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Background & objectives: Replication of influenza A virus in the respiratory tract leads to cell damage and 
liberation of cytokines and chemokines. The in vivo cytokine induction and modulation by recombinant 
transforming growth factor- β1 (rTGF-β1) has not been studied. Therefore, in the present study the 
effect of rTGF-β1, a potent immunomodulatory cytokine which has anti-inflammatory properties and 
downregulates the release of inflammatory molecules, against influenza-virus infection in the airway of 
mice was investigated.
Methods: rTGF-β1 was administered intravenously to mice with concomitant intranasal infection of 
influenza A/Udorn/317/72 (H3N2) virus, and the survival rate, virus titre, histopathological changes and 
levels of factors regulating inflammation in the airway fluid were analysed.
Result: The immune response to influenza A virus was characterized by an influx of both macrophages 
and lymphocytes into the lungs of the infected host. rTGF-β1 significantly suppressed virus multiplication 
and improved the survival rate of mice. rTGF-β1 downregulated infiltration of neutrophils and the release 
of inflammatory molecules, such as interferon-gamma (IFN-γ), interleukin-1 β (IL-1β) and stimulated 
release of IL-10 that potentiates anti-inflammatory response into airway.
Interpretation & conclusions: A generalized pulmonary inflammation does not contribute to viral 
clearance but represents an immunological background within which antiviral immunity operates. 
Treatment with rTGF-β1 reduced macrophage count and neutrophils influx in lungs of infected mice. 
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	 Influenza virus is a major human pathogen 
that causes epidemics and pandemics of significant 
morbidity1-5. In the elderly and those with pre-existing 
medical conditions, it can cause increased mortality. 
Influenza A virus infects and replicates in mucosal 
epithelial cells of respiratory tract. Replication in the 
respiratory tract leads to cell damage and liberation 
of cytokines and chemokines, which further leads 
to inflammation and respiratory symptoms3,6. The 

systemic and bronchealveolar production of pro-
inflammatory cytokines is a well established feature of 
influenza virus infections7-9.

	 Several studies in laboratory from influenza 
infected cases and animal model confirmed that the 
immunopathological responses are significant factor of 
morbidity and mortality10,11. The inflammatory response 
in the upper respiratory tract after intranasal infection 
with influenza virus in ferrets showed an increase of 
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neutrophils one day after infection. Thus, neutrophil 
infiltration during the early phase of infection is 
considered to be one of the characteristic features of 
influenza virus pathogenesis12. Virus infection induces 
the production of pro-inflammatory cytokines such 
as tumour necrosis factor-α (TNF-α) and interferon-γ 
(IFN-γ) which plays a significant role in both 
protective immunity and pathology of the infection, 
and the inflammatory response may be regulated by 
interleukin-10 (IL-10) and transforming growth factor- 
β1 (TGF-β1).

	 TGF-β1 is a potent immunomodulator and 
regulates the inflammatory process in a complex 
biphasic fashion. The immune response to influenza A 
virus is characterized by an influx of both macrophages 
and lymphocytes into the lungs of the infected host. 
In general, the pathogenesis of influenza infection can 
be divided into two phases, the cellular events that 
precede the lymphocyte invasion and those events that 
follow it13. We hypothesize that the TGF-β negatively 
affects the inflammatory response by regulating 
the lymphocyte influx to the airway and by further 
modulating release of pro-inflammatory and anti-
inflammatory cytokines. The production of cytokine is 
strongly cell type-dependent, and the use of different 
cell types may account for discrepancies in in vitro 
studies.

	 So far, the in vivo cytokine induction and 
modulation by recombinant TGF-β1 (rTGF-β1) 
during influenza infection has not been characterized. 
It will, therefore, be important to elucidate the host 
and pathogen molecules that are involved in immune 
response. In this study we investigated the effect of 
TGF-β in resolution of inflammatory response on 
infection with influenza virus in mice.

Material & Methods

Mouse infection: The experiments were performed 
with BALB/c mice at the Department of Respiratory 
Virology at the V.P. Chest Institute, Delhi, India. Mice 
were purchased from National Institute of Nutrition, 
Hyderabad (A.P.) and V.P. Chest Institute, University 
of Delhi (Delhi), India. All animals used for the 
experiments were between 6 and 8 wk of age and were 
housed in experimental animal facility of V.P. Chest 
Institute. Also, ethical clearance was obtained from the 
Institutional Animal Ethical Committee. The influenza 
virus A/Udorn/317/72(H3N2), obtained from Centres 
for Disease Control (CDC), Atlanta was grown in the 
allantoic fluid of 10 day old embryonated eggs.

Experimental groups: Mice were distributed in four 
groups, each group consisted of 15 mice, and all the 
groups were anaesthetized with chloroform before 
treatment, (I) Control group: mice were mock infected 
by instillation of 50μl of allantoic fluid, (II) Virus group: 
mice were intranasally instilled with sublethal dose of 
influenza A virus (4.1x103 plaque forming unit (pfu)/
mouse), (III) rTGF-β1 treated virus group: infected 
mice were administered intravenously with 200                   μl 
rTGF-β1 (Peprotech Inc., USA), through the tail vein 
(5.0 μg/kg body weight of mice), (IV) rTGF-β1 treated 
control group: mock infected mice were administered 
intravenously with 200μl rTGF-β1 through the tail vein 
(5.0 μg/kg body weight of mice). In all the experiments 
virus and rTGF-β1 were given on day 0 but rTGF-β1 
was inoculated after 10 min of virus instillation.

Survival experiments: Survival against experimental 
infection was evaluated in three experimental groups 
of 15 mice each i.e. virus group (II), rTGF-β1 treated 
virus group (III), and rTGF-β1 treated control group 
(IV) by instilling a lethal dose of influenza A virus 
(4.1x104 pfu/mouse). The virulence of influenza virus 
was expressed on the 5th to 6th day after virus infection. 
The survival of rTGF-β1treated and untreated animals 
was observed during the next 7 days.

Experimental infection and pfu enumeration: Viral 
load was done by pfu enumeration, 36 mice were 
intranasally instilled with sub-lethal dose of influenza 
A virus (4.1x103 pfu/mouse) in 50 μl of allantoic fluid. 
Of the 36 infected mice, a group of 18 infected mice 
administered, intravenously 5.0 μg/kg body weight 
of mouse per 200 μl rTGF-β1. At 2 to 7 days after 
infection, three mice were sacrificed from both infected 
and infected and rTGF- β1 treated groups, by cervical 
dislocation, their lungs with trachea were aseptically 
removed and homogenized in 2 ml of phosphate 
buffered saline (PBS), virus yield was quantified by 
the plaque-forming assay as described by Kurokawa 
et al14. Briefly, confluent monolayers of Madin-Darby 
canine kidney cells were incubated with homogenate 
serially diluted in PBS containing 1 per cent bovine 
serum albumin for 1 h at room temperature. The cells 
were then overlaid with Eagle’s minimal essential 
medium supplemented with 0.2 per cent bovine serum 
albumin, 0.1 per cent DEAE dextran, 1 μg trypsin/ml 
and 0.8 per cent agar, and maintained in a humidified 
atmosphere containing 5 per cent CO2 for 3 days. The 
agar media were then removed and the cells were fixed 
with 5 per cent formalin solution and stained with  



0.03 per cent methylene blue solution. Visualized 
plaques were counted and the virus titre was expressed 
as log10 pfu/ml14. 

Collection of bronchoalveolar lavage (BAL) fluid: 
The mice were anaesthetized by chloroform, 
bronchoalveolar lavage (BAL) was performed as 
described earlier15,16. In brief, the lungs were lavaged 
twice with a total volume of 2.0 ml of saline (4°C) 
inserted through an endotracheal tube. The rate of 
recovery of BAL fluid (BALF) was greater than 90 per 
cent for all the animals tested. After the amount of fluid 
recovered was recorded, the BALF was centrifuged 
(1500 rpm for 15 min at 4oC) and the supernatant was 
collected and stored at -70°C until measurement of 
cytokines IL-1β, IL-10 and IFN-γ. The cells infiltrated 
in the BALF were resuspended in the original volume 
of PBS, and the total number was determined after 
erythrocyte lysis by trypan blue dye exclusion with 
a Neubauer hemocytometer under a microscope. Cell 
differential counts were determined by Wright staining 
of sample, on the basis of morphologic criteria, under 
a light microscope with evaluation of at least 200 cells 
per slide in triplicate.

Histopathology of the lungs: The lungs were fixed in 10 
per cent neutral buffered formalin solution, sectioned, 
and stained with haematoxylin and eosin (H & E). 
Paraffin embedded tissue was sectioned (3 to 4) and 
stained with H & E for general morphology.

Cytokine assay in BAL fluid: After the collection of 
BAL, levels of IL-1β, IL-10 and IFN-γ were measured 
using ELISA kits (BD OptEIA, CA, USA) according 
to the instructions.

Statistical analysis: All experiments were repeated 
thrice to ensure reproducibility. Statistical analysis was 
performed with computer based software ‘PRISM’ 
for one way and two way ANOVA, followed by 
Bonferroni’s multiple comparison tests and P<0.05 
was considered as significant.

Results

Alterations in BALF cellularity: Influenza infection 
significantly induced cellular alterations in the BALF 
of infected animals. Comparison of the BALF cell 
counts and differentials of virus (Group II) with 
control (Group I) animals showed impressive increase 
in the levels of BALF cellularity post-infection (p.i.)  
(Fig. 1). BALF total cell counts increased by about 270 
and 600 per cent in group II mice on 3rd and 5th day 

p.i. This increase in BALF cellularity was significantly 
(P<0.001) attenuated in the, virus + rTGF-β1 (Group III) 
animals (Fig. 1a). The BALF cellular differential counts 
were significantly increased on 3rd day and 5th day p.i. 
in group II with substantially high lymphocyte on the 
3rd and 5th day post-infection, administration of rTGF-
β1 with virus instillation reduced macrophage count in 
BALF (Fig.1b), lymphocyte infiltration was decreased 
in alveolar lavage 5th and 7th day post infection by rTGF-
β1 treatment (Fig.1c). Virus infection also increased 
recruitment of polymorphonuclear neutrophils in lungs 
that was observed on 3rd and 5th day p.i. Treatment with 
rTGF-β1 diminished neutrophils influx in lungs (Fig. 
1d).

Effect of rTGF-β1 on influenza virus clearance: To 
determine effect of rTGF-β1 on virus clearance in 
vivo, the virus titre of lung homogenates was measured 
from virus instilled mice and infected mice with 
rTGF-β1 simultaneously, administered once over the 
course of infection. The infectious virus was detected 
in the lungs after 48 h, and was generally cleared from 
the lung in 6 days (Fig. 2). When the pulmonary virus 
titre of lung homogenates from infected mice with 
simultaneous rTGF-β1 administration was measured 
at 2-6 days post infection, influenza virus titres were 
consistently lower than titres observed in the only 
virus instilled group. It was observed that in virus 
instilled group, titre peaked on day 4 of post-infection 
and rTGF-β1 treated mice showed 51 per cent lower 
pulmonary virus titer 4th day after infection. However, 
when the pulmonary virus titres of lung homogenates 
obtained on days 5, 6 and 7 post infections were 
compared, only a small amount of infectious virus was 
detected in lungs from both the groups.

Effect of rTGF-β on survival rate of mice: Kaplan-
Meier method was used to investigate whether 
intravenous administration of rTGF-β1 affected 
survival of mice intranasally instilled with influenza A 
virus. The survival of rTGF- β1 treated and untreated 
animals were observed during the next 7 days. Mock 
infected mice served as controls. It was observed that 
survival rate of mice in the control group was 100 per 
cent but the survival rate of the mice in the infected 
group was 13.3 per cent (Fig. 3). It was found that the 
survival rate of the mice in the rTGF-β1 administered 
group was 60 per cent higher than that of the mice in 
the virus infected group. Intravenous administration of 
rTGF-β1 protected mice against death due to influenza 
virus infection.
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Fig. 1. (a) Total cell count in bronchoalveolar lavage fluid (BALF), (b) Macrophages recovered in BALF, (c) Lymphocytes recovered in 
BALF, (d) Neutrophils recovered in BALF. Values are means ± SD; n =5 mice/group. *P<0.05 between groups.

Fig. 3. Virus instillation with lethal dose resulted increased 
mortality from 2nd day p.i. to 7th day p.i. (group II) compared with 
control (group I). Administration for TGF-β1 increased survival to 
60% in Group III (rTGF-β1 + virus).

Fig. 2. Maximum virus titre observed on 4th day p.i. and administration 
of rTGF-β1 kept virus titre lower than the only virus instilled 
group. Administration of rTGF-β1 (group III) decreased virus titre 
(P*<0.05; **P<0.01 and ***P<0.001) on 3rd, 4th and 5th day p.i.
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Effect of rTGF-β on lung morphology: Histological 
examination revealed that showed that on day 3 p.i. 
there was infiltration of inflammatory cells into alveolar 
walls with focal areas of consolidation the lungs of 
influenza virus instilled mice (group II), (Fig. 4a). The 
alveoli in the lungs of the control mice (group I) were 
normal in size and appearance. The bronchioles were 
affected, with necrosis of individual epithelial cells and 
focal intra-luminal aggregates of necrotic cellular debris 
in the influenza virus infected group (group II) 5th day 
after infection (Fig. 4b). The clear progression of the 
inflammation, significant alveolitis, with necrosis of 
epithelial cells was observed in the lungs of mice on 7th 
day after virus infection. The alveoli, interstitial septa 
and perivascular spaces were extensively infiltrated 
by a mixture of inflammatory cells, predominantly 
the mononuclear cells (Fig. 4c). Mice inoculated 
with influenza virus and administered with rTGF-
β1 (group III) had minimal lung involvement on 3rd 
day post infection. Only a few small areas of lung 
showed an inflammatory mononuclear cell infiltrate 
in the alveoli (Fig. 4d). Lungs of mice infected with 
influenza administered with TGF-β1, showed minimal 

increase in the cellularity of the interstitial septa and no 
inflammatory infiltration of the alveoli and perivascular 
spaces 5th and 7th day post infection (Fig. 4e) and normal 
parenchyma (Fig. 4f).

Alterations in pro-inflammatory and anti-inflammatory 
cytokines: Highest levels of IFN-γ were observed 
on 5th day post infection. Treatment with rTGF-β1 
decreased IFN-γ significantly (P<0.05) on 3rd day and 
(P<0.001) on 5th and 7th day p.i (Fig. 5a). The level 
of IL-1β in BALF of infected mice increased by 16-
fold (from 9.33 to 151 pg/ml; P<0.001) (Fig. 5b) on 
3rd day p.i. and by 22-fold on 5th day p.i. The level of 
IL-1β remained consistently low in rTGF-β1 treated 
group. IL-10 remained unaffected in BALF on day 3 
and 5 p.i. with respect to control group and increased 
significantly to 7.8 fold (P<0.001) on day 7 p.i. (Fig. 
5c) relative to uninfected mice. IL-10 concentration 
in rTGF-β1 treated group was increased significantly 
(P<0.001) compared to rest of the groups on days 3, 5 
and 7 post-infection.

Discussion

	 Our findings demonstrate that rTGF-β1 plays 
a significant role in resolution of inflammatory 
response in the mouse model. It was observed that 
immunomodulation of mice infected with influenza 
virus by rTGF-β1 resulted in a reduced inflammatory 
infiltrate in the lungs, decreased concentrations of 
cytokines in the BAL fluid, and decreased mortality. 
A previous study17 has reported that rTGF-β1 
impedes virus clearance, however, our findings 
did not corroborate. This indicates that generalized 
pulmonary inflammation does not contribute to 
viral clearance but represents an immunological 
background within which antiviral immunity operates 
or that the inflammatory response is magnified several 
fold over what is necessary and sufficient for effective 
clearance.

	 Investigation of immunopathological response 
induced by influenza virus revealed alterations in 
BAL cellularity: a local immune response initiated to 
support virus clearance. The increase in BAL cellularity 
was significantly attenuated in the infected rTGF-β1 
administered animals over the period of infection. 
Treatment with rTGF-β1 reduced macrophage count and 
neutrophils influx in lungs. The significant morbidity 
and mortality associated with influenza virus infection 
is because of the involvement of lungs18 and local 
inflammatory response exhibited by influx of immune 

Fig. 4. Lung histopathology of mice after infection with influenza 
virus. Lungs were fixed, sectioned, and stained with haematoxylin 
and eosin. A-C: Tissue from mice infected with influenza virus 
alone showing increase in infiltration of inflammatory cells 
into alveolar walls (white arrow head in A) with focal areas of 
consolidation (black arrow head in B) and necrosis of epithelial 
cells (arrows in C) on day 3, 5 and 7 p.i.; D-F: Tissue from 
mice simultaneously administered with rTGF-β1 showing less 
involvement of bronchioles and infiltration of inflammatory cells 
and normal parenchyma on day 3, 5 and 7.
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Fig. 5a. The IFN-γ level in BALF. The level observed was seen 
to be significantly increased in virus group (II) (P<0.001) on 3rd, 
5th and 7th day p.i as compared to control group I (control mice) 
and group IV (rTGF- β1 treated control mice). Administration of 
rTGF-β1 down regulated IFN-γ significantly in group III (influenza 
virus with rTGF- β1) P<0.05 on 3rd day and P<0.001 on 5th and 7th 
day p.i. 5b. Level of IL-1 β in BALF of infected mice group II 
increased an average of 16-fold (from 9.33 to 151 pg/ml; P<0.001) 
on 3rd day p.i. from control group I and maximum increase 22 fold, 
observed on 5th day p.i. Level of IL-1β remained consistently lower 
in rTGF-β treated group III and rTGF-β control group IV. 5c. IL-10 
level in BALF showing no significant change at day 3 and 5 p.i. and 
increased significantly (P<0.001) at day 7 p.i. in virus group (II) 
relative to control group (I) mice. IL-10 concentration in rTGF-β 
treated group (III) mice increased significantly (P<0.001) from rest 
of the groups including group IV (rTGF-β control mice) at day 3, 5 
and 7 post-infection.

cells in an order to suppress the virus replication and to 
clear the virus from the site of infection19. 

	 Elevated polymorphonuclear neutrophils (PMNs) 
are associated with pulmonary pathology after 
influenza infection20. The histopathlogical study of the 
lungs after experimental instillation of influenza virus 
A/Udorn/317/72(H3N2) suggest that in the mouse 
model, there is progressive damage of alveolar cells 
with acute inflammatory reaction and development of 
pneumonitis and bronchitis. There was high recruitment 
of neutrophils and macrophages along with epithelial 
damage. The massive infiltration of leukocytes into 
alveolar walls and spaces was due to the pathogenic 
effects of the virus. Mice inoculated with influenza 
virus and administered with rTGF-β1 had minimal 
lung involvement after infection with small areas of 
lung which showing inflammatory mononuclear cell 
infiltrate in the alveoli.

	 Our results showed increased survival of animals 
on administration of rTGF-β1, but to study its 
implications on the course of natural virus clearance, 
pfu enumeration in lung homogenate over the period 
of infection was assayed. Administration of rTGF-β1 
reduced the number of infective virus particles in the 
lung homogenate. The maximum decline of infective 
virus particles was on 5th day p.i., where virus exerted 
maximum deleterious effects on the pathology of 
mouse lungs. Perhaps this could have contributed to 
the increased survival rate in mice on treatment with 
rTGF-β1, during the virus infection.

	 It has been reported that pathological changes 
associated with influenza virus infection are the 
consequence of cytokine response displayed by immune 
system and replication of virus in mice lungs21. Studies 
revealed protective roles of IFN-γ in animal models of 
infection with herpes simplex virus, cytomegalovirus, 
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murine hepatitis virus, lymphocytic choriomeningitis 
virus, and adenovirus22. Mice lacking IFN-γ did not 
display a reduced ability to recover from infection 
with the A/JAP/57 (H2N2) strain of influenza virus 
and mounted cytotoxic T lymphocyte (CTL) activity 
comparable to that of their wild-type counterparts23. 
It has been reported that IFN-γ and influenza A virus 
synergistically induce inducible nitric oxide synthase 
(iNOS) which stimulates NO mediated inflammation 
and causes mortality24. In our study, attempts were 
made to minimize the inflammatory response without 
obliterating virus clearance mechanism of host immune 
system. rTGF-β1 is an immunomodulatory cytokine 
which has the ability to downregulate the IFN-γ and 
consequently the molecules having deleterious effects 
in an overshooting immune response.

	 The present data showed that the treatment with 
rTGF-β1 significantly decreased IFN-γ post-infection 
which correlated with a decrease in infiltration of 
inflammatory cells in lungs. rTGF-β1 showed a 
noticeable effect on local response over the period of 
infection as also demonstrated earlier25. IL-1 is also a 
primary inflammatory cytokine26. Its two forms, IL-1α 
and IL-1β, are products of adjacent but highly divergent 
genes. Our study showed an increase in level of IL-1 β 
in BALF of infected mice on 3rd day p.i. and maximum 
increase was observed on day 5 post infection. rTGF-
β1 treatment kept level of IL-1β consistently lower. 
This pattern of inflammatory cytokine release would 
predict an early, marked inflammatory reaction in the 
lungs of untreated animals after influenza infection 
and is entirely consistent with the histopathology 
results and bronchial lavage cytology. This explains 
the interference of rTGF-β1 in early stages of IL-1β 
and IFN-γ induced inflammation during experimental 
influenza virus infection.

	 IL-10 is a potent anti-inflammatory cytokine which 
operates on many levels, including the inhibition of 
lymphocyte activation and macrophage function. There 
is no change observed in IL-10 concentration in BALF 
at early stage of infection. The administration of rTGF-
β1 significantly reduced the levels of inflammatory 
cytokines, and induced a higher level of IL-10 in 
infected mouse lungs as compared to the only virus 
instilled group of animals. As in the group III, level of 
IL-10 increased significantly compared to rest of the 
groups. IL-10 is known to suppress the release of virus 
induced inflammatory cytokine27,28. This observation 
is important to add to our understanding that cytokine 
response plays an important role in preventing tissue 

damage at the site of infection, i.e. the lungs. Thus, the 
lungs of mice infected with virus demonstrated elevated 
levels of pro-inflammatory cytokines, particularly IL-
1β, IFN-γ, and a low level of the anti-inflammatory 
cytokine IL-10. The high level of inflammatory 
cytokines was also consistent with the histological 
findings, the pulmonary lesions, inflammation and 
more intense cellular infiltration in mice infected with 
virus.

	 Several studies have shown that the TGF-β1 plays 
a critical role in inflammation and resolution of tissue 
injury in multiple organs, including the lungs. The 
TGF-β1 null mice [TGF-β1 (-/-)] show severe and 
generalized inflammatory disorders29,30.

	 Inhibition of inflammatory cell infiltration by 
rTGF-β1 administration was apparent upon analysis 
of the cells in BALF obtained from the virus-infected 
mice. Therefore, it is possible that suppression of 
IFN-γ and IL-1β is caused by the anti-inflammatory 
effect of rTGF-β1 on virus-induced acute inflammatory 
responses in the host. Of relative importance is our 
finding that rTGF-β1 administration significantly 
influences the virus yield in the lung. This result may 
substantiate the notion that rTGF-β1 exhibits a potent 
anti-inflammatory action31 against influenza-virus-
induced lung injury by ameliorating virus-induced 
inflammation and modulating the pathogenesis of 
influenza virus infection. This supports our hypothesis 
that TGF- β1 may have a role in resolution of 
inflammation.
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