synthesis in ASM cells (19–21).  
However, the pathways that link airway inflam-
mation and remodeling of the ASM remain largely 
unknown. Human polyclonally activated T cells 
have been shown to adhere to ASM cells through 
integrins and CD44 and to induce myocyte DNA 
synthesis in vitro (8). In cultured ASM cells, the 
engagement of adhesion and immune receptors 
such as CD40, CD44, and VCAM-1 leads to sig-
naling events that may be involved in proliferative 

responses including calcium mobili-
zation (22), activation of MAPK and 
PI3K, and expression of cyclin D1 (23). 
In inflammatory bowel disease, where 
smooth muscle hyperplasia occurs 
in the muscularis mucosae, periph-
eral blood mononuclear cells interact 

with cultured muscularis mucosae myocytes through CD44 and 
VCAM-1 (24). CD4+ T cells may also contribute to other pathways 
regulating ASM cell proliferation and/or survival through their 
cytokines, either directly or via cytokine-induced release of growth 
mediators such as endothelin-1 (25) and cysteinyl-leukotrienes 
(20, 26) from bronchial epithelial cells or other cell types. Acting 
directly on the ASM, IL-13 may prime the myocytes to be more 
responsive to mitogenic stimuli (27, 28).

Our data demonstrate that antigen-specific CD4+ T cells regu-
late airway myocyte proliferation and apoptosis, which results in 

Figure 5
Quantitative morphology of cell prolif-
eration and apoptosis in airways. (A 
and D) Mean PCNA+ and TUNEL+ cells 
per millimeter2, respectively, by experi-
mental group. (B and E) Mean epithelial 
PCNA+ and TUNEL+ cells per millimeter2, 
respectively, by airway size and experi-
mental group. (C and F) Mean epithelial 
PCNA+ and TUNEL+ cells per millimeter2, 
respectively, in ASM cells. Error bars rep-
resent SE. *P < 0.05, post-ANOVA; #sta-
tistically borderline difference with power 
less than 80%.

Figure 6
Regression analysis of the increase in ASM mass as a dual function of increased 
proliferation and decreased apoptosis of ASM cells. (A) Tri-variable projections and 
3D reconstruction (a detailed split is shown in Supplemental Figure S1). The control 
groups were pooled and are represented as blue spheres for clarity. (B) Scatter plot of 
ASM mass (×10–3) versus airway size. The relative amount of ASM is approximately 
constant along the tracheobronchial tree (green and blue, OVA/BSA and sham/OVA 
groups, respectively). The CD4+ T cell–driven effect on ASM mass lifts and distorts this 
relationship (red, OVA/OVA group). The increase in ASM mass is greater the smaller 
the airways. The airway size also influences the effect on regulation of apoptosis; 
the size of the decrements in myocyte apoptosis frequency is greater the smaller the 
airways (TUNEL differential, right y axis, violet regression curve). The influence of the 
airway size on apoptosis inhibition and ASM mass followed similar regression trends, 
whereas there was no relationship between airway size and PCNA+ cell frequency 
(data not shown). BM, basement membrane.
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an increase in ASM mass. Furthermore, our experiments tracking 
genetically modified CD4+ T cells by confocal microscopy suggest 
that activated antigen-specific CD4+ T cells may interact directly 
with ASM cells in vivo. This is further supported by our data dem-
onstrating bidirectional CD4+ T cell–myocyte crosstalk through 
direct contact in vitro. In a reciprocal fashion, OVA-activated CD4+ 
T cells induced proliferation of cell cycle–arrested ASM cells, and 
the ASM cells largely inhibited apoptosis of the OVA-activated T 
cells, which resulted in a significantly increased proportion of live, 
activated T cells. ASM cells may have a proinflammatory role in 
asthma through the secretion of cytokines (29). Our in vitro find-
ings suggest another possibility, that CD4+ T cell–myocyte contact 
occurring in the airways may downregulate the activation-induced 

T cell apoptosis that limits cellular immune 
responses and thus contribute to the per-
petuation of airway inflammation.

Our data support the hypothesis 
that CD4+ T cell–driven inhibition of 
myocyte apoptosis may be another path-
way involved in the remodeling of ASM. 
Whereas there is a general consensus that 

apoptosis participates in homeostatic cell turnover in most tis-
sue types, little is known about the mechanisms of induction and 
regulation of such apoptosis and its role in tissue repair. Normal 
airway (30) and vascular (31) smooth muscle cells constitutively 
express Fas and undergo apoptosis upon Fas cross-linking, which 
suggests that control of myocyte number through Fas ligation 
may be a general mechanism for smooth muscle homeostasis. 
A role of Fas and FasL has also been proposed in bronchial epi-
thelial turnover (32). Stimuli promoting repair mechanisms in 
asthma may act as a switch that induces proliferation and inhib-
its apoptosis, favoring a prolonged survival of mesenchymal and 
epithelial cells. In our CD4+ T cell–driven experiments, the growth 
of ASM likely occurred as a combination of both proliferation 

Figure 7
CD4+ T cells induce airway myocyte prolifera-
tion, dependent on T cell activation and direct 
T cell–myocyte contact. (A) Ninety-nine per-
cent of the cells in primary ASM cell cultures 
expressed α-SMA. (B) CD4+ T cells (purity ≥ 
98%) were cocultured with the ASM cells for 
48 hours, in the presence of BrdU during the 
last 24 hours. Cells were immunostained for 
CD4, and BrdU incorporation by the ASM cells 
was quantified. (C) The CD4+ T cells and the 
smooth muscle cells (SMCs) were resolved 
with at least 99% specificity, as calculated from 
samples containing ASM cells only (upper plot) 
or T cells only recovered from Transwells (lower 
plot). In the lower plot, the left-shifted tail of the 
T cell population reflects some loss of CD4 
expression from apoptosis. (D) BrdU incorpo-
ration by ASM cells. In each panel, BrdU incor-
poration is represented as a density plot (upper 
plots) and as a histogram (lower plots, thick 
line) overlaid on the baseline histogram (thin 
lines). The percentages of BrdU+ cells were 
calculated by subtraction. Myocytes incubated 
with 10% FBS served as a positive control for 
proliferation. The baseline BrdU incorpora-
tion was calculated from myocytes cultured 
in 0.5% FBS and 20 U/ml IL-2. The ASM cells 
were cocultured with: CD4+ T cells activated 
with OVA, either in direct contact (CD4+, OVA, 
direct) or separated by a Transwell membrane 
(CD4+, OVA, TransW); and with nonstimulated 
CD4+ T cells in direct contact (CD4+, no-OVA, 
direct). Coculture in direct contact with OVA-
activated T cells elicited a significant increase in 
BrdU incorporation. (E) Dose-response curve 
of T cell effect on myocyte BrdU incorporation. 
Data normalized as percentage of baseline.  
n = 3–6 independent experiments per data 
point. *P < 0.05 versus baseline; #P < 0.05 ver-
sus Transwell and nonactivated T cells.
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and extension of cell survival. Regression analysis of our data 
suggested that the observed decrease in myocyte apoptosis may 
have contributed to the increased ASM mass to a greater extent 
than hyperplasia in this model. Although this argument is based 
on statistical inference, the data suggest a significant role for 
regulation of apoptosis by CD4+ T cells in the ASM remodeling 
mechanism. Further research is necessary to identify the pathways 
involved in the regulation of myocyte apoptosis by CD4+ T cell 
contact. This is not readily analyzable in a straightforward cocul-
ture model, since ASM cells isolated from the airways and grown 
in primary culture may lack mechanisms that drive their turnover 
in the ASM bundles in vivo. New models mimicking such mecha-
nisms need to be developed.

In summary, adoptively transferred CD4+ T cells, labeled and 
selected for antigen specificity using retroviral transduction, 
induced an amplified inflammatory response in the airways fol-
lowing antigen challenge. Activated CD4+ T cells infiltrated the 
airway wall, where they may have acted on ASM through pathways 
involving direct CD4+ T cell–myocyte contact. Repeated allergen 

challenge induced a CD4+ T cell–dependent 
increase in ASM mass in vivo, which was 
associated with inhibition of apoptosis and 
increased proliferation of myocytes. In vitro, 
cell contact between activated CD4+ T cells 
and ASM cells led to reciprocal functional 
effects on cell cycle and survival, resulting in 
the induction of ASM cell proliferation and 
the reciprocal downregulation of T cell apop-

tosis. Our data support a direct contribution of activated CD4+ T 
cells to the mechanism of ASM remodeling in asthma.

Methods
Animals, sensitization, airway challenge, and lung processing. Inbred brown Nor-
way rats (Harlan UK Ltd.) were sensitized s.c. with 1 mg of OVA (Sigma-
Aldrich) adsorbed in 100 mg of aluminum hydroxide (EM Industries Inc.) 
and dissolved in PBS, and 0.5 × 109 heat-killed Bordetella pertussis bacilli 
i.p. (supplied by T. Issekutz, Dalhousie University, Halifax, Nova Scotia, 
Canada). For airway challenge, 5% aerosolized OVA or BSA was delivered 
through orotracheal intubation using a rodent pulmonary mechanics sys-
tem (Quadra-T; SCIREQ Inc.). For lung processing, 2 mM EDTA/PBS was 
perfused through the right ventricle; BAL was collected through trache-
ostomy; the lungs were fixed at 25 cmH2O by tracheobronchial infusion 
of 4% paraformaldehyde/PBS or 10% formalin/PBS; and tissue sections 
were obtained in parahilar and midsagittal orientation. Alternatively, the 
lungs were digested in collagenase D (Roche Diagnostics Corp.) and lym-
phocytes separated by centrifugal gradient in Lympholyte-Rat (Cedarlane 
Laboratories Ltd.). The study protocol complied with the guidelines of the 

Figure 8
Inhibition of CD4+ T cell apoptosis by direct T cell–
ASM cell contact indicates bidirectional crosstalk. 
Purified OVA-stimulated CD4+ T cells were cocul-
tured for 48 hours with ASM cells either separated 
in Transwells or in direct contact. Additionally, 
CD4+ T cells were cocultured in contact with the 
ASM cells without prior stimulation in vitro. The 
cocultures were exposed to BrdU for 24 hours 
and the CD4+ T cells analyzed for BrdU incorpo-
ration and total cell DNA content. (A) BrdU versus 
DNA density plots shown with the corresponding 
DNA histograms. T cell BrdU incorporation plotted 
against DNA content defines the following regions: 
1, live quiescent cells (absence of BrdU incorpora-
tion and in G0/G1 phase of the cell cycle); 2, cells 
undergoing proliferation (incorporation of BrdU 
and in S or G2/M phases of the cell cycle); 3, live 
postmitotic cells (incorporation of BrdU and again 
in G0/G1 phase of the cell cycle); 4, postactivation 
apoptotic cells (incorporation of BrdU and sub-
diploid DNA content); and 5, apoptotic quiescent 
cells (no BrdU incorporation and subdiploid DNA 
content). “A” in the DNA histograms corresponds 
to the subdiploid or sub-G0/G1 region and repre-
sents both quiescent and postactivation apoptotic 
T cells. M, cells in mitosis. (B) The corresponding 
side (SSC-H) versus forward (FSC-H) scatter dot 
plots are multicolor gated in the BrdU/DNA density 
plot regions defined in A. (C) Quantitative analysis 
of the cytometric regions defined in A and B. Data 
are from 4 independent experiments. *P < 0.05. 
Apop, apoptotic cells; incorp, incorporation.
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Canadian Council on Animal Care and was approved by the Animal Care 
Committee of McGill University.

Antibodies. Monoclonal antibody to retroviral Env protein (86A25) (33) 
was provided by L.H. Evans (National Institute of Allergy and Infectious 
Diseases, Hamilton, Montana, USA). We purchased mAb to GFP (JL-8), 
FITC-conjugated rat anti-mouse CD8 (Ly-2), and IgG1 isotype control 
from BD Biosciences; mAb anti-rat myeloid differentiation antigen CD172a 
(ED9) and FITC-labeled goat anti-mouse IgG, rat-adsorbed, from Serotec; 
mAb anti-rat B cell (OX33), mAb anti-rat CD8 (OX8), and mAb anti-rat 
CD4 (W3-25) from Cedarlane Laboratories Ltd.; magnetic microbeads con-
jugated to mAb anti-mouse IgG1 from Miltenyi Biotec; mAb to α-SMA (1A4) 
and rabbit polyclonal antibody to pan-actin from Sigma-Aldrich; Alexa 
488–labeled goat anti-mouse IgG and goat anti-rabbit immunoglobulins 
from Invitrogen Corp.; mAb to PCNA (Ab-1) from Calbiochem; and bioti-
nylated horse anti-mouse IgG, rat-adsorbed, from Vector Laboratories.

Generation of a stable retrovirus packaging cell line. To generate recombinant 
retrovirus, we used the Phoenix-Eco packaging cell line (purchased from 
American Type Culture Collection). Cells were maintained in DMEM 
containing 10% heat-inactivated FBS, 2mM glutamine, 100 U/ml peni-
cillin, and 100 μg/ml streptomycin (Invitrogen Corp.). Cells were trans-
fected using Lipofectamine-2000 Plus (Invitrogen Corp.), with pIRESPUR 
plasmid (0.5 μg) encoding puromycin resistance (BD Biosciences — Clon-
tech) and pAP2 retrovector encoding EGFP (5 μg linearized with Fsp1) 
(provided by J. Galipeau, McGill University) (34). We subsequently select-
ed successfully transfected cells by culturing in media containing 2 μg/ml 
puromycin (Sigma-Aldrich). We then sorted the puromycin-resistant Phoe-
nix-Eco population by FACS to select EGFP+ cells expressing high levels of 
the retroviral gag/pol and env genes. We used for this purpose Ly-2 mAb to 
mouse CD8, which is coexpressed with gag/pol, and 86A25 mAb against 
Env protein. Retroviruses were titrated on NIH3T3 fibroblasts (ATCC).

CD4+ T cell stimulation and transduction. Cervical lymph node cell popula-
tions from OVA-sensitized rats were cultured at 5 × 106 cells/ml in com-
plete DMEM supplemented with 50 μM 2-Mercaptoethanol (Fisher Scien-
tific International Inc.), 1% nonessential amino acids (Invitrogen Corp.), 

200 μg/ml OVA, and 10 U/ml of rat IL-2 (BD Biosciences). Following 48 
hours of stimulation, the cells were transduced by spin infection twice at 
455 g for 45 minutes at 37°C, with 6 μg/ml hexadimethrin bromide (Poly-
brene; Sigma-Aldrich), 10 U/ml rat IL-2 and approximately 106 virions/ml, 
providing a multiplicity of infection of 2. The EGFP+ cells were sorted by 
FACS on day 6 and transferred to recipients. For CD4+ T cell negative selec-
tion, lymph node populations were incubated with ED9, OX-33, and OX-8 
mAbs, labeled with magnetic microbeads and passed through a depletion 
column (Miltenyi Biotec).

Measurement of ASM mass. Lung sections were coimmunostained with 
anti–α-SMA mAb (1A1), detected with Vector Red (Vector Laboratories), 
and polyclonal antibody to pan-actin, detected with Alexa 488. The air-
ways were mapped with a confocal microscope (Axiovert 410; Zeiss) using 
a 20× objective lens and ASM extracted by channel subtraction. Vascular 
smooth muscle was then identified and eliminated with the aid of matched 
transmission images. We calculated ASM mass as ASM surface referenced 
to PBM

2 for airway size correction using Image-Pro Plus software version 
4.0.0.13 (MediaCybernetics). PBM is a constant dimension in an airway sec-
tion, independent of whether the airway is constricted or relaxed (35).

In situ colocalization of proliferation and apoptosis with ASM cells. PCNA detection 
was preceded by high-temperature epitope unmasking in antigen retrieval 
solution (Vector Laboratories) and permeabilization in 0.2% Triton X-100 
(Sigma-Aldrich). Sections were then blocked with 20% horse serum (Vector 
Laboratories) in universal blocking solution (DakoCytomation), and Ab-1 
mAb to PCNA was detected with biotinylated horse anti-mouse IgG, avidin/
biotin-alkaline phosphatase complex, and BCIP/NBT chromogen substrate 
(Vector Laboratories). Apoptosis was detected by TUNEL with an ApopTag 
peroxidase kit (Chemicon International) and enhanced DAB-Nickel (Vector 
Laboratories). Coimmunostaining with 1A4 mAb was developed with Vector 
Red and followed by methyl green (Sigma-Aldrich) counterstain. In cross-
sectioned airways, PCNA+ or TUNEL+ cells were referenced to PBM

2.
Primary ASM/CD4+ T cell cocultures and flow cytometric analysis of DNA synthe-

sis and cell cycle. ASM cell cultures were prepared from OVA-sensitized rats as 
described previously (36) (see Supplemental Methods). The ASM cells were 
subcultured onto 6-well cell culture plates at a seeding density of 8 × 104 
cells/well. When the cultures reached approximately 85% confluence by the 
third day of passage 1 subculture, the wells were washed 3 times with PBS, 
and the cells were placed in serum-free medium containing 0.2% BSA for 72 
hours. At this point, the ASM cells were either stimulated with 10% FBS or 
incubated in DMEM:F12 containing 0.5% FBS in the absence or presence 
of CD4+ T cells. CD4+ T cells were purified by immunomagnetic negative 
selection from cervical lymph node cell populations that were harvested 
from the same rats and stimulated with OVA in vitro, as described above. 
Four million CD4+ T cells or a series of T cell numbers decreasing by 0.1 
or 0.5 for dose-response titration, were added to each well of the serum-
deprived ASM cell cultures, in DMEM:F12 (Invitrogen Corp.) media sup-
plemented with 0.5% FBS. The activated CD4+ T cells were cultured either 
directly on the ASM cells or in the upper chamber of a Transwell Permeable 
Support (Corning Life Sciences). Alternatively, CD4+ T cells purified from 
freshly harvested lymph nodes were added to the ASM cell cultures without 
in vitro stimulation. To monitor ASM cell proliferation, we added BrdU 
(BD Biosciences) to the culture media at a 50-μM concentration for the last 
24 hours of a 48-hour coculture period, at the end of which we collected 
the cells for analysis by trypsin treatment. The digestion with trypsin dis-
sociated the adherent fraction of the CD4+ T cells from the ASM cells and 
produced mixed cell suspensions without doublets, as assessed by micros-
copy and flow cytometry. The cell suspensions were labeled with APC-anti-
CD4 mAb and processed for the flow cytometric detection of incorporated 
BrdU and cell DNA content using an FITC-BrdU Flow Kit (BD Biosciences) 
according to the manufacturer’s instructions.

Table 2
CD4+ T cell proliferation and cell cycle following coculture with 
ASM cells

 OVA OVA  No-OVA
 Transwell direct contact direct contact

Region 1 38.6 ± 4.9 31.2 ± 5.0 91.7 ± 4.0
BrdU–, G0/G1 P = 0.130A P < 0.001B P < 0.001C

Region 2 6.6 ± 2.6 19.8 ± 5.3 1.4 ± 1.4
BrdU+, S/G2/M P = 0.006A P < 0.001B P = 0.260C

Region 3 20.2 ± 4.7 42.2 ± 5.5 3.3 ± 2.3
BrdU+, G0/G1 P < 0.001A P < 0.001B P = 0.004C

Region 4 25.0 ± 5.6 6.1 ± 0.7 2.2 ± 2.3
BrdU+, subdiploid P < 0.001A P = 0.117B P < 0.001C

Region 5 10.4 ± 7.5 1.4 ± 0.6 1.1 ± 0.3
BrdU–, subdiploid P = 0.010A P = 0.905B P = 0.014C

CD4+ T cells from OVA-sensitized rats were stimulated with OVA in 
vitro and cocultured with ASM cells for 48 hours, either separated by a 
Transwell membrane or in direct contact. Alternatively, the CD4+ T cells 
were added to the ASM cells without prior OVA stimulation, and contact 
was allowed. Subsequently, BrdU incorporation and cell cycle were 
analyzed in the CD4+ T cells. The region numbers correspond to the 
cytometric regions defined in Figure 8. Data are mean cell percentages 
± SE. ATranswell versus OVA, direct contact; BOVA, direct contact ver-
sus no-OVA, direct contact; CTranswell versus no-OVA, direct contact.
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Statistical analysis. Data are expressed as mean ± SE unless otherwise 
indicated. Multiple comparisons were analyzed with 1-way ANOVA fol-
lowed by post-ANOVA Fisher’s least significant difference test. The 95% 
confidence interval of the mean difference was calculated to estimate the 
size of effects in post-ANOVA pairwise comparisons. Association patterns 
were explored by best-fit regression modeling. Strength of association is 
expressed by r or r2. A P value less than 0.05 was considered significant. 
Data analysis was performed with the SPSS statistical software package 
version 12.0 (SPSS Inc.) and the regression module of SigmaPlot 2000 
version 6.00 (SYSTAT Software Inc.).
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