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TGFβ activation and signaling have been extensively studied in ex-
perimental models of allergen-induced asthma as potential thera-
peutic targets during chronic or acute phases of the disease.
Outcomes of experimental manipulation of TGFβ activity have been
variable, in part due to use of different model systems. Using an
ovalbumin (OVA)-induced mouse model of asthma, we here show
that innate variation within TGFβ1 genetic modifier loci, Tgfbm2
and Tgfbm3, alters disease susceptibility. Specifically, Tgfbm2129

and Tgfbm3C57 synergize to reverse accentuated airway hyperres-
ponsiveness (AHR) caused by low TGFβ1 levels in Tgfb1+/− mice of
the NIH/OlaHsd strain. Moreover, epistatic interaction between
Tgfbm2129 and Tgfbm3C57 uncouples the inflammatory response
to ovalbumin from those of airway remodeling and airway hyper-
responsiveness, illustrating independent genetic control of these
responses. We conclude that differential inheritance of genetic var-
iants of Tgfbm genes alters biological responses to reduced TGFβ1
signaling in an experimental asthma model. TGFβ antagonists for
treatment of lung diseases might therefore give diverse outcomes,
dependent on genetic variation.

Asthma is an allergic disease of the airways affecting more than
5% of the US population. It is characterized by airway hyper-

responsiveness (AHR), inflammatory infiltration, increased mucus
production, elevated serum IgE levels, and airway remodeling (1).
Asthma can present within a wide range of disease severity, from
mild and intermittent to severe, persistent, and drug refractory. It is
considered a multifactorial disorder in which complex interplay
between environmental and genetic factors determines disease risk
and severity. Here we investigated the contribution of genetic fac-
tors that have previously been shown to interact with transforming
growth factor β (TGFβ) in vivo, to disease severity in amousemodel
of asthmatic response.
Genetic variants of the human TGFB1 gene are associated

with asthma severity (2–5) and TGFβ is synthesized by, and has
effects on, several cell types of the lung in response to an asth-
matic stimulus. Thus, the TGFβ signaling pathway has been
considered a potential therapeutic target in lung disease (6). It is
a potent suppressor of inflammation, illustrated by lethal T-cell–
mediated multifocal inflammation in Tgfb1−/− mice (7, 8). It also
regulates epithelial cell growth and differentiation and stimulates
smooth muscle and myofibroblast differentiation and extracel-
lular matrix deposition (6). TGFβ appears protective in acute
models of asthmatic pathology, seen both genetically and phar-
macologically (9–12). Conversely, excess active TGFβ can exac-
erbate chronic asthma pathology by induction of fibrosis (13, 14).
It can also stimulate pulmonary inflammation and accumulation
and contraction of smooth muscle through induction of TH17
cells (15) and effects on intraepithelial mast cells (16), leading to
airway obstruction and decreased lung function.
We have reported genetic loci, Tgfbm2 and Tgfbm3, which

dramatically alter phenotypic outcome of low TGFβ1 levels in
mice, with effects on both vascular development and skin tumor
susceptibility (17–20). We also showed that, as for human TGFB1,
themouseTgfb1 gene is polymorphic, with allelic variants that drive
different expression levels in diverse mouse species, consequently

conferring strain-specific variation in tumor susceptibility (20). In-
terestingly, the biological outcome of Tgfb1 genetic variation in
terms of tumor risk is dependent on interaction with an unlinked
genetic locus, Skts15 (20), illustrating the power of epistasis in
masking single gene effects and determining disease risk. Signifi-
cantly, Skts15 colocalizes with Tgfbm3 on the genome (19). This
locus is thus synonymous with Skts15 and a potent modifier of two
distinct TGFβ-dependent phenotypes.
In the current study, we demonstrate that different components

of the asthmatic response to the allergen, ovalbumin (OVA), are
dependent onmouse strain background.More specifically, we show
that potentiation of AHR by loss of a single Tgfb1 allele is de-
pendent on synergistic interaction between variant alleles of the two
TGFβ1 modifier loci, Tgfbm2 and Tgfbm3. Moreover, we demon-
strate uncoupling of the inflammatory vs. the AHR response to an
asthmatic stimulus, mediated by these two genetic variants.

Results
Tgfb1 Haploinsufficiency Potentiates AHR in a Mouse-Strain–Specific
Manner. Several reports have suggested that TGFβ1 is protective
against allergen-induced lung pathology (9–12). We compared
wild-type with Tgfb1+/− mice on two different strains, NIH/
OlaHSD (NIH) and C57BL/6NTac, and investigated their physi-
ological and cellular responses to acute exposure to the allergen
OVA after a 3-wk period of OVA sensitization. As assessed by
acute AHR, C57 wild-type mice were relatively resistant to the
asthmatic challenge compared with NIH wild-type mice (Fig. 1 A
and B). Interestingly, we showed no effect of Tgfb1 gene dosage on
theC57 genetic background, such that there were identical cellular
and physiological responses to the asthmatic stimulus regardless of
Tgfb1 genotype (Fig. 1A). However, we found strain differences
with respect to Tgfb1 gene dosage on asthmatic response; loss of one
Tgfb1 allele exacerbated AHR in NIH (Fig. 1B) but not C57 mice
(Fig. 1A). We conclude that the effect of reduced TGFβ1 levels on
asthmatic pathology was dependent on mouse strain background.

Tgfbm2129 and Tgfbm3C57 Synergize to Reduce AHR in NIH-Tgfb1+/−

Mice. In two independent mouse models of pathology, namely
tumor susceptibility (20) and vascular dysplasia (21), we pre-
viously demonstrated that the phenotypic outcome of Tgfb1 gene
dosage is mouse strain dependent and strongly influenced by
endogenous variation within Tgfbm2 and Tgfbm3 (20, 21). To
examine the influence of these genetic loci on pulmonary responses
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to OVA challenge, we used the previously reported NIH.129-
Tgfbm2 congenic mice that are >99% NIH except for a 1-Mb 129-
derived interval around Tgfbm2 on distal chromosome 1 (Fig. S1A)
(22). We also generated NIH.B6-Tgfbm3 congenic mice that harbor
a 15-Mb interval of the C57 genome on proximal chromosome 12
around Tgfbm3 (Fig. S1B and Materials and Methods). Sub-
sequently, we used the most asthma-susceptible strain in the current
study, namely, NIH Tgfb1+/−, to compare the effects of inheritance
of either or both modifier loci on responses to the asthmatic
stimulus. Specifically, we compared four strains of NIH-Tgfb1+/−

mice, namely, parental NIH, and NIH carrying either Tgfbm2129/129

(Tgfbm2) or Tgfbm3C57/C57 (Tgfbm3) or both variant modifier loci,
Tgfbm2129/129 and Tgfbm3C57/C57 (Tgfbm2/3) (Fig. S1C).
We hypothesized that the C57 allele of Tgfbm3 would protect

from OVA-induced AHR, because mice on the C57 genetic
background were relatively resistant to OVA challenge. How-
ever, homozygosity for the C57 allele of Tgfbm3 had no effect
on AHR in NIH-Tgfb1+/− mice (Fig. 2A). Similarly, 129Ola
homozygosity at Tgfbm2, when acting alone, had no significant
effect on AHR in NIH-Tgfb1+/− mice (Fig. 2B). In contrast,
NIH-Tgfb1+/− mice bred to be homozygous variant for both loci,
Tgfbm2/3, were significantly more resistant to acetylcholine (ACh)-
induced AHR (Fig. 2C). This synergistic interaction between
Tgfbm2 and Tgfbm3 was reproduced in two further independent
experiments (Fig. S2). Thus, neither genetic modifier locus alone
confers resistance to AHR, but the two loci synergize to protect
the animal from an OVA-induced asthmatic airway response.

Tgfbm2 and Tgfbm3 Interaction Compensates for the Effect of Tgfb1
Haploinsufficiency on AHR. Because Tgfb1 haploinsufficiency po-
tentiated OVA-induced AHR in NIH mice, and synergy between
Tgfbm2 and Tgfbm3 attenuated AHR, we postulated that Tgfbm2
and Tgfbm3 might interact epistatically to compensate for the
reduced Tgfb1 gene dosage effects seen in Tgfb1+/− mice. We
predicted that the sensitizing effect of Tgfb1 haploinsufficiency
on AHR would be masked in Tgfbm2/3 mice. As expected,
whereas loss of a Tgfb1 allele potentiated the asthmatic response
to OVA on the NIH background (Fig. 1B), on the Tgfbm2/3
background, Tgfb1 hemizygosity had no potentiating effect on AHR
(Fig. 3A). Indeed, loss of a single Tgfb1 allele on the Tgfbm2/3
background even showed a trend toward protection from asthma.

Tgfbm2/3 Mice Have a Greater P-Smad2 Response to OVA Challenge
than NIH Mice. As interaction between Tgfbm2 and Tgfbm3
appears to compensate functionally for reduced Tgfb1 gene
dosage, we postulated that these mouse strains might differ in
TGFβ signaling levels. To address this issue, we examined pul-
monary P-Smad2 level as a marker of active TGFβ signaling in
the various mouse strains. Western blot analysis demonstrated
similar and invariable levels of total Smad2/3 regardless of mouse
strain or treatment agent (saline vs. OVA). In contrast, all strains
showed a significant elevation in P-Smad2 levels after OVA
challenge, and this increase appeared marginally greater in the
Tgfbm2/3 than in the NIH mice (Fig. 3 B and C). Immunohis-
tochemical analysis showed that P-Smad2 was localized pre-
dominantly within bronchiolar epithelial cells and macrophages,
with the occasional smooth muscle cell nucleus staining for P-
Smad2 (Fig. 3D). Consistent with Western data, immunohisto-
chemical analysis revealed that Tgfbm2/3 mice exhibited a signif-
icant increase in the percentage of P-Smad2 positive bronchiolar
epithelial cells (Fig. 3E). It is possible that some of the differ-
ential increase in P-Smad2 staining seen by Western analysis was
due to infiltrating macrophages. However, any greater elevation
in macrophages in double congenic vs. NIH mice was not statisti-
cally significant, making it difficult to draw unequivocal conclusions
(see Tgfbm2/3 Mice Exhibit Enhanced Airway Inflammation and
Eosinophilia Compared with Parental NIH Mice).
Microarray analysis (see Molecular Analysis of Differential Asth-

matic Responses in NIH vs. Tgfbm2/3 Mice) showed no significant
difference in expression of Tgfb1, Tgfb2, or Tgfb3, or their ca-
nonical receptors between the two mouse strains. We therefore
postulated that the observed increase in bronchiolar P-Smad2
signaling may be driven by other members of the TGFβ
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Fig. 1. Tgfb1 haploinsufficiency potentiates AHR in a mouse-strain–specific
manner. Respiratory resistance in response to escalating doses of ACh in
mice sensitized and challenged with OVA (O) or saline (S) in (A) C57.Tgfb1+/+

and C57.Tgfb1+/− mice and (B) NIH.Tgfb1+/+ and NIH.Tgfb1+/−. Data shown
as mean ± SEM for each group (n = 10). Linear regression model comparing
treatment (P = 3 × 10−11) and genotype (P = 0.017).
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Fig. 2. Tgfbm2 and Tgfbm3 synergize to reduce AHR in NIH-Tgfb1+/− mice.
Respiratory resistance was measured in response to escalating doses of ACh
in Tgfb1+/− mice sensitized and challenged with OVA (O) or saline (S). Re-
spiratory curves of OVA-stimulated lungs are displayed for (A) NIH vs. NIH.
Tgfbm3, (B) NIH vs. NIH.Tgfbm2, and (C) NIH vs. Tgfbm2/3 mice. Data shown
as mean ± SEM from each group (n = 10). Linear regression model com-
paring OVA-treated NIH to OVA-treated Tgfbm2/3 mice (P = 0.002).
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superfamily. Interrogation of microarray data (see Molecular Anal-
ysis ofDifferential Asthmatic Responses inNIH vs.Tgfbm2/3Mice) for
differentially expressed TGFβ signaling genes (Dataset S1A),
suggested higher OVA-induction of Inhba in Tgfbm2/3 than NIH
mice. Inhba encodes activinA, another Smad2-activating ligand.
This finding was validated by qRT-PCR, confirming significantly
higher induction of Inhba gene expression in lungs of Tgfbm2/3
(15.02-fold) vs. NIH mice (10.22-fold) (Fig. 3E). Immunohisto-
chemical staining for activinA showed a very similar distribution
to that of P-Smad2, with most activinA localized to bronchial
epithelium and macrophages (Fig. 3F).

Enhanced Muscularization of Bronchiolar Submucosa in NIH vs.
Tgfbm2/3 Mice. H&E staining of the lungs suggested an apparent
increase in subbronchiolar smooth muscle between OVA-treated
NIH and Tgfbm2/3 mice (Fig. 4A). To further investigate these
changes, anti–α-smooth muscle actin (α-SMA) immunofluores-
cence staining was undertaken on paraffin sections to identify
myofibroblasts and smooth muscle cells (Fig. 4B). In both saline
control groups, the submucosal smooth muscle layer of the bron-
chioles was discontinuous, with no difference between NIH and
Tgfbm2/3 mice in the percent investment of bronchiolar epithe-
lium with smooth muscle (Fig. S3). However, quantification of
bronchiolar smoothmuscle thickness demonstrated that both NIH
and Tgfbm2/3 mice showed a thickening of the smooth muscle
layer in response to OVA challenge, and this effect was signifi-
cantly greater in the NIH than in the Tgfbm2/3 mice (Fig. 4B).

Tgfbm2/3Mice Exhibit Enhanced Airway Inflammation and Eosinophilia
Compared with Parental NIH Mice.Because asthma is considered an
inflammatory disease, and the Tgfbm2/3 mice were relatively
protected from OVA-induced AHR, we hypothesized that this
strain would show a reduced pulmonary inflammatory infiltrate
compared with NIH mice after OVA challenge. On the contrary,
although both mouse strains showed a robust increase in total
bronchoalveolar lavage (BAL) cell counts after OVA challenge
(Fig. 5A) there was a larger influx of inflammatory cells into the
lungs of Tgfbm2/3 compared with NIH mice (Fig. 5A). These
findings were most evident when comparing eosinophil cell
numbers (Fig. 5B; NIH: 145 ± 27.6; vs. Tgfbm2/3: 390 ± 105.8;
P = 0.03). Comparison of infiltrating numbers of macrophages,
lymphocytes, or non-eosinophil polymorphonuclear cells did not
differ significantly between the mouse strains (Fig. 5 C–E). Thus,
the Tgfbm2/3 mice paradoxically showed greater pulmonary eo-
sinophilia than parental NIH, despite the relative resistance of
the NIH strain in terms of AHR.

Robust TH2-Mediated Inflammatory Response in both NIH and
Tgfbm2/3 Mice. Because the Tgfbm2/3 mice had more pronounced
eosinophilia than NIH mice, we expected the cytokine profiles
of these two strains to differ considerably. IgE-dependent mast
cell activation induces the TH2 allergic response, via release of
TH2-associated cytokines IL-4, IL-5, and IL-13. To investigate
the cellular mechanisms of action of the TGF-β modifier loci in
enhancing eosinophila but protection from AHR, we examined
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Fig. 3. Tgfbm2 and Tgfbm3 together compensate for
Tgfb1 haploinsufficiency in Tgfbm2/3 mice. (A) Re-
spiratory resistance measured in response to escalating
doses of ACh after challenge with OVA, in Tgfb1+/− and
wild-type mice on a Tgfbm2/3 strain background. Data
shown as mean ± SEM from each group (n = 10). (B and
C) Western blot analysis using indicated antibodies was
done on protein lysates from lung tissue after saline (S) or
OVA (O) challenge. Of 18 independent pairwise com-
parisons made between lung tissues, 11 showed a higher
elevation in P-Smad2 in Tgfbm2/3 compared with NIH
mice. (D) Immunohistochemistry for P-Smad2 with posi-
tive nuclear staining of bronchiolar epithelial cells of
parental NIH and Tgfbm2/3 lungs after OVA or saline
exposure. Enlargement of stained section (red and black
box) demonstrates positive staining of bronchiolar epi-
thelial cells (yellow arrow), macrophages (green arrow),
and some smooth muscle cells (black arrow) but not
eosinophils (red arrow). (E) NIH ImageJ was used to
quantify positively stained nuclei for P-Smad2. Quantifi-
cation of P-Smad2 staining used five fields of view (n = 5–
6 mice per group, 5 sections per lung). (F) Inhba mRNA
expression analysis of parental NIH and Tgfbm2/3 lungs
after either saline or OVA challenge. Results are repre-
sented compared with GAPDH Ct value. Data shown as
mean ± SEM from each group (n = 5). P values were de-
termined using Student t test (*P ≤ 0.05; **P ≤ 0.01; ***P
≤ 0.001). (G) Immunohistochemistry for activinA with
positive cytoplasmic staining of bronchiolar epithelial
cells, macrophages (black arrow), and some smooth
muscle cells but not eosinophils (red arrow) of parental
NIH and Tgfbm2/3 lungs after OVA or saline exposure.
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these parameters. Despite robust OVA-induced increases in se-
rum IgE levels, as well as elevated transcript levels encoding
TH2-associated cytokines IL-4, IL-5 and IL-13 in both mouse
strains, there were no significant differences in the magnitude
of these differentials between the two mouse strains (Fig. S4).
Additional parameters examined included gene expression of
osteopontin (SPP1), interferon g, PAI-1, and FoxP3 as markers of
asthmatic response and of TH1 or Treg involvement, but no sig-
nificant differences between mouse strains were found (Fig. S4).

Molecular Analysis of Differential Asthmatic Responses in NIH vs.
Tgfbm2/3 Mice. To investigate the possible underlying molecular
causes leading to greater AHR in NIH than Tgfbm2/3 we
undertook microarray gene expression analysis on lungs from
both mouse strains after challenge with either saline or OVA.
Expression analysis revealed that Tgfbm2/3 mice, despite relative

resistance in terms of AHR, had more extensive OVA-induced
gene expression changes than NIH mice. We postulated that this
was due to the greater pulmonary influx of inflammatory cells
in this mouse strain. Indeed, gene annotation analysis of differ-
entially expressed transcripts between OVA-treated NIH and
Tgfbm2/3 mice indicated enrichment of genes in the categories,
inflammation, macrophage, cytokines, and immune regulation
(Dataset S2A). Analysis of specific genes confirmed that these
were part of the asthmatic response signature, including up-reg-
ulation of Sprr2a, Sprr1a, Mucin5ac, and Il6, and down-regulation
of Hnmt (Dataset S3A). In contrast, transcripts differentially
expressed between the two strains after saline exposure (Dataset
S3B) were enriched for the classes: protein synthesis, ribonu-
cleoproteins, ribosomal genes, cell cycle, and posttranslational
modifications, namely, acetylation and methylation (Dataset
S2B). This suggests that polymorphic variants of Tgfbm2 and/or
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response to OVA than NIH. (A–E) BAL fluid from NIH and Tgfbm2/3 Tgfb1+/−

mice was analyzed for (A) total cell count, (B) eosinophil cell number, (C)
macrophage number, (D) lymphocyte number, and (E) polymorphonuclear
neutrophil (PMN) cell number after saline or OVA challenge. Data shown as
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Tgfbm3 control fundamental differences in the biosynthetic ma-
chinery of the cell even in the absence of OVA exposure.
Because the extensive OVA-induced inflammatory response

in Tgfbm2/3 mice might mask gene expression differences re-
sponsible for the higher OVA-induced AHR in NIH, we mined
the dataset for transcripts exhibiting a significantly larger dif-
ferential in gene expression between saline and OVA treatment
(ΔS–O) in NIH mice vs. Tgfbm2/3 mice (Dataset S1B). As a con-
trol, we undertook the converse analysis, comparing genes that
had a significantly higher saline-to-OVA differential (ΔS–O) in
Tgfbm2/3 than NIH mice (Dataset S1A). As expected, transcripts
showing significantly larger ΔS–O differentials in Tgfbm2/3 than
NIH mice were enriched for inflammatory signatures including
chemokines and chemokine receptors, as well as markers of epi-
thelial keratinization (Dataset S4A). In contrast, genes exhibiting
greater ΔS–O differentials in NIH than Tgfbm2/3 mice were
enriched for protein biosynthesis and posttranslational modifi-
cation, including phosphoproteins, acetylation, and methylation,
as well as nucleotide metabolism and chromosomal proteins
(Dataset S4B). Once again this indicates a fundamental dif-
ference in the overall cellular biosynthetic machinery, not only
between baseline characteristics of NIH vs. Tgfbm2/3 lungs
(Dataset S2B), but also in the pulmonary responses of NIH to
OVA (Dataset S4B).

Discussion
Because TGFβ1 levels are elevated and implicated in the pathology
of both acute and chronic asthma models, and this signaling path-
way is a potential therapeutic target for reducing excessive airway
remodeling and pulmonary fibrosis, many studies have addressed
the role of this growth factor in experimental asthma.Manipulation
of TGFβ activity either genetically or pharmacologically has had
variable outcomes. In a model of chronic OVA-induced asthma,
therapeutic anti-TGFβ antibody dosing reduced peribronchiolar
extracellular matrix, airway smooth muscle cells, and mucus pro-
duction without stimulating airway inflammation or TH2 cytokine
production (11). In contrast, in a house dust-mite–induced model,
anti-TGFβ antibodies had no effect on airway remodeling but ex-
acerbated eosinophilia resulting in potentiated AHR (23). More
recently, it was shown that TGFβ produced by bone marrow stro-
mal cells that home to the lung during an asthmatic episode, is
implicated in reducing the pulmonary allergic inflammatory re-
sponse (24), which is consistent with other reports that TGFβ plays
a protective role in the asthmatic response (9, 10, 25, 26).
Here we have shown strain-specific differences in the magni-

tude of responses of C57 and NIH mice to an asthmatic stimulus.
Both mouse strains showed elevated AHR to an OVA challenge,
yet the C57 strain was relatively resistant compared with NIH.
More importantly, whereas in NIH mice innate TGFβ1 was
protective from OVA-induced AHR, on the C57 genetic back-
ground, loss of a single Tgfb1 allele had no effect on AHR. Thus,
the functional response to reduced TGFβ1 levels in a murine
asthma model is determined by genetic background. Contrasting
with our findings, others found that Tgfb1 haploinsufficiency
potentiates AHR in C57 mice (10). However, it is possible that
the strain used in the earlier study was not a pure inbred C57
background, but carried genetic contaminants from other sour-
ces that might influence AHR (22). In the current study, Tgfb1+/−
mice had been backcrossed through >20 generations to C57 and
found to be pure by whole genome scan 500K SNP array (Jax
mouse diversity genotyping array).
In an attempt to identify genetic variants that might regulate

the differential responses to reduced TGFβ1 signaling on AHR,
we hypothesized that the Tgfb1 genetic modifier loci, Tgfbm2 and
Tgfbm3 might play a role. When we used NIH mice into which
we had bred variant Tgfbm2 and/or Tgfbm3, we found that nei-
ther locus alone affected AHR response but the two synergized
to significantly reduce AHR. These two variant loci functionally
compensated for reduced TGFβ1 levels in NIH-Tgfb1+/− mice, in
that mice carrying both variant loci no longer showed increased
AHR in response to loss of a Tgfb1 allele. Thus, dependent on
genetic variation within Tgfbm2 and Tgfbm3, the asthma-pro-
tective effect of TGFβ1 may be completely suppressed.

Another finding of the current study is the uncoupling between
regulation of eosinophilia, airway remodeling, and AHRduring an
asthmatic episode, which also depends on Tgfbm2 and Tgfbm3.
Recent studies on human asthma have demonstrated clinical
stratification of asthmatics into TH2 low and TH2 high populations
(27, 28), implicating a noneosinophilic mechanism of disease pa-
thology in TH2 low asthmatics. However, themolecular etiology of
asthma in the TH2 low population has yet to be elucidated. Inmice,
variation in genetic background has previously been found to affect
different components of the asthmatic response in different man-
ners. For example, in an acute model of OVA-induced asthma,
C57 and BALB/c mice both developed similar extents of eosino-
philic inflammation. However, the BalbC strain shows a signifi-
cantly larger elevation inAHRand peribronchiolar smoothmuscle
expansion compared with C57 (29). Moreover, in C57 mice, the
asthmatic response is totally dependent on eosinophils, as C57
ΔdblGATA1 knockout mice that lack eosinophils are completely
resistant to OVA-induced AHR, whereas BALB/c ΔdblGATA1
knockouts still show elevated AHR in response to OVA (30). In
the current study, we found that synergy between Tgfbm2 and
Tgfbm3 regulates the eosinophilic and AHR responses to OVA
challenge but these two physiological responses are regulated in
oppositional directions by this genetic interaction, resulting in re-
ducedAHR in the presence of increased eosinophilia in NIHmice
homozygous for Tgfbm2 and Tgfbm3.
Tgfbm2 and Tgfbm3might functionally compensate for reduced

TGFβ1 of Tgfb1+/− mice by stimulating TGFβ signaling down-
stream of the ligand, therefore reducing AHR. Indeed, mice
carrying both variant modifier loci exhibited higher levels of
OVA-induced pulmonary P-Smad2 than mice harboring the
NIH alleles. ActivinA may contribute to this effect, because it was
the only Smad2-activating ligand showing a greater induction
in Tgfbm2/3 than NIH mice. Both P-Smad2 and activinA were
predominantly localized to bronchiolar epithelium and alveolar
macrophages, with some staining in smooth muscle cells but none
in eosinophils. Intriguingly, activinA has been reported, like
myostatin, to suppress muscle mass (31) and may therefore con-
tribute to the lack of bronchiolar smooth muscle expansion and
consequent reduced AHR in Tgfbm2/3 compared with NIH mice.
Two outstanding issues are the identity of the Tgfbm2 and

Tgfbm3 causative genetic variants that compensate for TGFβ1
and elicit differential asthmatic responses. It is now widely ac-
cepted that genetic modifier loci that influence multifactorial
diseases frequently constitute clusters of functionally related
polymorphic genes. This has been observed in mouse models of
lupus (32) and cancer (33), making it difficult to dissect the un-
derlying molecular mechanisms. With respect to Tgfbm2, Cenpf
harbors an amino acid polymorphism betweenmouse strains at an
evolutionarily conserved residue (18) (Fig. S1A). Cenpf has been
proposed to regulate muscle determination (34, 35), although its
major function is regulation of the centrosome and cytokinesis.
Conceptually, distinct Cenpf isoforms might drive variable pro-
liferation and/or differentiation in distinct tissue subsets.
To address the issue further, we undertook microarray gene ex-

pression analysis ofNIH vs.Tgfbm2/3mice. Consistent with the near
genetic identity of NIH and Tgfbm2/3 mice, microarray analysis
revealed no large differentials in gene expression between the two
strains. Both mouse strains showed induction of an inflammatory
signature after OVA treatment, albeit to differing extents. Because
Tgfbm2/3mice exhibited significantly more inflammation than NIH,
this confounded interrogation of microarray data for genes that
might contribute to the higher AHR in NIH vs. Tgfbm2/3. Around
500 genes showed greater differential gene expression (ΔS–O) in
NIH than in Tgfbm2/3 mice. Intriguingly, this set of genes was
enriched in proteins involved in protein biosynthesis and post-
translational modifications, including acetylation, phosphorylation,
and methylation. In this respect, it is provocative that several genes
encoding regulators of DNA or chromatin modification are local-
ized in the Tgfbm3 region, including Asxl2, a polycomb protein;
Dnmt3a, DNA methyl transferase 3a; DNAJC27 and Ddx1; as well
as a regulator of translation and message stability, Pum2 (Fig. S1B).
In particular, it was recently demonstrated that DNA methyl-
transferase 3a acts directly on the Il-13 gene within TH2 cells to
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down-regulate IL-13 expression, and hence allergic airway in-
flammation in mice (36). It is certainly possible that genetic varia-
tion at Dnmt3a may contribute to the phenotypic differences
conferred by Tgfbm3, acting in concert with Tgfbm2. Microarray
gene expression analysis ofwhole lungmay be insufficiently sensitive
to detect differentials in gene expression within minor cell type
subsets of the lung, such as bone marrow stromal cells (24) or TH2
subsets (36), that nevertheless have a large impact on the outcome
of the allergic response.
To summarize, the major conclusion from this study is that the

biological responses to reduced TGFβ1 signaling in an experi-
mental asthma model are dependent not only on the model
(acute vs. chronic), or the cell types affected (smooth muscle vs.
inflammatory vs. epithelial), but on the differential inheritance of
endogenous genetic variants of wild-type modifier genes. This
effect is pronounced, because differential inheritance of Tgfbm2
and Tgfbm3 can reverse the biological outcome of reduced Tgfb1
levels. These findings present a cautionary note for the use of
TGFβ agonists or antagonists for the treatment of acute or chronic
lung diseases, indicating a more personalized approach to the
use of such agents. However, further dissection of the genes and
molecules involved in modifying the outcome of reduced TGFβ
activity may shed light on alternative pathways that could be
targeted for treatment of lung diseases.

Materials and Methods
Animals. The Tgfb1 null allele used in this study was Tgfb1Tm1n (7), referred to
as Tgfb1+/− throughout the text and figures. These mice were bred as pre-
viously described (19). NIH.C57-Tgfbm3 congenic mice were generated
by backcrossing B6NIHF1 mice through more than seven generations to re-
cipient NIH mice. At each generation, selection was made for C57 genetic
markers spanning from the centromere of chromosome 12 to exon 3 of the
Lipn1 gene. NIH.129-Tgfbm2 congenic mice were the result of biological
coselection with the Tgfb1 null allele of 129 genomic DNA at Tgfbm2 through

multiple backcross generations to NIH mice (22). The Tgfbm2129 region spans
from exons 57–60 of Ush2a to exons 2–6 of Ptpn14.

All experiments involved 10-wk-old male animals in groups of 10 mice per
arm except for experiment 4, where 8 animals were used in the OVA arm
and 5 animals were used in the saline control group. All animal husbandry
practices were in full compliance with the recommendations published in
Guide for the Care and Use of Laboratory Animals (37). All proposed protocols
have been approved by the University of California San Francisco Institutional
Animal Care and Use Committee.

Analysis of MicroArray Dataset. Affymetrix Mouse Gene 1.0 ST Array CEL files
were preprocessed (background correction, quantile normalization, probeset
summarization) using the aroma.affymetrix R package (38). Differential
expression analysis using moderated t statistic with Benjamini–Hochberg
false discovery rate (adjusted P value) correction was performed using the
Limma R package (39).

Genes responding to treatment with adjusted P value of <0.05 were ini-
tially selected. To focus on genes with substantial differences in log fold
change (FC) between NIH and Tgfbm2/3, the following two quantities, M =
difference in log FC betweenNIH and Tgfbm2/3, andA= average log FC, were
evaluated. Genes with absolute M/A > 0.33 were retained. These were seg-
regated into a group with stronger NIH response, where [abs (logFC NIH/
logFC Tgfbm2/3) > 1] and one with stronger Tgfbm2/3 response [abs (logFC
NIH/logFC Tgfbm2/3) < 1].

Functional enrichments for the four gene lists were derived by uploading
MicroArray ProbeID into DAVID using Affymetrix_Exon_Gene_ID as identifier
and MoGene-1–0 as background setting. The output of SP_PIR keywords
(SP_PIR = Swiss Prot Protein Information Resource) within the functional
categories was determined with a P value threshold set to 0.05.
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