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Abstract: We have recently shown that, oral vaccination with a heterologous rotavirus stimulates 

regulatory RV- specific CD4+ LAP-positive (LAP+) T cells, and depletion of LAP+ cells increases 

vaccine- induced protection. Inhibiting TGFβ, with both a neutralizing antibody and an inhibitor of 

TGFβ receptor signaling (activin receptor-like kinase 5 inhibitor [ALK5i]), did not change the 

development or intensity of the mild diarrhea induced by the vaccine, the rotavirus-specific T cell 

response, or protection against a subsequent challenge with a murine EC-rotavirus[1]. Do determine 

if rotavirus infection induces TGFβ in mice, TGFβ protein and RNA was measured at the systemic 

and intestinal level. Neonatal mice infected with RRV and RV-EC showed changes in the expression 

of tgfβ1 mRNA and/or TGFβ1 protein at the systemic or intestinal level on different days post-

infection. 

Keywords: Rotavirus, heterologous, homologous, Transforming growth factor β, neonatal mice. 

 

1. Introduction 

Transforming growth factor β is a pleiotropic cytokine, that modulates tolerogenic and inflammatory 

immune responses[2]. TGFβ promotes different types of immune responses depending on the 

location and context in which it is present[3]. This cytokine may serve as a mechanism used by 

pathogens for evading the immune response, although its function in vivo is not completely clear[4].  

For viruses contradictory results have been found: some researchers have described that viruses 

induce the activation of TGFβ, to protect from the pathology generated by infection, but in contrast, 

it can also dampen antiviral immunity and promote infection[5,6]. A study of persistent viral 

infection of mice with lymphocytic choriomeningitis virus, found that blockade of the TGFβ signaling 

improved substantially the antiviral T cell response, but it didn't control viral replication[7]. However, 

a study that used mice specifically lacking bronchial epithelial TGFβ1 to assess the early immune 

response generated by Influenza A infection, suggested that epithelial derived TGFβ1 has a pro-viral 

role by suppressing the early response of interferon beta (IFNβ), allowing increased viral 

replication[8]. 

Rotavirus (RV) infection is one of the main causes of diarrheal disease in children under 5 years of 

age in the world, mainly in low-income countries[9,10]. Although vaccines have decreased the deaths 

associated with this rotavirus, it still remains an important cause of diarrhea in children[9,11]. This is 



 

 

in partly because, vaccines do not provide complete protection against the virus and improving them 

has been hampered in part because immunity to the virus is incompletely understood.  

Previous studies have shown a role for TGFβ in RV infection: an in vitro model with HT29 colorectal 

cancer cells, showed that RVNSP5 modulates the expression of a proviral miRNA, which blocks the 

non-canonical TGFβ pathway, inhibiting early cellular apoptosis and promoting viral 

propagation[12]. Using an in vitro model of rotavirus-infected Caco-2 cells, we found that TGFβ1 is 

likely an immunomodulator produced by rotavirus-infected intestinal epithelial cells[13]. These 

results suggest that TGFβ1 is induced by RVinfection and may serve as an immune evasion 

mechanism that may explain the inefficient rotavirus-specific T-cell response in humans[14]. 

In neonatal mouse model of heterologous rhesus rotavirus (RRV) vaccination we recently found that 

the vaccine induced regulatory rotavirus-specific CD4 T cells that expressed surface latency-

associated peptide (LAP)–TGFβ. Mice treated with anti-LAP antibodies had improved protection 

after a homologous EC-RV challenge[1]. Nevertheless, inhibiting TGFβ, with a neutralizing antibody 

and an inhibitor of TGFβ receptor signaling (activin receptor-like kinase 5 inhibitor [ALK5i]), did not 

change the development or intensity of mild diarrhea induced by the vaccine, the rotavirus-specific 

T cell response, or protection against a subsequent challenge with a murine EC-rotavirus[1]. 

However, it is not known whether RVinfection induces an increase in TGFβ expression in vivo[4].    

In this study, we evaluated the mRNA and protein of TGFβ1 at a systemic and intestinal level in 

newborn mice infected with rotavirus. In mice infected with homologous and heterologous rotavirus, 

changes in the expression of TGFβ1 mRNA and/or TGFβ1 protein levels at the systemic and intestinal 

level were found at different days post infection. 

 

2. Materials and Methods  

Viruses.  

Viruses were obtained as previously described[1]. A tissue culture-adapted RRV strain of simian RV; 

obtained from (G3, P[3], H. B. Greenberg, Stanford University, CA) was grown, and titers were 

determined, on MA104 cells from African green monkey kidney in the presence of trypsin and used 

after semipurification on a 40% sucrose gradient. The semipurified stock virus was prepared twice, 

they had a titer of 10_9 and 10_8 focus-forming units (FFU)/ml[1]. Stocks of wild-type murine RV 

(EC) were prepared as intestinal homogenates, and their titers, expressed as 50% shedding doses 

(SD50), were determined in 5-7 day old mouse pups. SD50 is the dose at which 50% of animals shed 

viral antigen, which for the EC strain of RV is the same as the DD50 (dose at which 50% of neonatal 

mice develop diarrhea)[15]. 

 

Mice and RRV immunization. C57BL/6 mice were originally purchased from Charles River 

(Wilmington, MA) and bred in our facility under specific-pathogen-free (SPF) conditions. Neonatal 

mice between 5 and 7 days of age were infected by oral gavage with 1x106 or 1x107 FFU of RRV or 105 



 

 

DD50 of wild-type murine RV (EC) in 50 μl, control mice received 50 μl of mock[1]. For 5 days after 

immunization was evaluated the presence or absence of diarrhea in each animal up by applying 

gentle pressure to the abdomen[16]. To assess severity of diarrhea a blind examiner to treatment 

received by mice scored daily the color, degree of soiling, and consistency of the stool by assigning 

numeric values, as previously described [16]. The mice were euthanized on days 2 and 12 post 

infection, serum and intestinal content were collected and stored at -20 °C until used for ELISAS, 

spleen and small intestine were also extracted and frozen at -80 °C in RNA later (Qiagen # 76104) 

until qRT-PCR. All procedures were performed in accordance with a protocol reviewed and 

approved by the Institutional Animal Care and Use Committee (IACUC).  

 

Measurement of TGFβ-1 by an ELISA. To measure total (active and latent form) TGFβ-1 samples 

were activated using HCl, and the quantification was done by Elisa with a Duoset kit, according to 

the manufacturer’s instructions (R&D Systems #DY1679). The detection limit of the test is 31.3 pg/mL. 

RNA Isolation and qRT-PCR 

Small intestines, splenocytes and liver were stored frozen in RNA later, to obtain the RNA the 

samples were homogenized with Tissue Tearor homogenizer and centrifugated for 5 minutes at 

12000 x g, then the RNA later was extracted[1]. Trizol (Invitrogen Molecular Probes # 15596026) were 

added and incubated for 5 minutes at room temperature, the chloroform was added and 

centrifugated for 10 minutes at 12000 x g, the aqueous phase was extracted, and 70% ethanol was 

added. RNA was extracted using the RNeasy mini kit (Qiagen #74104). Samples were re-suspended 

in RNase-free water and their purity and integrity were verified by spectrophotometry in nanodrop 

2000/2000c (Thermo Fisher Scientific, Waltham, MA, United States # ND-2000). The RNA sample was 

treated with DNA – free kit (Invitrogen #AM1906) and was converted into complementary DNA 

(cDNA) using the Transcriptor cDNA Synthesis kit (Roche #4896866001).   

To determine the relative expression of TGFβ-1, a real-time PCR was performed using LightCycler 

480 Probes Master (Roche #04707494001), Universal Probe Library marked with FAM for tgfβ1 gene 

(Roche #5046211001) and marked with Yellow 555 for gapdh (Glyceraldehyde_phosphate_dehydrogenase) 

as housekeeping gene (Roche #4688953001). Primers for tgfβ1 (Roche #000141837) and gapdh gene 

(Roche #4688953001) were designed in Probefinder software (Roche Applied Science). Each analysis 

included water as a negative control, and each sample was analyzed in duplicate. The initial 

denaturation temperature was 95 °C for 10 minutes, followed by 45 cycles of a three-step 

amplification reaction, annealing and extension temperatures of 95°C for 10 seconds, 60°C (gapdh) or 

63.4 ° C (tgfβ1) for 30 seconds and 72°C for 10 seconds, a final cooling and extension cycle at 40°C for 

30 seconds. Real time PCR was performed on a LightCycler® Nano instrument (Roche Basel, 

Switzerland).    

The results were expressed as relative gene expression using the method proposed by Pfaffl[17] to 

determinate the fold change. 



 

 

 

Statistical analysis. Nonparametric statistics were used throughout the study. Comparisons between 

groups were performed with Mann-Whitney or Wilcoxon tests using the GraphPad Prism 8.0.1 

program (GraphPad Software, Inc., San Diego, CA). In most figures, data medians are represented 

unless otherwise mentioned. A P value <0.05 was considered statistically significant. 

3. Results 

3.1 TGFβ levels in RRV-infected mice 

Simian (RRV and SA11) RV infection is known to increase levels of TGFβ-1 in Caco-2 cells[13] and 

HT-29 cells[12]. To determine if this cytokine is induced after in vivo vaccination with RRV, in a pilot 

experiment, a group of mice was administered 107 FFU/mL of RRV. The next day, unexpectedly, two 

of seven vaccinated mice (28.5%) died, but none (0 of 6) in the control group died. To confirm this 

finding and to establish the dose of the vaccine to be used in the experiments, neonatal mice were 

given 106 FFU/mL or 107 FFU/mL of RRV. Analogous to the pilot experiment, 6 of 24 mice (25%) 

vaccinated with the highest dose died, while no mice (0 of 23) vaccinated with the lowest dose died 

(this is statistically different, Fisher's test p = 0.02). Neonatal mice were monitored daily for evidence 

of disease, 60% of mice infected with dose 107 FFU/mL, and at least 40% of mice that received 106 

FFU/mL of RRV, presented diarrhea (Figure S1A-C). 

tgfβ1 mRNA transcript levels were analyzed on days 2, 4, 6, 8, and 12 PI, in the intestine (small and 

large), liver, and spleen of suckling 5-day old mice. Mice vaccinated with 107 FFU/mL RRV had 

increased relative expression of tgfβ1 transcript in the intestine on most time points evaluated (Figure 

1A), especially on days 2 and 12 PI (median 11.9-fold-increase and 5.4-fold-increase in comparison 

with non-infected mice, respectively). Mice vaccinated with the low dose had modest increment 

(median 1,7 fold-increase) significative statistically on day 12 PI, with respect to control mice (One-

sample Wilcoxon test p=0.002) (Figure 1A). In the spleen, the levels of the tgfβ1 gene transcript in 

mice infected with the two doses of RRV at day 2 PI showed a higher relative expression (median 3.3 

and 2.1 times higher with the 106 PFU and 107 PFU doses, respectively), being statistically significant 

only with the dose of 106 UFF (One-sample Wilcoxon test p=0.007) (Figure 1B). In contrast, liver tgfβ1 

mRNA transcript levels were in general similar between non-vaccinated mice and both groups of 

RRV-vaccinated mice (Figure 1C). These results indicate that mice vaccinated with RRV up-regulate 

tgfβ1 mRNA in the intestine and early in the spleen, unlike in the liver.    

 



 

 

 

Figure 1. tgfβ1 mRNA levels at various time points post-infection with RRV. C57BL/6 mice were 

vaccinated with 107 FFU/ml RRV or 106 FFU/ml of RRV. On days 2, 4, 6, 8, and 12 PI, 1-4 mice of each 

group were euthanized to obtain intestine, liver, and spleen to evaluate tgfβ1 mRNA levels. qRT-PCR 

were used to examine the mRNA levels and fold-changes were calculated by Pfaffl method, as 

compared with non-infected mice, and using endogenous gapdh mRNA levels for normalization. The 

fold change of tgfβ1 in mRNA levels in intestine(A) spleen (B), and liver (C) are shown. Data are 

shown in a LOG10 scale, the bars represent the group median and the values over or under the dotted 

line indicate mRNA up-regulation or down-regulation, respectively. (p < 0,05), ** (p < 0,01), **** (p < 

0,0001) One-sample Wilcoxon test. Pooled results from three experiments with 1-11 mice per group 

are shown. 

 

We used an Elisa to quantified levels of total (acid-activated) TGFβ1 in serum and intestinal content 

in mice on days 2, 4, 6, 8, 10, and 12 PI with 106 FFU/mL RRV or 107 FFU/mL RRV, no increase in 

TGFβ1 was observed in mice infected with some of the two doses (Figure 2).   

 



 

 

 

Figure 2. TGFβ1 protein levels at various time points post-infection with RRV.   C57BL/6 mice 

were vaccinated with 107 FFU/ml RRV or 106 FFU/ml of RRV. Until day 12 PI, mice of each group 

were euthanized to obtain intestinal content (A) and serum (B) to evaluate TGFβ1 protein levels using 

ELISA. Results are shown as the median of the group for each day PI.   Each symbol represents 

TGFβ1 present in the sample of an individual mouse.  (p < 0,05), ** (p < 0,01), **** (p < 0,0001) Mann 

Whitney test. Pooled results from three experiments with 1-11 mice per group are shown.  

 

3.2 TGFβ levels in RV-EC-infected mice.  

Homologous RVinfection in mice is very efficient at inducing immunity to rotavirus[18]. To 

determine if TGFβ is induced after in vivo vaccination with homologous rotavirus, a group of mice 

was administered 105 DD50 of wild-type murine RV (EC). The, tgfβ1 mRNA transcript levels were 

analyzed on days 2 and 12 PI, in the intestine (small and large), and spleen. Neonatal mice were 

monitored daily for evidence of the disease. On day 2 PI, 75% of the infected mice presented diarrhea 

(Figure S1D) and with greater intensity on day 3 PI (Figure S1E).  

The infected mice presented a significantly lower relative expression of the tgfβ1 mRNA transcript in 

the intestine at day 2 PI with respect to the control mice (median 0.26, One-sample Wilcoxon test 

p=0.002). At day 12 PI, infected mice had significantly higher relative expression in the intestine 

(median 2.2-fold) compared to uninfected mice (One-sample Wilcoxon test p=0.027) (Figure 3A). In 

the spleen, the infected mice presented a significantly higher relative expression of the tgfβ1 mRNA 

transcript at day 2 PI (median 8.4-fold) with respect to the control mice (One-sample Wilcoxon 

p=0.007) (Figure 3B).  

Thus similar to heterologous infection (Figures 1A and 1B), RV-EC infection produces a positive 

regulation of the tgfβ1 gene at day 12 PI in the intestine and at day 2 PI in the spleen (Figures 3A and 

3B). Moreover heterologous infection induced a trend for a negative regulation of the gene at day 2 

PI in intestine (Figure 1A) that was significant after homologous infection (Figure 3B). 

 



 

 

 

Figure 3. tgfβ1 mRNA levels at time points post-infection with RV (EC). C57BL/6 mice were 

vaccinated with 105 DD50 of wild-type murine RV (EC). On days 2 and 12 PI, mice of each group 

were euthanized to obtain intestine, and spleen to evaluate tgfβ1 mRNA levels. qRT-PCR were used 

to examine the mRNA levels and fold-changes were calculated by Pfaffl method, as compared with 

non-infected mice and using endogenous gapdh mRNA levels for normalization. The fold change of 

tgfβ1 in mRNA levels in intestine (A) and spleen (B) are shown. Data are shown in a LOG10 scale, the 

bars represent the group median, and the values over or under the dotted line indicate mRNA up-

regulation or down-regulation, respectively. (p < 0,05), ** (p < 0,01), **** (p < 0,0001) One-sample 

Wilcoxon test. Pooled results from three experiments with 1-11 mice per group are shown.  Pooled 

results from two experiments with 9-10 mice per group are shown.  

 

We used an Elisa to quantified levels of total TGFβ1 in intestinal content and serum (Figure 4). In 

contrast to what we observed in heterologous RV infection, significantly lower levels of TGFβ1 

protein were observed in the intestinal content on days PI evaluated in infected mice compared to 

control mice (Mann-Whitney test p= 0.001 and 0 .05, at days 2 and 12 PI, respectively) (Figure 4A). In 

serum, on day 2 PI there were significantly higher levels of TGFβ1 in infected mice compared to 

control mice (Mann Whitney test p= 0.02) (Figure 4B). 

 

Figure 4. TGFβ1 protein levels at time points post-infection with RV (EC).   C57BL/6 mice were 

vaccinated with 105 DD50 of wild-type murine RV (EC). On days 2 and 12 PI, mice of each group 

were euthanized to obtain intestinal content (A) and serum (B) to evaluate TGFβ1 protein levels using 

ELISA.   Results are shown as the median of the group for each day PI.   Each symbol represents 



 

 

TGFBβ present in the sample of an individual mouse.  (p < 0,05), ** (p < 0,01), **** (p < 0,0001) Mann 

Whitney test. Pooled results from two experiments with 9-10 mice per group are shown. 

 

4. Discussion  

In this study we have shown that RRV-infected mice upregulate tgfβ1 mRNA expression late in the 

intestine and early in the spleen, but not in the liver (Figure 1). In the intestinal content and serum, 

no significant change in TGFβ1 protein levels was observed in mice infected with either dose of RRV 

(Figure 2). RV-EC infection produces a positive regulation of the tgfβ1 gene at day 12 PI in the 

intestine and at day 2 PI in the spleen, and a negative regulation of the gene at day 2 PI in the intestine 

(Figure 3). In the intestinal content, significantly lower levels of TGFβ1 protein are observed at days 

2 and 12 PI in infected mice, however, in serum at day 2 PI there are significantly higher levels of 

TGFβ1 compared to control mice (Figure 4). These results are summarized for the expression of tgfβ1 

mRNA in Table 1 and for TGFβ1 protein in Table 2. 

 

Table 1. Regulation of the levels of the tgfβ1 gene in infected mice with respect to control mice 

(Statistically significant results) 

 

 

 

Table 2. TGFβ1 protein levels in infected mice relative to control mice (Statistically significant 

results) 

 

 

 



 

 

As expected[7],we found that in response to infection the levels of TGFβ1 change at the mRNA and 

protein levels (Figures 1 and 3). Our results suggest that at day 2 PI, mice infected with RV-EC and 

RRV presented an upregulation of the TGFβ1 gene and/or protein at the systemic level (Figure 1B, 

3B, 4B). Mice infected with RV-EC presented in the intestine a negative regulation of the tgfβ1 gene 

at day 2 PI (Figure 3A) (in infection with RRV this trend was observed but did not reach statistical 

significance). However a positive regulation was observed at day 12 PI in mice infected with RRV 

and RV-EC (Figure 1A and 3A). During days 2 and 12 PI evaluated, a decrease in protein was found 

in the intestinal content of the mouse infected with RV-EC compared to the control mouse (Figure 

4A). No changes were observed in tgfβ1 gene expression in the liver, not in protein levels in intestinal 

contents and serum of RRV-infected mice.  

We used a neonatal mouse model, useful to study the immune response to RV infection that probably 

reflects human RV infection[15]. The murine model has been well characterized and widely used for 

the study of infectious diseases and their immune response. Infection by RRV (heterologous RV) and 

RV-EC (homologous RV) causes diarrhea in suckling mice, and although diarrhea is absent in adult 

mice, infection does develop and allows studying immunity to the virus[15] (Figure S1). 

The role of TGFβ role in the antiviral immune response is contradictory. It is a pleiotropic cytokine, 

having anti- and pro-inflammatory functions [4,19–22]. Studies have analyzed virus infection models 

and have described the induction of TGFβ activation and its possible role in dampening antiviral 

immunity to promote infection[8]. Previously our group results showed that in a neonatal mouse 

model mice vaccinated with RRV, and treated with anti-LAP antibodies showed better protection 

after a challenge with RV-EC, however, inhibition of TGFβ with a neutralizing antibody or inhibitor 

of TGFβ type I receptors (ALK5i) did not change the development or severity of vaccine-induced 

diarrhea, the response of RV-specific T cells, or protection against a subsequent challenge with RV-

EC[1]. Our results showing a lack of change of tgfβ1 gene (Figure 1) or protein (Figure 2) at day 2 PI 

in the intestine with the heterologous RVhelp understand why blocking of TGFβ did not induce 

changes in RVinduced diarrhea[1]. Blocking of TGFβ that is not modulated in spleen at 12 days PI is 

also coherent with our previous result the splenic T cells are not modulated by this treatment [1]. 

However since heterologous RVat day 12 does induce TGFβ in the intestine (Figure 1) it is possible 

that intestinal resident T cells may be modulated in this compartment.  

It has been described that heterologous RV has limited replication in suckling mice and homologous 

RV infection is more efficient in inducing a systemic and mucosal immune response[18,23]. Infection 

with the homologous RV (RV-EC) probably generated a more robust immune response that allowed 

us to find differences in the expression of the tgfβ1 gene at day 2 PI in the intestine and the levels of 

TGFβ1 protein in serum and intestinal content. 

Our results suggested that the changes in the kinetics of TGFβ1 levels vary according to the organ 

and the day PI evaluated[1,4,19]. These differences maybe related to the fact that the cellular immune 

response in the spleen (which can also be reflected in serum protein) is probably different from that 

generated in the intestine, where the virus replicates[24]. In both organs, the sources of TGFβ may be 



 

 

different: while in the intestine the enterocytes are an important source, in the spleen the cells of the 

immune system take this role[25].  

 

In summary, neonatal mice infected with RRV and RV-EC showed changes in the expression of tgfβ1 

mRNA and/or TGFβ1 protein at the systemic or intestinal level on different days post-infection. The 

role of the TGFβ1 cytokine in RVimmunity remains to be established. 

 

Supplementary Materials: Figure S1: Diarrhea frequency and diarrheal intensity in mice vaccinated 

with RRV.  
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Figure S1. Diarrhea frequency and diarrheal intensity in mice vaccinated with RRV and RV-EC. 

Neonatal mice between 5 and 7 days of age were inoculated with mock (control), or 1x106 or 1x107 

FFU of heterologous RRV virus (A,B,C), or 105 SD50 of homologous RV-EC virus (D, E) and evaluated 

the presence or absence of diarrhea (A, B, D) and diarrhea score (C, E). Results in A are from an 

experiment with 23 to 25 mice per group, in B-C another virus stock was used.   Data in B-C and D-

E are pooled of two independent experiment each one, with 6 to 10 mice per group in each experiment. 

 


