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Abstract
Bacterial flagellin, a potent intestinal innate immune activator, prevents murine rotavirus (RV) infection independent 
of adaptive immunity and interferons. The flagellin-induced immunity is mediated by Toll-like receptor (TLR5) and 
Nod-like receptor C4 (NLRC4), which elicit the production of interleukins 22 (IL-22) and IL-18, respectively. Here, 
we assessed whether a high abundance of flagellin at the time of vaccination would negatively affect the oral RV 
vaccine take. Fecal samples were collected from infants a week after first dose of Rotarix vaccination to establish 
vaccine shedders (n = 50) and non-shedders (n = 44). The abundance of flagellin and expression of flagellin-
encoding fliC, TLR5 and NLRC4, IL-22 and IL-18 genes was determined by qPCR. There were no differences in the 
abundance of flagellin between vaccine shedders and non-shedders (p = 0.15). However, the expression of FliC was 
increased 7.5-fold in non-shedders versus shedders (p = 0.001). Similarly, TLR5 (p = 0.045), and not NLRC4 (p = 0.507,) 
was significantly expressed in non-shedders versus shedders. The expression of IL-22 (p = 0.054), and not IL-18 
dependent NLRC4 (p = 0.650), was increased 3.4-fold in non-shedders versus shedders. Collectively, our observations 
suggest a possible negative impact of the abundance of viable flagellated bacteria at the time of vaccination on 
the replication and therefore the performance of RV vaccines.
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Introduction
Rotavirus (RV) remains one of the principal causes of 
severe dehydrating diarrhea in infants in low to middle 
income countries (LMIC) [1]. Vaccines for severe RV 
diarrhea are available but do not perform satisfactorily 
in these countries [2] due to a variety of factors [3–6]. 
Increasing evidence suggests the composition of certain 
genera or species of gut microbiota may also play a role 
in how infants respond to RV vaccines [7–9]. However, 
the vaccine response may not rely solely on distinct bac-
terial genera or species but also on the functional levels 
of bacterial components in the periphery such as flagellin 
[10].

Bacterial flagellin is a potent innate immunity activator 
in the intestines [11] and has been shown to prevent and 
cure murine RV infection when repeatedly administered 
intraperitoneal [10]. The protection was achieved inde-
pendent of type I and II interferons (IFNs), which play a 
crucial role in antiviral immunity [12, 13] as the flagel-
lin’ s antiviral effect was found to be fully maintained in 
mice lacking receptors for the two IFNs [10]. The flagel-
lin-elicited intestinal immunity required the activation 
of surface localized Toll-like receptor 5 (TLR5) and cyto-
solic Nod-like receptor C4 (NLRC4) on dendritic cells 
and intestinal epithelial cells [10]. The flagellin activation 
of TLR5 and NLRC4 elicits the production of cytokines 
interleukin-22 (IL-22) and IL-18, respectively, whose 
administration to mice reportedly recapitulated fully the 
capacity of flagellin to protect against RV infection [10].

Several members of the human intestinal commen-
sal bacteria including members of phylum Proteobacte-
ria express flagella [14], from which a structural subunit 
flagellin is constantly released into the lumen. Changes 
in the abundance of flagella-producing bacteria in the 
gut may influence the luminal concentration of flagellin, 
consequently altering the threshold of intestinal immune 
activation. However, the extent to which optimal intesti-
nal immune activation by flagellin could impact human 
oral live attenuated RV vaccine infection/replication, and 
therefore RV vaccine response, has not been tested. Here, 
we report differences in abundance of bacterial flagellin 
as well as expression of flagellin-encoding fliC, flagellin-
receptors TLR5 and NLRC4, and cytokines IL-22 and 
IL-18 genes between South African infants who shed 
the RV vaccine in fecal samples and their non-shedding 
counterparts.

Methodology
Study design, participants and ethics
This cross-sectional study used fecal samples collected 
from infants who reported at a clinic, north of Pretoria 
for routine rotavirus immunization programme between 
2021 and 2022. The specimens were collected a week after 
the first dose of Rotarix (GlaxoSmithKline, Rixensart, 

Belgium) vaccination after written and informed consent 
from the guardians. Only physically health infants weigh-
ing ≥ 2  kg and not on antibiotic therapy within 3 weeks 
prior to enrolment were included in the study. Study 
infants were divided into RV vaccine shedders and non-
shedders based on the detection of the Rotarix vaccine 
strain in fecal material. The study was approved by Sefako 
Makgatho Health Sciences University Research and Eth-
ics Committee, ethics number SMUREC/M/01/2023: PG.

Sample collection and storage
Fecal samples were collected from the infant’s diapers by 
scooping the fecal material into sterile plastic containers 
with sterile spoons and immediately frozen in a − 20  °C 
freezer located at clinic. Frozen specimen were trans-
ferred to the laboratory in cooler boxes containing ice 
blocks and stored at − 20 °C.

Fecal viral RNA isolation and vaccine virus shedding assay
Viral RNA was isolated from a 10% fecal suspension (w/v) 
using a QIAamp RNA Stool Mini Kit (Qiagen, Germany) 
as recommended by the manufacturer. Rotarix vaccine 
shedding in fecal samples was detected by real-time qRT-
PCR of fecal RNA samples using NSP2 primers (NSP2-
F: GAA CTT CCT TGA ATA TAA GAT CAC ACT GA, 
NSP2-R: TTG AAG ACG TAA ATG CAT ACC AAT TC) 
and probe (NSP2-P: FAM-​T​C​C​A​A​T​A​G​A​T​T​G​A​A​G​T​C​
A​G​T​A​A​C​C​C​A-BHQ1) that target the NSP2 gene of the 
Rotarix vaccine strain [15] and Luna one-step RT-PCR 
kit (New England BioLabs, Ipswich, MA, USA) follow-
ing the manufacturer’s instructions. The PCR amplifica-
tion was performed in Bio-Rad CFX96 Real-Time System 
(Bio-Rad Laboratories, Hercules, California) using the 
conditions described by [15].

Fecal genomic DNA isolation and detection of bacterial 
flagellin
Genomic DNA was isolated from the fecal material using 
QIAamp Fast DNA Stool Mini Kit (Qiagen, German) fol-
lowing the manufacturer’s instructions. Primers for bac-
terial flagellin were designed from fliC gene that codes for 
the flagella subunit. Several fliC sequences from different 
flagellated bacteria were retrieved from National Center 
for Biotechnology information (NCBI) and aligned using 
Molecular Evolutionary Genetics Analysis (MEGA) soft-
ware. Primers (fliC F1: CGC CAA CGA CGG TAT CTC, 
fliC R1: GAT TTC GTC CTG GAT GGA, fliC F2: CGT 
AAC GCT AAC GAC GGT AT, fliC R2: GCC GTT GAA 
CTG AGT CTG) were designed from the conserved 
regions and optimized as described previously [16]. The 
specificity of primers was verified by conventional PCR 
of genomic DNA isolated from flagellated Escherichia 
coli against genomic DNA from several non-flagellated 
bacteria.
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Detection of bacterial flagellin in fecal genomic DNA 
samples
Bacterial flagellin was detected in fecal genomic DNA 
samples by qPCR using fliC primers (This study). Briefly, 
a 10 µL qPCR reaction mixture was made up of 1X Luna 
Universal qPCR Master Mix (New England BioLabs, 
Massachusetts, USA), 0.5 µM each of the forward and 
reverse primers, 3 µL DNA template and PCR grade 
water. The qPCR assay was performed in a Bio-Rad 
CFX96 Real-Time System (Bio-Rad Laboratories, Hercu-
les, California) under the following conditions: 2 min of 
initial denaturation at 95 °C, 45 cycles of denaturation at 
95  °C for 15  s and extension at 60  °C for 30  s. A melt-
ing curve analysis was performed at 65 °C for 0.05 s and 
95 °C at 0.5 s to differentiate between primer dimers and 
true positives. A Ct value of less than 40 was regarded as 
being positive for the bacterial flagellin.

Total RNA isolation and cDNA synthesis
Total human and bacterial RNA were extracted from 
fecal samples using a NucleoSpin RNA kit (Macherey-
Nagel, Duren, Germany) following the manufacturer’s 
instructions with minor modifications [17]. The isolated 
RNA was converted to complementary DNA (cDNA) 
using a Tetro cDNA synthesis kit (Bioline Meridian Bio-
science, United Kingdom) and performed in a GeneAmp 
PCR System 9700 (Applied Biosystems, Waltham, MA, 
USA) under the following conditions: incubation of sam-
ples at 25 °C for 10 min, followed by reverse transcription 
at 42 °C for 30 min and incubation at 85 °C for 5 min.

Expression assay for fliC, TLR5, NLRC4, IL-18 and IL-22 
genes
The expression of fliC, TLR5, NLRC4, IL-18 and IL-22 
genes in fecal cDNA samples was assayed by qPCR using 
the following primers: fliC (this study); TLR5F-TTG CTC 

AAA CAC CTG GAC AC and TLR5R-TTG GCA ATG 
CGG TTT TCT CC [18]; NLRC4F- CGC AGT CCC 
CTC ACC ATA GAA G and NLRC4R- GCC TCA AGT 
TAC CCA AGC TGT CAG [19]; IL-22 F- ​C​A​C​G​G​A​G​T​C​
A​G​T​A​T​G​A​G​T​G​A​G and IL-22R-​C​A​A​A​T​G​C​A​G​G​C​A​T​T​
T​C​T​C​A​G​A​G​A [20]; IL-18 F-GCT TCC TCT CGC AAC 
AAA C and IL-18R-CAC TTC ACA GAG ATA GTT 
ACA GCC [21]). Briefly, the 10 µL PCR reaction mixture 
consisted of 5 µM SYBR green master mix (New Lab Bio, 
England), 0.2 µM each of the forward and reverse prim-
ers, 2 µl of the cDNA with nuclease free water making up 
the remainder. The amplification was done under the fol-
lowing conditions: 2 min of initial denaturation at 95 °C, 
45 cycles of denaturation at 95 °C for 15 s and extension 
at 60  °C for 1  min, with a melt curve insertion (65  °C 
to 95  °C: Increment 0.5  °C for 0:05  s). Gene expression 
was normalized with the housekeeping glyceraldehyde-
3-phosphate dehydrogenase gene (GAPDH) primers 
(GAPDHF-GAG TCA ACG GAT TTG GTC GT and 
GAPDHR- GAC AAG CTT CCC GTT CTC AG [22] as 
done previously [23].

Statistical analysis
Differences in demographics and other characteristics 
between vaccine shedders and non-shedders was deter-
mined by the Chi-square test. Abundance of bacterial fla-
gellin (Ct values) was transformed into logarithmic form 
and descriptive statistics were presented as median and 
interquartile ranges (IQR), and displayed as scatter plots 
(GraphPad Prism 9.2.0, GraphPad Software, San Diego, 
CA, USA). Difference in abundance of flagellin between 
vaccine shedders and non-shedders was determined by 
Mann Whitney U test. Fold-change gene expression was 
calculated using delta Ct as described by Schmittgen and 
Livak [23]. An unpaired t test was used to measure the 
differences in mean gene expression between the two 
groups. Abundance of flagellin was used as a continuous 
variable to evaluate its association with vaccine shedding 
(yes or no) using logistic regression. In all statistical tests, 
p ≤ 0.05 was regarded as statistically significant.

Results
Demographics
A total of 94 RV vaccinated infants, 50 vaccine shedders 
and 44 non-shedders, were recruited and eligible for 
the study. Of these, 56% (53/94) were females and 44% 
(41/94) male. The majority of the infants (70%, 66/94) 
were born naturally while 30% (28/94) were born through 
C-section. About 57% (54/94) infants were fed exclusively 
with breast milk and the rest (43%, 40/94) were fed with 
both breast and formula milk. Except for mode of feed-
ing, there were no significant differences in demograph-
ics and other baseline characteristics between vaccine 
shedders and non-shedders (Table 1).

Table 1  Demographic and other baseline characteristics of 
study infants
Characteristic Overall Shedders Non-shedders p value

n = 94 (%) n = 50 (%) n = 44 (%)
Age
  7 weeks 94 (100) 50 (100) 44 (100) 1.00
Sex
  Female 53 (56) 28 (56) 25 (57) 0.47
  Male 41 (44) 22 (44) 19 (43)
Ethnicity
  Black 94 (100) 50 (100) 44 (100) 1.00
Birth delivery
  Vaginal 66 (70) 36 (72) 30 (68) 0.34
  C-section 28 (30) 14 (28) 14 (32)
Feeding type
  Breast milk (BM) 54 (57) 33 (66) 21 (48) 0.04
  BM and Formula 40 (43) 17 (34) 23 (52)
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Abundance of bacterial flagellin not significantly different 
between vaccine shedders and non-shedders
Alignment of fliC sequences from various flagellated bac-
teria did not result in a consensus conserved region from 
which one could design a single primer pair able to detect 
all the flagellated bacteria. The fliC genes aligned into 
two groups based on the conserved regions: Group1 was 
composed of species such as Escherichia coli, Yersinia 
pestis Hafnia paralvei, E. albertii and others while Group 
2 consisted of Enterobacter kobei, Citrobacter werkman-
nii, Klebsiella aeruginosa and others. Two sets of prim-
ers (fliC1and fliC2) were designed and PCR with genomic 
DNA from different flagellated and non-flagellated bac-
teria indicated the primers were specific to fliC. This was 
confirmed by sanger sequencing in which the randomly 
selected sequences generated by the primers from fecal 
genomic DNA were 99.9% identical to fliC genes.

A total of 94 fecal genomic DNA samples from vaccine 
shedders and non-shedders were assayed for bacterial fla-
gellin. The flagella subunit was detected in fecal genomic 
DNA samples of both study groups using the two set of 
primers. There were no significant differences in the 
average abundance of flagellin (fliC1 and fliC2 Ct values 
combined) between vaccine shedders and non-shedders 
(p = 0.15) (Fig.  1a). When the abundance was stratified 
according to the feeding type, infants fed exclusively on 
breastmilk had significantly high counts of bacterial fla-
gellin compared to those fed with both breast and for-
mula milk (p = 0.042) (Fig.  1d). There was no significant 
difference in the abundance of flagellin between male 
and female infants (p = 0.573) (Fig. 1b), and infants born 
naturally and those born through C-section (p = 0.158) 
(Fig. 1c).

FliC and TLR5, not NLRC4 highly expressed in non-
shedders
A total of 40 fecal samples, 20 from vaccine shedders 
and the rest from non-shedders were randomly selected 
and assayed for fliC, TLR5 and NLRC4 gene expres-
sion. Unlike the abundance, the average expression of 
fliC was increased 7.5-fold in non-shedders (mean 2-Δ 
Ct = 57.76 ± 16.92) compared to vaccine shedders (mean 
2- delta (2Δ) Ct = 7.69 ± 2.56), p = 0.001 (Fig.  2a). Con-
sistent with fliC, the expression of surface localized 
TLR5 was increased 3.4-fold (mean 2-ΔCt = 2.13 ± 0.63) 
in non-shedders compared to shedders (mean 
2-ΔCt = 0.63 ± 0.19), p = 0.045 (Fig.  2b). In contrast, the 
expression of cytosolic NLRC4 was increased 1.45-fold in 
vaccine shedders (mean 2-ΔCt = 0.29 ± 0.12) versus non-
shedders (mean 2-ΔCt = 0.20 ± 0.05), but did not reach 
statistical significance (p = 0.507) (Fig. 2c).

Cytokine IL-22, not IL-18 gene, significantly expressed in 
non-shedders
We also investigated whether the expression of flagel-
lin-signaling TLR5 and NLRC4 were consistent with 
the expression of cytokines IL-22 and IL-18, respec-
tively, in stool mRNA samples. Like TLR5, the expres-
sion of cytokine IL-22 gene in fecal mRNA samples of 
non-vaccine shedders was increased 4.4-fold (mean 
2-ΔCt = 0.61 ± 0.23) compared to vaccine shedders (mean 
2-ΔCt = 0.14 ± 0.06), p = 0.054 (Fig.  3a). On the other 
hand, there was no significant difference in the expres-
sion of NLRC4-dependent IL-18 between vaccine shed-
ders and non-shedders (p = 0.650) (Fig. 3b).

Association between expression of FliC and RV vaccine 
shedding
Infants with higher expression of fliC were less likely 
to shed the vaccine in stool samples (OR: 0.95, 95% CI: 
0.0.911–1.012), but did not reach statistical siginificance 
(p = 0.056). Similarly, high levels of TLR5 expression were 
protective of vaccine shedding (OR: 0.7, 95% CI: 0.461–
1.05, p = 0.061). On the other hand, infants with elevated 
levels of NLRC4 expression were 2.77 likely to shed the 
vaccine in stool samples (95% CI = 0.147–52.04) but was 
not statistical significance (p = 0. 492). The expression of 
NLRC4-dependant IL-18 had no effect on shedding of 
the vaccine (p = 0.634).

Discussion
RV vaccine shedding indicates the vaccine virus rep-
licated in the enterocytes and thus stimulating the 
immune system to generate protection against RV infec-
tion. Although RV vaccine shedding in stool samples has 
not yet been validated as measure of vaccine response, a 
recent study reported a 92% and 55% RV shedding rate 
a week post first dose vaccination in United Kingdom 
and Malawi, respectively [24]. These figures mirror the 
reported vaccine efficacy in these two countries [25, 26], 
suggesting that RV shedding could be used as an addi-
tional measure to estimate vaccine response. Here, we 
used RV shedding as a proxy of vaccine response to study 
its relationship with the abundance of bacterial flagellin. 
The study found no significant difference in the abun-
dance of bacteria flagellin between RV vaccine shedders 
and non-shedders. However, the qPCR assay used to 
quantify the abundance of bacterial flagellin provided an 
estimate of fliC gene copy numbers in a sample, regard-
less whether the bacteria was viable or not. Hence, we 
performed the fliC expression assay to estimate the num-
ber of viable flagellated bacteria. The expression of fliC 
was increased 7.5-fold in non-vaccine shedders versus 
shedders, suggesting a possible effect of the abundance 
of viable flagellated bacteria on RV vaccine replication 
and shedding. Given that the bacterial flagellin is a potent 
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intestinal immune activator [11], we hypothesize that the 
presence of high counts of flagellin-producing bacteria 
in non-shedders may have optimally activated the intes-
tinal immunity [27], thereby preventing the RV vaccine 
from infecting and replicating in the enterocytes hence 
no shedding. Recently, a multi-country study involving 
Malawi, India and UK failed to recapitulate the relation-
ships that have been reported between the composition 
of bacterial microbiota and oral RV vaccine outcome. 
For example, while the higher abundance of Bacteroide-
tes among infants without seroconversion to RV vaccine 

was reported in Ghana, similar findings were not found 
in infants in Malawi and India [24]. Perhaps this suggest 
that the influence of bacterial microbiota may not rely 
on specific genera or species but functional level of the 
microbiota such as bacterial flagellin [10] or lipopolysac-
charides 17].

Signaling of bacterial flagellin occurs via TLR5 and 
NLRC4 [10]. Hence, we tested whether the high level of 
expression of fliC in non-shedders was consistent with 
the level of expression of the two flagellin receptors. 
Indeed, the expression level of TLR5 in non-shedders 

Fig. 1  Average abundance of bacterial flagellin (a) rotavirus vaccine shedders versus non-shedders (b) male versus female infants (c) naturally versus 
C-section born infants (d) breastmilk versus breast/formula milk fed infants
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was consistent with the expression level of FliC. In con-
trast, the expression of NLRC4 did not correspond with 
the expression of FliC, suggesting that TLR5, not NLRC4, 
could have been the mediator of the flagellin-activated 
intestinal immunity. This is consistent with findings of 
a murine study which found TLR5, and not NLRC4, to 
be responsible for intestinal immunity that prevented RV 
infection [10].

The flagellin activation of TLR5 and NLRC4 induces 
the production of pro-inflammatory cytokines IL-22 and 
IL-18, respectively. Thus, we assessed whether the levels 

of expression of the two cytokines in non-shedders was 
in line with the level of expression of their inducers. We 
observed the expression of IL-22 was consistent with the 
expression of TLR5 and FliC. In contrast, the expres-
sion of IL-18, like the NLRC4 expression, was not con-
sistent with expression of FliC. The two cytokines were 
reported to recapitulate the flagellin’s cure or prevention 
of RV infection in mice [10]. IL-22 inhibits the virus from 
entering the target cells, whereas IL-18 removes exist-
ing rotavirus from infected cells. The fact that IL-22 was 
significantly expressed in non-shedders suggest that the 

Fig. 2  Average expression of (a) flagellin-encoding fliC (b) surface-localized flagellin receptor TLR5 and (c) cytosolic flagellin-receptor NLRC4 in fecal 
samples of RV vaccine shedders versus non-shedders
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flagellin-mediated intestinal immunity is more depen-
dent on TLR5 than the NLRC4 inflammasome [28, 10]. 
The expression of both TLR5 and NLRC4 inflamma-
some at the same time was interesting as it is inconsistent 
with reports that NLRC4-mediated signaling of flagel-
lin downregulates the TLR5-mediated signaling of the 
subunit [29]. It is not known whether some of the study 
infants had asymptomatic flagellated intracellular patho-
gens like Salmonella, but some flagellin from extracellu-
lar bacteria have been shown to internalize into epithelial 
cells and activates NLRC4 [30], and this may explain why 
TLR5 and NLRC4 were both activated. Previous murine 
studies suggest the two do indeed work together albeit 
with different pathways. IL-18 induces signaling pathway 
that lead to a speedy reduction in RV load while IL-22 
reprograms the epithelial cell gene expression that results 
in resistance to RV infection [10].

The study had limitations. Due to unavailability of 
blood, we were unable to measure the levels of cytokines 
IL-22 and 18 to validate the expression levels of the two. 
We also used vaccine shedding as a measure of vaccine 
response although it has not been validated yet as mea-
sure of correlate of protection for RV vaccination. How-
ever, the RV vaccine shedding rates appear to resemble 
that of RV vaccine efficacy [24]. Further studies using 

both serum IgA and shedding as markers of vaccine 
response are required to validate the findings of the cur-
rent study.

In summary, we have shown differences in abundance 
of viable flagellated bacteria between RV vaccine shed-
ders and non-shedders. The expression of flagellin-
encoding fliC, its surface localized receptor TLR5, and 
not cytosolic NLRC4, were significantly high in non-
shedders. In addition, the expression of TLR5-elicited 
IL-22 and not NLRC4-dependant IL-18, was significantly 
high in non-shedders versus shedders. Collectively, our 
observations suggest that flagellin-mediated intestinal 
immunity could negatively influence RV vaccine take in 
infants harboring high abundance of the flagellated bac-
teria. This calls into question suggestions of including 
bacterial flagellin as adjuvants, especially in rotavirus 
vaccines.
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