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Javiera Sepúlveda-Alfaro1, Eduardo A. Catalán1,2,
Omar P. Vallejos1, Ignacio Ramos-Tapia3,
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Introduction: Respiratory infections are one of the leading causes of morbidity

and mortality worldwide, mainly in children, immunocompromised people, and

the elderly. Several respiratory viruses can induce intestinal inflammation and

alterations in intestinal microbiota composition. Human metapneumovirus

(HMPV) is one of the major respiratory viruses contributing to infant mortality

in children under 5 years of age worldwide, and the effect of this infection at the

gut level has not been studied.

Methods: Here, we evaluated the distal effects of HMPV infection on intestinal

microbiota and inflammation in a murine model, analyzing several post-infection

times (days 1, 3, and 5). Six to eight-week-old C57BL/6 mice were infected

intranasally with HMPV, and mice inoculated with a non-infectious supernatant

(Mock) were used as a control group.

Results: We did not detect HMPV viral load in the intestine, but we observed

significant changes in the transcription of IFN-g in the colon, analyzed by qPCR,

at day 1 post-infection as compared to the control group. Furthermore, we

analyzed the frequencies of different innate and adaptive immune cells in the

colonic lamina propria, using flow cytometry. The frequency of monocyte

populations was altered in the colon of HMPV -infected mice at days 1 and 3,

with no significant difference from control mice at day 5 post-infection.
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Moreover, colonic CD8+ T cells and memory precursor effector CD8+ T cells

were significantly increased in HMPV-infected mice at day 5, suggesting that

HMPV may also alter intestinal adaptive immunity. Additionally, we did not find

alterations in antimicrobial peptide expression, the frequency of colonic IgA+

plasma cells, and levels of fecal IgA. Some minor alterations in the fecal

microbiota composition of HMPV -infected mice were detected using 16s

rRNA sequencing. However, no significant differences were found in b-diversity
and relative abundance at the genus level.

Discussion: To our knowledge, this is the first report describing the alterations in

intestinal immunity following respiratory infection with HMPV infection. These

effects do not seem to be mediated by direct viral infection in the intestinal tract.

Our results indicate that HMPV can affect colonic innate and adaptive immunity

but does not significantly alter the microbiota composition, and further research

is required to understand the mechanisms inducing these distal effects in

the intestine.
KEYWORDS

HMPV, lung-gut axis, monocytes, CD8 + T cells, microbiota
Introduction

Respiratory diseases are a major health burden worldwide,

causing morbidity and mortality in young infants and the elderly.

Pneumonia is a lower respiratory tract disease caused by multiple

pathogens, including bacteria and viruses (1). Increasing evidence

indicates that respiratory viral infections such as influenza and

human respiratory syncytial virus (HRSV) can also cause intestinal

immune responses, inflammation, and changes in the gut

microbiota, suggesting that viral infections in the lung may lead

to systemic comorbidities (2–6). Evidence from influenza infection

suggests that these distal effects in the intestine are mediated by

systemic inflammatory signals or the migration of lung-derived

immune cells such as T cells rather than direct viral infection in the

gut (2). On the other hand, HRSV respiratory infection effects in the

intestinal tract are attributed to altered food intake during viral

infection (6). Therefore, it is important to understand whether other

respiratory viruses may impact intestinal homeostasis.

One of the most prevalent and poorly understood viruses

that cause community-acquired pneumonia is human

metapneumovirus (HMPV). HMPV was discovered in 2001 and

has become the second cause of pneumonia and bronchiolitis,

particularly in children under 5 years old (7, 8). HMPV induces a

rapid immune response with a robust innate component,

accompanied by the production of inflammatory cytokines,

particularly of a type 2 profile (9). TSLP, IL-25, and IL-33 are

known inducers of type 2 cytokine responses by innate immune

cells, triggering hypersecretion of mucus and lung allergic
02
inflammatory responses (9, 10). In addition, pro-inflammatory

cytokines activate the production of chemokines that recruit

neutrophils into the lung (9, 10). Still, although these cells help to

control infection and clear the pathogen, they also contribute to

lung inflammation and tissue damage. Indeed, neutrophil depletion

seems protective, as mice exhibit decreased inflammation and

reduced viral load in murine models (11). Other innate and

adaptive immune cells, such as alveolar macrophages, dendritic

cells, NK cells, and cytotoxic T cells, exhibit significant antiviral

responses against HMPV (12–15). Inducting inappropriate or

exacerbated immune responses against HMPV may lead to

chronic diseases, including chronic obstructive pulmonary disease

(COPD) and increased susceptibility to asthma (16, 17). Diarrhea

has been reported as a symptom in patients with HMPV, suggesting

that HMPV infection can induce intestinal inflammation, but it has

not been proven in animal models (16, 18, 19).

Based on this evidence, we hypothesized that respiratory

infection with HMPV distally affects intestinal immunity and

induces changes in the inflammatory profile and microbiota of

C57BL/6 mice. Therefore, we evaluated the infectivity of HMPV in

the intestine of C57BL/6 mice and corroborated infection in the

lung using qPCR. Next, we evaluated the inflammatory response in

the intestine in HMPV-infected mice, assessing the expression of

pro-inflammatory cytokines and antimicrobial peptides using

qPCR and the frequency of innate inflammatory myeloid cells

and adaptive immunes cells (CD8+ T cells and IgA+ plasma cells)

by flow cytometry. Finally, we evaluated changes in the fecal

microbiota composition of HMPV-infected mice.
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Materials and methods

Virus expansion and titration

HMPV serogroup A, strain CZ0107 (clinical isolate obtained

from the Laboratorio de Infectologıá y Virologıá of the Hospital

Clı ́nico, Pontificia Universidad Católica de Chile) (20) was

expanded using LLC-MK2 cells (American Type Culture

Collection, CCL-7TM) in medium 199 (Gibco) supplemented

with 1% horse serum, which were grown in T-75 bottles until

reaching 80-90% confluency. To infect the cells, an MOI equal to 0.1

of HMPV in 5 mL of infection medium (medium 199 supplemented

with 100 µg/ml CaCl2 and Trypsin 5 µg/mL) was used, and cells

were incubated at 37°C for 2 h and 5% CO2. After 72 h, the cells

were scraped and pooled to be centrifuged at 300xg for 10 min and

then at 500xg for 10 min to remove cell debris. Supernatants of non-

infected LLC-MK2 cells were used as a non-infectious control

(Mock) and obtained as previously reported (21, 22). Virus and

mock were aliquoted into cryotubes and stored at -80°C. Viral titers

of supernatants were determined by immunocytochemistry in 96-

well plates with LLC-MK2 cells monolayers infected with serial

dilutions of the virus (21–23).
HMPV infection

Six to eight-week-old C57BL/6 male mice were intraperitoneally

anesthetized with a dose of Ketamine/Xylazine (80 mg/kg and 4 mg/

kg, respectively) and then intranasally administered with 106 PFU

of HMPV or mock (non-infectious supernatant) in a final volume of

80 mL per mouse. Experimental parameters were assessed at days 1,

3, and 5 post-infection. Subsequently, daily monitoring and clinical

score follow-up were performed until the day of euthanasia, as

previously published (21). For euthanasia, a dose of Ketamine/

Xylazine (80 mg/kg and 10 mg/kg, respectively) was

intraperitoneally administered to the mice, followed by cervical

dislocation. All mouse experiments were conducted in agreement

with ethical standards and according to the local animal protection

law number 20.800. Furthermore, all experimental protocols were

designed according to the Sanitary Code of Terrestrial Animals of

the World Organization for Animal Health (OIE, 24a Edition, 2015)

and were reviewed and approved by the Scientific Ethical

Committee for Animal and Environment Care of the Pontificia

Universidad Católica de Chile (Protocol number 181012020) and

the Bioethics Committee of Universidad Andrés Bello.
Organ and fecal collection

Samples of lung and intestine were collected for flow cytometry

analysis and RNA extraction to assess viral load by qPCR and

proinflammatory cytokines present in the intestine by RT-qPCR.

Feces were directly collected from the colon to extract DNA for

evaluating bacterial groups by qPCR and 16S sequencing and for

total IgA detection.
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RNA extraction

Approximately 3 mm of tissue from the initial, middle, and final

parts of the small intestine and colon were collected and stored

TRIzol reagent (Invitrogen) and held at -80°C for RNA extraction.

RNA extraction from the intestine and lung was performed using

TRIzol reagent following the manufacturer’s protocol. RNA

samples were resuspended in 100 mL of nuclease-free water, and

the concentration and purity were measured using a NanoDrop

2000 Spectrophotometer (Thermo Fisher Scientific). The samples

were stored at -80°C until further use.
Quantitative PCR with reverse transcription

For the extracted intestinal RNA, real-time quantitative PCR

(RT-qPCR) was performed to detect the transcription of genes

encoding for Ifng, Il6, Il23a, Il17a, RegIIIg, and Lcn2 using the

Taqman RNA-to-Ct 1-Step kit (Applied Biosystems), following the

manufacturer’s instructions for a 10 mL reaction. The transcription

of the analyzed genes was normalized to the transcription of b-2-
microg lobu l in (b2m) . The Taqman probes for I fng

(Mm01168134_m1 ) , I l 6 (Mm00446190_m1 ) , I l 2 3 a

(Mm00518984_m1), I l17a (Mm00439618_m1), RegIIIg

(Mm00441127_m1), Lcn2 (Mm00441127_m1) and b2m
(Mm00434228_m1) were obtained from Thermo Fisher Scientific.

To detect viral titers in intestinal and lung RNA, RT-qPCR was

performed to detect the transcription of genes encoding the N

protein of the HMPV virus and normalized to the transcription of

the b-actin gene. In this case, cDNA was prepared using the

iScript™ Reverse Transcription Supermix for RT-qPCR kit

(BioRad), following the manufacturer’s instructions for a 20 mL
reaction. Subsequently, qPCR was performed using to detect b-actin
(Forward: 5’ TCCTATGTGGGTGACGAG 3’; Reverse: 5’

CTCATTGTAGAAGGTGTGGTG 3’), HMPV-N (Forward: 5’

ACAGCAGATTCTAAGAAACTCAGG 3 ’ ; Rever se : 5 ’

TCTTTGTCTATCTCTTCCACCC 3’). Mucin transcription in

intestinal RNA was detected using primers for Muc2 (Forward: 5’

AGAACGA TGCC TACAC CAAG 3 ’ ; R e v e r s e : 5 ’

CATTGAAGTCCCCGCAGAG 3’) and Muc5ac (Forward: 5’

A T GGG C T G T G T T C C T G T G T C 3 ’ ; R e v e r s e : 5 ’

CAGAACATGTGTTGGTGCAGTC 3’) and normalized to the

transcription of the b-actin gene. Fluorescence detection was

performed using the SsoAdvanced™ Universal SYBR Green

Supermix kit (BioRad), following the manufacturer’s instructions

for a 10 ml reaction.
Colon lamina propria digestion

Colonic lamina propria lymphocyte preparations were

performed as previously described (24). Intestinal tissue was

isolated, associated fat was removed, and tissue was cut open

longitudinally. Fecal samples were collected for bacterial DNA

extraction, and the remaining luminal contents were removed by
frontiersin.org
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shaking in cold PBS. To remove epithelial cells and intraepithelial

lymphocytes, the colon was incubated with stripping buffer (1X PBS

containing 1 mM EDTA, 1 mM dithiothreitol, and 5% FCS) for

10 min at 37°C and then repeated for a second round of 20 min.

Lamina propria cells were isolated by digesting the remaining tissue

in complete RPMI (supplemented with 1% L-glutamine, 1%

penicillin/streptomycin, and 10% FBS at pH 7.2) containing 2

mg/ml Collagenase D (Roche) and 20 mg/ml DNase I (Sigma-

Aldrich) for 45 min at 37°C. Following the tissue digestion, liberated

cells were extracted by passing the tissue and supernatant over a 70-

mm nylon filter and centrifugation to isolate lamina propria

lymphocytes. The cells were stored at 4°C until they were stained

for flow cytometry analysis.
Lung digestion

The lungs were cut and transferred to a 15 mL falcon tube with

5 mL of Collagenase IV (T Thermo Fisher Scientific) and incubated

on a shaker for 1 h at 37°C. Then, 5 mL of 5 mM EDTA was added,

agitated to stop digestion, and incubated at room temperature for

2 min. Subsequently, the supernatant was discarded, and the lung

tissue was collected using a 70 mm cell strainer. The tissue was

homogenized and transferred to a clean 1.5 mL tube. The tube was

centrifuged at 300xg for 7 min, the supernatant was discarded, and

the tissue resuspended in 1 mL of 1X ACK buffer. The suspension

was incubated at room temperature for 5 min and then centrifuged

at 300xg for another 7 min. The supernatant was again discarded,

and the tissue was resuspended in 1 mL of 1X PBS. The cells were

stored at 4°C until stained for analysis by flow cytometry.
Flow cytometry

Cells were stained in 1X PBS containing 2% FBS and 2 mM

EDTA for 30 min at 4°C and then fixed with 2% PFA for 15 min at

4°C. Single-cell preparations were stained with antibodies to the

following markers: anti-Ly6C (clone HK1.4, BioLegend), anti-IgA

(clone mA-6E1, eBioscience), anti-Ly6G (clone 1A8, BD), anti-

SiglecF (clone E50-2440, BD), anti-CD11c (clone HL3, BD), anti-

CD45 (clone 30-F11, BioLegend), anti-IA/IE (clone M5/114.15.2,

BD), anti-B220 (clone RA3-6B2, BioLegend), anti-CD138 (clone

281-2, BioLegend), anti-CD64 (clone X54-5/7.1, BD), anti-CD11b

(clone M1-70, BD) and anti-CD5 (clone 53-7.3, BD). Dead cells

were excluded from analysis using the viability dye BD Horizon

Fixable Viability Stain 510 (BD). Data were acquired in an

LSRFortessa X20 cytometer (BD Biosciences) and analyzed using

FlowJo v10.0.7 software (BD Biosciences).
Fecal sample processing

Fecal samples were collected in empty and pre-weighed 1.5 mL

tubes. The samples were diluted with 1X PBS to a concentration of

100 mg/mL and homogenized using a sterile plastic pestle. The tubes

were then centrifuged at 50xg for 15 min, and the supernatant was
Frontiers in Immunology 04
carefully removed and transferred to a clean 1.5 mL tube. The

supernatant was then centrifuged at 8,000xg for 5 min, and the

resulting supernatant was collected in a clean 1.5 mL tube and

stored at -30°C. The bacterial pellet was stored at -80°C until

further use.
Lipocalin-2 and IgA ELISA

The amount of mouse fecal Lipocalin-2 and IgA was measured

using a Mouse Lipocalin-2/NGAL DuoSet ELISA (R&D Systems)

and IgA Mouse Uncoated ELISA Kit (Invitrogen), respectively,

according to the manufacturer’s instructions. Briefly, the plates

were coated overnight with the pre-titrated purified capture

antibody, and after blocking, fold serial dilutions of a standard

Lipocalin-2 or IgA and fecal supernatants (diluted at 1:10 for

lipocalin-2 and 1:1,000 for IgA) were incubated for 2 h at room

temperature (RT) on a microplate shaker at 400 rpm. For Lipocalin-

2, after washing the plate, a biotinylated rat anti-mouse Lipocalin-2

was incubated at RT for 2 h with shaking at 400 rpm followed by

incubation with streptavidin-HRP for 20 min. For IgA detection,

pre-titrated, HRP-conjugated anti-mouse IgA polyclonal antibody

was incubated at RT for 1 h with shaking at 400 rpm. After washing

the plate, the Tetramethylbenzidine (TMB) substrate solution was

added and incubated at RT for 15 min, and the reaction was stopped

using H2SO4 1N. The optical densities were measured at 450 nm

with a correction of 570 nm using a microplate spectrophotometer

(Agilent BioTek Epoch).
Bacterial DNA extraction

Bacterial DNA extraction from the fecal samples was performed

using the DNeasy PowerSoil Pro Kit (Qiagen) following the

manufacturer’s instructions. The concentration and purity of the

extracted DNA were measured using a NanoDrop 2000

Spectrophotometer (Thermo Fisher Scientific), and the DNA was

stored at -80°C until further use.
16S sequencing

To identify the intestinal microbiome of mock-treated and

HMPV-infected mice, bacterial DNA extracted from fecal

samples was submitted to 16S amplicon sequencing using the

Illumina massively parallel sequencing technique at Zymo

Research (Irvine, CA). Fecal DNA was amplified using 16S

primers designed by Zymo Research, targeting the hypervariable

V3-V4 regions of the 16S rRNA gene. The sequencing library was

prepared in real-time PCR machines, quantified using fluorescence

readings, and processed with the Select-a-Size DNA Clean &

Concentrator kit™ (Zymo Research). Quality control was

performed in a TapeStation® system (Agilent Technologies) and

by fluorometric quantification using a Qubit® fluorometer (Thermo

Fisher Scientific). The resulting library was sequenced on Illumina®

MiSeq™ with a v3 reagent kit (600 cycles) (Illumina Incorporated).
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Microbiota analysis

16S rRNA amplicon sequence variants (ASV) in each sample

were inferred using DADA2 version 1.28 (25). Forward reads are

maintained to 280 pb, reverse reads were trimmed at 220 bp to

maintain quality over PHRED 25 and filtered using the following

parameters: maxN=0, maxEE=c (2, 3), truncQ=2, trimLeft=c (20,

21), rm.phix=TRUE. Error rate learning, dereplication, and read

merging were performed using the default software settings.

Taxonomy was assigned using the Silva database (version 138.1)

(26). Multiple sequence alignment was carried out using the

AlignSeqs function of the Decipher package (27), and the

phylogenetic tree was inferred using the R PHANGORN package

(4) (version 2.11.1). We created a Phyloseq object for subsequent

microbial analyses with the Phyloseq (28) package (version 1.23.1)

and we discarded samples of with less than 1,000 reads, with no

assignment at the phylum level, ASVs with an average relative

abundance <1e-5, and ASVs that were not observed more than 2

times in at least 10% of the samples. We normalized our samples

using the negative binomial distribution recommended by

McMurdie and Holmes (29), implemented in the Bioconductor

package DESeq2 (30). Visualizations of microbial relative

abundances were carried out in RStudio (version 1.2.1335) and R

(version 3.6.1), using the microeco (version 1.1.0) (31) and ampvis2

(version 2.7.34) packages (32). All sequence data was deposited in

the NCBI under Bioproject accession number PRJNA1041303.
Statistical analyses

Statistical analyses were conducted using GraphPad Prism 10

software. Data are presented as mean ± standard error of the mean

(SEM). Statistical analyses were performed by two-way ANOVA

followed by a post hoc Tukey test. Microbiota relative abundance

was assessed using Kruskal Wallis and b-diversity using

P e rmu t a t i on a l Mu l t i v a r i a t e Ana l y s i s o f Va r i a n c e

(PERMANOVA). Differences between means were statistically

significant, with a P-value <0.05.
Results

HMPV viral load is not detected in the
intestine of HMPV-infected mice

To assess the effect of HMPV infection in the intestinal tract, we

infected intranasally C57BL/6 mice for 1, 3, or 5 days and compared

them to mice treated with mock supernatant. Mouse weight was

monitored throughout the experiment, and we observed a

significant weight loss at days 1 to 3 post-infection (Figure 1A).

Lung inflammation was confirmed by increased recruitment of

neutrophils and monocyte-derived macrophages (Supplementary

Figure 1). Infection was confirmed by assessing the HMPV viral

load in the lung, which was significantly higher at all time points
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evaluated as compared to the mock-treated group (Figure 1B). In

contrast, we did not detect the virus in infected mice’s small

intestine or colon (Figures 1C, D), suggesting that the virus does

not infect or replicate in the intestinal tract.
HMPV-infected mice exhibit expression of
IFN-g in the colon

Next, we assessed whether HMPV-infected exhibit altered levels

of cytokine production in the intestinal tract at the RNA level. We

analyzed the transcription of the pro-inflammatory cytokines Ifng,

Il6, Il17a, and Il23a, which are important signals secreted by

different innate cells in the onset of intestinal inflammation.

Increased expression of IFN-g, IL-6, IL17-A but not IL-23 has

been reported in the intestine of mice infected with influenza virus

(2), and therefore we explored whether similar cytokine expression

patterns could be observed following HMPV infection. We

observed that Ifng was significantly increased at day 1 post-

infection (Figure 2A), whereas we observed a not significant

increase of Il6 at day 1 and 5 post-infection (Figure 2B). We did

not observe significant differences in Il17a and IL23a transcription

in the colon (Figures 2C, D) and none of the cytokines evaluated in

the small intestine, when comparing mock-treated and HMPV-

infected mice (Supplementary Figure 2A-D). However, we observed

a significant difference in Il6 transcription in the small intestine at

day 1 post-infection, compared to HMPV-infected mice at day 3

and 5 (Supplementary Figure 2B). These results suggest that HMPV

may induce increased IFN-g expression at early infection but none

of the other inflammatory cytokines analyzed are increased

following HMPV infection.

On the other hand, considering previous work showing increased

production of the gastric mucin Muc5ac and the antimicrobial

peptide lipocalin-2 following HRSV infection (5), we analyzed the

transcription of Muc5ac and the predominant intestinal mucin Muc2

at the RNA level and presence of lipocalin-2 protein in feces. We did

not detect significant differences in the transcription of Muc5ac and

Muc2 in the colon (Figures 2E, F) or small intestine (Supplementary

Figure 2E, F) following HMPV infection. In addition, the expression

of the antimicrobial peptides RegIIIg (RegIIIg) and lipocalin-2 (Lcn2)

was not altered following HMPV infection in either the small

intestine or colon at the RNA level and protein level in fecal

supernatants (Supplementary Figure 3). These results suggest that

mucin expression and antimicrobial peptide expression is not altered

following HMPV infection.
HMPV-infected mice exhibit altered
frequency of monocytes in the colon

To identify potential alterations associated with inflammation in

the colon, we isolated lamina propria colonic cells and analyzed the

frequency of the myeloid population using flow cytometry.
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FIGURE 1

HMPV-infected mice do not exhibit viral load in the intestine at different post-infection times. C57BL/6 mice were infected for 1, 3, and 5 days with
HMPV and compared to mice treated with mock. (A) Mouse weight was assessed at different time points of the infection and compared to their
initial weight. (B-D) HMPV viral load was assessed using RT-qPCR at different time points post-infection (days 1, 3, and 5) in the lung (B), small
intestine (C), and colon (D). Viral load was assessed by comparing to the expression of a host housekeeping gene (b-actin). Mock-treated mice are
shown in grey, and HMPV-infected mice are shown in black. All data are shown as mean ± SEM and are representative of two independent
experiments (mock-treated mice n=5-6 per group; HMPV-infected mice n=6 per group). Statistical differences were evaluated by a two-way
ANOVA comparing the means of all the columns and rows corresponding to each group, followed by a post hoc Tukey test (*p<0.05,
****p<0.0001). ns, not significant.
A B D

E F

C

FIGURE 2

HMPV-infected mice exhibit increased expression of IFN-g in the colon at day 1 post-infection. Transcription of different pro-inflammatory cytokines
and mucins was assessed in the colon of mock-treated and HMPV-infected mice at different time points. (A) Relative expression of Ifng. (B) Relative
expression of Il17a. (C) Relative expression of Il6. (D) Relative expression of Il23a. (E) Relative expression of Muc5ac. (F) Relative expression of Muc2.
Mock-treated mice are shown in grey, and HMPV-infected mice are shown in black. All data are shown as mean ± SEM and are representative of
two independent experiments (mock-treated mice n=5-6 per group; HMPV-infected mice n=6 per group). Statistical differences were evaluated by
a two-way ANOVA comparing the means of all the columns and rows corresponding to each group, followed by a post hoc Tukey test (*p<0.05 and
**p<0.01). ns, not significant.
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Monocytes constantly enter the lamina propria from the circulation

and replenish the intestinal macrophage pool, but their recruitment is

increased in response to inflammatory signals (33, 34). We analyzed

monocyte populations based on the expression of Ly6C+ and

MHCII+, using the monocyte “waterfall” gating strategy (33, 34), as

increased frequency of double-positive Ly6C+ MHCII+ monocytes

into the colon lamina propria have been associated with the onset of

intestinal inflammation (33, 34) (Supplementary Figure 4A). Ly6C+

MHCII- monocytes represent a classical phenotype of monocytes

freshly recruited from the circulation into the gut. Therefore, if

respiratory viral infection induces monocyte recruitment into the

colon lamina propria, it would be expected to find increased

frequency of classical Ly6C+ MHCII- and Ly6C+ MHCII+

monocytes. We found a significantly increased frequency of Ly6C+

MHCII- monocytes at day 3 post-infection, but its frequency was not

significantly different compared to the mock-treated group at day 5

post-infection (Figures 3A, B). In line with this, we observed a

significant increase in double positive Ly6C+ MHCII+ monocytes at

day 1 post-infection (Figures 3A, C). However, the numbers of these

monocytes were not significantly different at days 3 and 5 post-

infection (Figures 3A, C), suggesting that this may reflect a transient

differentiation towards a pro-inflammatory monocyte phenotype at

early infection (Figures 3A, C). We did not find significant alterations

in the frequency of macrophages (Figure 3D) or neutrophils

(Supplementary Figure 4B, C) at any time point analyzed. These

results suggest that HMPV infection may induce transient

recruitment of monocytes into the gut at early infection.
Frontiers in Immunology 07
HMPV alters the frequency of colonic
CD8+ T cells associated with a memory
phenotype but not IgA production at day 5
post-infection
Further, we analyzed whether the frequency of adaptive

immune cells was altered following HMPV infection. Following

influenza infection, the induction of intestinal effector CD8+ T cells

has been reported (35). We analyzed changes in the frequency of

CD8+ T cells in the colon using flow cytometry at later infection

timepoints (day 3 and day 5). We observed an increased frequency

of these cells at day 5 in relation to the frequency of CD4+ T cells

(Figures 4A-C). We also used the surface markers KLRG1 and

CD127 to identify memory precursor effector CD8+ T cells

(KLRG1- CD127+) and short-lived effector CD8+ T cells (KLRG1+

CD127-). We found a significant increase in the frequency of

memory precursor effector CD8+ T cells (Figures 4D–F),

suggesting that HMPV infection may induce changes in adaptive

intestinal immunity. In addition, we evaluated whether these effects

are maintained 7 days post-infection and we only found increased

frequency of colonic CD8+ T cells but no differences in colonic

neutrophil and monocyte populations (Supplementary Figure 5),

suggesting that colonic CD8+ T cells may be maintained following

respiratory HMPV infection.

Further, considering previous work has shown alterations in

antimicrobial responses following viral infection (5), we analyzed
A

B DC

FIGURE 3

HMPV-infected mice exhibit increased frequency of proinflammatory monocytes in the colon at early infection. Colon lamina propria cells were
analyzed at different time points following HMPV infection using flow cytometry. (A) Representative plots of colonic Ly6C+ MHCII-, Ly6C+ MHCII+,
and macrophages (gated as live CD45+ CD11b+ Ly6G- SiglecF- CD64+ cells) in mock-treated and HMPV-infected mice at day 5 post-infection. (B)
Frequency of Ly6C+ MHCII- monocytes. (C) Frequency of Ly6C+ MHCII+ monocytes. (D) Frequency of macrophages. Mock-treated mice are shown
in grey, and hMPV-infected mice are shown in black. All data are shown as mean ± SEM and are representative of two independent experiments
(mock-treated mice n=5-6 per group; HMPV-infected mice n=6 per group). Statistical differences were evaluated by a two-way ANOVA comparing
the means of all the columns and rows corresponding to each group, followed by a post hoc Tukey test (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001). ns, not significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1330209
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
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whether IgA was altered following HMPV infection. Colonic IgA

plasma cells are responsible for IgA secretion and can control the

intestinal microbiota composition (36–38). We analyzed changes in

the frequency of IgA+ plasma cells (CD138+ IgA+) in the colon

using flow cytometry at late infection timepoints (day 3 and day 5).

We did not observe significant differences in the frequency of these

cells between mock-treated and HMPV-infected mice (Figures 5A,

B). We also evaluated total fecal IgA production using ELISA and

observed a slight but non-significant decrease in IgA production at

day 5 post-infection (Figure 5C). Similarly, we did not find

significant differences in fecal lipocalin-2 and IgA production 7

days post-infection (Supplementary Figure 5). These results

indicate that intestinal anti-microbial IgA responses are not

altered following HMPV infection.
HMPV infection does not significantly alter
the fecal microbiota composition

Several reports have shown that respiratory viral infection may

alter the composition of the intestinal microbiota and even favor the

expansion of pathogenic species (2, 4–6). We analyzed the fecal

microbiota of mock-treated and HMPV-infected mice using 16S

rRNA sequencing. Relative abundance of members of the

Firmicutes and Bacteroidota phylum did not exhibit significant

differences at any time point (Figures 6A, B), although we observed

a non-significant decrease the family Lactobacillaceae at day 3, but

its relative abundance was similar between mock-treated and

HMPV-treated mice by day 5 (Figure 6A). In line with this,
Frontiers in Immunology 08
relative abundance was not significantly different between

bacterial genera, but we observed a non-significant an increase in

Ligilactobacillus (Figure 6C). Alpha diversity was also analyzed

(Shannon and Observed) but no significant differences were

detected (Supplementary Figure 6A) whereas beta-diversity was

not significantly different between mock-treated and HMPV-

infected mice at each time point (Supplementary Figure 6B). Of

note, the fecal microbiota of the analyzed mice corresponds to those

euthanized at days 1, 3, and 5 post-infection, respectively. These

results suggest that although HMPV may slightly alter the fecal

microbiota composition at early time points post-infection, mice do

not exhibit statistically significant differences in the fecal microbiota

composition, without expansion of pathogenic species.
Discussion

The effect of respiratory viruses on intestinal immunity is an

area of increasing interest due to the potential increase in

susceptibility to both intestinal and systemic disease following

viral infection (39). To our knowledge, this is the first report

describing the alterations in intestinal immunity following

respiratory infection with HMPV infection. These effects do not

seem to be mediated by direct viral infection in the intestinal tract.

We confirmed HMPV viral load in the lungs post-infection at each

time point, but no viral load was detected in the small intestine and

colon (Figure 1). Our results suggest that the virus does not replicate

in the intestinal tract, but we cannot rule out that in our studies,

some of the virus administered intranasally may have accessed the
A B

D E F

C

FIGURE 4

HMPV-infected mice exhibit increased frequency of CD8+ T cells in the colon at day 5 post-infection. Colon lamina propria T cells were analyzed at
different time points following HMPV infection using flow cytometry. (A) Representative plots of CD8+ and CD4+ T cells (gated as live CD45+ CD11b-

CD5+ cells) in Mock and HMPV-infected mice at day 5 post-infection. (B) Frequency of CD8+ T cells. (C) Frequency of CD4+ T cells. (D)
Representative plots of memory precursor effector CD8+ T cells (identified as KLRG1- CD127+ cells) and short-lived effector memory CD8+ T cells
(identified as KLRG1+ CD127- cells). (E) Frequency of short-lived effector CD8+ T cells. (F) Frequency of memory precursor effector CD8+ T cells.
Mock-treated mice are shown in grey, and HMPV-infected mice are shown in black. All data are shown as mean ± SEM and are representative of
two independent experiments (mock-treated mice n=5-6 per group; HMPV-infected mice n=6 per group). Statistical differences were evaluated by
a two-way ANOVA comparing the means of all the columns and rows corresponding to each group, followed by a post hoc Tukey test (*p<0.05,
**p<0.01, ****p<0.0001). ns, not significant.
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oral route during the infection, which may have contributed to the

alterations observed in day 1 post-infection. The main known target

of HMPV are airway epithelial cells (AECs), through the interaction

between the viral fusion protein F and heparan sulfate on the

surface of AECs and thus HMPV infection has been mainly

associated to the airways (40, 41). Although intestinal epithelial

cells also express heparan sulfate (42), it is not known whether the

virus is also able to target these cells and/or whether the virus is able

to reach the intestinal epithelial considering the presence of the

mucus layer present in both small and large intestine. Other

respiratory viruses such as SARS-CoV-2 have been shown to

infect enterocytes and viral load has been detected in intestinal

biopsies and the stools of patients exhibiting diarrhea (43–45).

Considering the lack of detection of HMPV in intestinal tissue in

our experiments, our results align with those reported for murine

infection with influenza A and HRSV, as there is no direct infection

in the gut, yet there is a change in the intestinal immune response

and microbiota composition (2, 4–6). Indeed, intragastric

administration of influenza A does not cause infection and

intestinal inflammation in a murine infection model (2).

Therefore, in vitro assays assessing HMPV ability to infect

intestinal epithelial cell lines and/or in vivo intragastric
Frontiers in Immunology 09
administration of the virus could be performed to elucidate

whether early alterations in the gut upon HMPV infection are

due to direct viral infection into the intestine or to indirect distal

effects. However, here we report changes in the intestinal immunity

that are observed up to day 5 post-infection, so it is unlikely that

they are mediated directly by HMPV presence in the intestine.

The relative expression of various proinflammatory cytokines

was measured to assess whether HMPV caused an inflammatory

response in the intestine. We observed increased expression of IFN-

g at day 1 post-infection but no major changes in other cytokines at

later timepoints post-infection in either the small intestine or colon,

suggesting that HMPV respiratory infection may alter innate

immunity in the colon. Although we did not assess the cellular

source of this cytokine, several local and recruited innate cells could

be responsible for these effects, including neutrophils and NK cells

(46). On the other hand, IFN-g also promotes inflammatory

monocyte recruitment in other infections. However, other signals,

including the chemokine CCL2, have been shown to play an

important role in monocyte recruitment during intestinal

inflammation (47, 48). IL-23 can also promote monocyte

recruitment (47), but we did not find a significant increase in the

expression of this cytokine following HMPV infection in the
A

B C

FIGURE 5

Colonic IgA production is not altered following HMPV infection. IgA production was assessed using flow cytometry and ELISA following HMPV
infection. (A) Representative plots of colonic IgA+ plasma cells (gated as live CD45+ MHCII+ CD11b- cells) in mock-treated and HMPV-infected mice
at day 5 post-infection. (B) Frequency of colonic IgA+ plasma cells. (C) Evaluation of the concentration of free IgA measured by ELISA in feces
isolated from HMPV-infected mice at different post-infection times. Mock-treated mice are shown in grey, and HMPV-infected mice are shown in
black. All data are shown as mean ± SEM and are representative of two independent experiments (mock-treated mice n=5-6 per group; HMPV-
infected mice n=6 per group). Statistical differences were evaluated by a two-way ANOVA comparing the means of all the columns and rows
corresponding to each group, followed by a post hoc Tukey test. ns, not significant.
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intestine. As reported by flow cytometry, we found an altered

frequency of monocytes infiltrating the colon at early infection. It

has also been described that during colitis induced in C57BL/6

mice, increased recruitment of Ly6C+ MHCII- monocytes results in

increased frequency of Ly6C+ MHCII+ antigen-presenting

monocytes, which play pro-inflammatory roles (33, 49). Our

results show that both IFN-g expression and increased frequency

of monocytes occurs transiently at early infection. Still, normal

levels are restored by day 5, suggesting that HMPV infection does

not profoundly alter these parameters in intestinal immunity.

However, a limitation of our study is the lack of measurement of

protein levels, including IFN-g, in intestinal lavage or tissue, as

reported for the effects of HRSV infection in intestinal tissue (5),

which could further confirm our findings.

On the other hand, we evaluated the frequency of CD8+ T cells

and CD8+ T cell subsets and found an increased frequency of

memory precursor effector CD8+ T cells (Figure 4). It has been

reported that these cells expressing the IL-7 receptor, CD127 can

give rise to long-lived memory cells, and their fate is regulated by

IL-15 and low expression of T-bet, compared to KLRG1+ short-

lived effector cells, whose fate relies on IL-12 signaling to drive high

expression of T-bet (50, 51). Importantly, a previous study showed

that antigen-specific KLRG1+ short-lived effector cells but not
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memory precursor effector CD8+ T cells are increased in the

intestinal lamina propria 10 days after intranasal infection with

influenza virus expressing ovalbumin, suggesting that respiratory

viruses may have differential effects on CD8+ T cell intestinal

subsets (35). These changes in intestinal CD8+ T cell subsets were

attributed to the migration of these cells into the intestinal mucosa,

which could be an explanation for the increase in both intestinal

CD8+ T cells and memory precursor effector CD8+ T cells reported

here in response to HMPV infection. A similar case has been

described for influenza A infection, which drives lung CD4+ T

cell migration with increased gut homing, which causes Th17-

dependent intestinal inflammation influenced by the microbiota

(2). However, a limitation of our study was the lack of

characterization of antigen-specific CD8+ T cell responses, which

could confirm whether these intestinal CD8+ T cells are specific

against HMPV. In addition, we did not perform histopathology in

colon samples, which could have confirmed the recruitment of

monocytes and CD8+ T cells at the different time points indicated

by flow cytometry.

Different secreted proteins, including innate cell-secreted

antimicrobial peptides and plasma cell-secreted IgA, regulate

intestinal antimicrobial responses and microbiota composition.

HRSV infection has been previously shown to cause an increase
A B

C

FIGURE 6

HMPV-infected mice do not exhibit significant alterations in the fecal microbiota. Bacterial DNA from fecal samples was isolated, and 16S rRNA
sequencing was performed. Mock and HMPV microbiota were grouped by day post-infection. (A) Microbiota abundance between family members
of the phylum Firmicutes. (B) Microbiota abundance between family members of the phylum Bacteroidota. (C) Microbiota abundance at the genus
level, showing the 15 most abundant genera at each time point (Kruskal-Wallis, p < 0.05). Mock-treated mice are shown in grey, and HMPV-infected
mice are shown in black. All data are shown as mean ± SD and are representative of two independent experiments (mock-treated mice n=5-6 per
group; HMPV-infected mice n=6 per group).
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in the expression of fecal lipocalin-2, which was also associated with

low-grade colon inflammation 7 days post-infection (5).

Neutrophils constitutively express lipocalin-2 and increased fecal

levels have been proposed as a sensitive marker of gut dysbiosis and

intestinal inflammation in mouse models of colitis (52–54). Here,

we did not find alterations in the expression of lipocalin-2 and the

antibacterial lectin RegIIIg in both the small intestine and colon at

the RNA level (Supplementary Figure 4) and fecal supernatants

(Figure 2F), in contrast to the results reported during HRSV

infection (5), suggesting that HMPV infection does not alter

innate antimicrobial responses. These results are consistent with

the lack of significant differences in neutrophil recruitment to the

colon of HMPV-infected mice, which suggests that HMPV does not

induce neutrophil-mediated colonic inflammation (Supplementary

Figure 4C). In line with this, we also did not find changes in the

expression of the gastric Muc5ac in the intestine, which has been

reported to be increased following HRSV infection (5). Similarly, we

assessed the frequency of IgA+ plasma cells and levels of fecal IgA

(Figure 5), as levels of microbiota-specific IgA can change in

response to infection and inflammation in the intestine, driving

alterations in the microbiota composition (36, 38). Our results

indicate that levels of IgA are not altered following HMPV, which is

consistent with the lack of significant variations in the fecal

microbiota. However, we did not evaluate the generation of

HMPV-specific antibodies in the intestinal tract, which could be

explored in further studies.

Changes in the intestinal microbiota during respiratory

infections have been extensively studied through the lung-gut axis

(39). To assess whether HMPV infection caused changes in the

intestinal microbiota, the relative abundance of different bacterial

groups characteristic of the murine normal microbiota was

analyzed using 16 rRNA sequencing. We found alterations in the

relative abundance of some of the most abundant genera in our

samples. However, we did not find significant differences in

particular genera and/or distinctive microbiota in HMPV-infected

mice, and we did not find alterations in b-diversity, which is in line

with the lack of alteration in molecules related to antimicrobial

immunity. Various studies have shown changes in the intestinal

microbiota during HRSV infection (5, 6), which belongs to the same

taxonomic family as HMPV. HRSV-induced changes in the

intestinal microbiota composition occur due to alterations in food

intake caused by CD8+ T cell-dependent inappetence and a decrease

in food intake (6). In addition, it was reported that HRSV induces

changes in the fecal metabolome, altering lipid metabolism (6).

Although both HRSV and HMPV belong to the family

Pneumoviridae (55), we report that hMPV does not cause a

profound and lasting effect on the intestinal microbiota.

Importantly, we did not find an expansion of potentially

pathogenic bacteria belonging to the Enterobacteriaceae family,

which are increased during influenza A infection in mice and are

responsible for the induction of microbiota-dependent intestinal

inflammation (2). Of note, we did not compare the fecal microbiota

before and after the infection but all animals used in this study were

littermates that were kept in identical environmental conditions.

These findings suggest that the immune changes reported here are

not attributed to local changes in the intestinal microbiota but
Frontiers in Immunology 11
reflect indirect effects of respiratory virus, such as inappetence

observed in early infection.

Taken together, our data indicates that HMPV does not cause

extensive inflammation in the colon but rather induces transient

recruitment of monocytes at early infection and increased frequency

of CD8+ T cells, with the potential of becoming memory cells at late

infection. Of note, we used C57BL/6 mice as a model of infection and

has been reported as a murine model of acute, self-resolving infection

of HMPV, which do not develop extensive lung damage and are able

to clear the virus in 10 days (56, 57). In line with this, we analyzed

whether mice exhibit differences in colon lamina propria cells by flow

cytometry and we only confirmed an increase in CD8+ T cells but no

differences in monocyte and neutrophil recruitment, which suggests

that CD8+ T cell increase is maintained at later time points following

HMPV but it is not necessarily related with colon inflammation. We

cannot rule out that models with higher susceptibility to HMPV, such

as BALB/c mice (57) or mouse models susceptible to spontaneous

inflammation, such as IL-10-/- mice, may exhibit more pronounced

intestinal inflammation and changes in microbiota composition (38,

58). On the other hand, changes in intestinal immunity caused by

influenza infection render increased susceptibility to Salmonella

enterica serovar Typhimurium secondary infection in mouse

models. In contrast, it is unclear whether HMPV may alter

susceptibility to secondary intestinal pathology (3, 59). Therefore,

further studies are required to understand the impact of HMPV

respiratory infection on the susceptibility to secondary intestinal

infection or inflammation.
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SUPPLEMENTARY FIGURE 1

HMPV-infected mice exhibit increased recruitment of lung neutrophils and
monocyte-derived macrophages. Lung cells were analyzed at different time

points following HMPV infection using flow cytometry. A) Representative

plots of neutrophils (gated as live CD45+ CD11b+ Ly6G+ cells) in Mock and
HMPV-infected mice at day 1 post-infection. B) Frequency of neutrophils. C)

Representative plots of monocyte-derived macrophages (gated as live CD45
+ CD11b+ SiglecF- MHCII+ Ly6C+ CD64+ cells) in Mock and HMPV-infected

mice at day 1 post-infection. D) Frequency of monocyte-derived
macrophages. Mock-treated mice are shown in grey, and HMPV-infected

mice are shown in black. All data are shown as mean ± SEM and are

representative of two independent experiments (mock-treated mice n=5-6
per group; HMPV-infected mice n=6 per group). Statistical differences were

evaluated by a two-way ANOVA comparing the means of all the columns and
rows corresponding to each group, followed by a post hoc Tukey test

(*p<0.05 and **p<0.01).

SUPPLEMENTARY FIGURE 2

HMPV-infected mice do not exhibit changes in pro-inflammatory cytokines
in the small intestine. Transcription of different pro-inflammatory cytokines

was assessed in the small intestine of mock-treated and HMPV-infected mice
at different time points. A) Relative expression of Ifng. B) Relative expression of

Il6. C) Relative expression of Il17a. D) Relative expression of Il23a. E) Relative
expression of Muc5ac. F) Relative expression of Muc2. Data representative of

two independent experiments (mock-treated mice n=5-6 per group; HMPV-

infected mice n=6 per group). Mock-treated mice are shown in grey, and
HMPV-infected mice are shown in black. All data are shown as mean ± SEM

and are representative of two independent experiments (mock-treated mice
n=5-6 per group; HMPV-infected mice n=6 per group). Statistical differences

were evaluated by a two-way ANOVA comparing the means of all the
columns and rows corresponding to each group, followed by a post hoc

Tukey test (*p<0.05 and **p<0.01).

SUPPLEMENTARY FIGURE 3

HMPV-infected mice do not exhibit changes in the transcription of
antimicrobial peptides in the small intestine and colon and fecal levels of

Lipocalin-2. Expression at the RNA level of different pro-inflammatory
cytokines was assessed in the small intestine and colon of mock-treated

and HMPV-infected mice at different time points. A) Relative expression of

RegIIIg in the small intestine. B) Relative expression of RegIIIg in the colon. C)
Relative expression of Lcn2 in the small intestine. D) Relative expression of

Lcn2 in the colon. E) Fold change of fecal lipocalin-2 levels measured by ELISA
in fecal supernatants. Mock-treated mice are shown in grey, and HMPV-

infected mice are shown in black. All data are shown as mean ± SEM and are
representative of two independent experiments (mock-treated mice n=5-6

per group; HMPV-infected mice n=6 per group). Statistical differences were

evaluated by a two-way ANOVA comparing the means of all the columns and
rows corresponding to each group, followed by a post hoc Tukey test.

SUPPLEMENTARY FIGURE 4

HMPV-infected mice do not exhibit increased recruitment of neutrophils into
the colon at different post-infection time points. Colon lamina propria cells

were analyzed at different time points following HMPV infection using flow

cytometry. A) Gating strategy for neutrophils (live CD45+ CD11b+ Ly6G+
cells), macrophages (live CD45+ CD11b+ CD64+ Ly6C- MHCII+ cells) and

monocytes (live CD45+ CD11b+ CD64+ Ly6C+ MHCII-/+ cells). B)
Representative plots of neutrophils (gated as live CD45+ CD11b+ Ly6G+

cells) in Mock and HMPV-infected mice at day 1 post-infection. C) Frequency
of colonic neutrophils. Mock-treated mice are shown in grey, and HMPV-

infected mice are shown in black. All data are shown as mean ± SEM and are
representative of two independent experiments (mock-treated mice n=5-6

per group; HMPV-infected mice n=6 per group). Statistical differences were

evaluated by a two-way ANOVA comparing the means of all the columns and
rows corresponding to each group, followed by a post hoc Tukey test.

SUPPLEMENTARY FIGURE 5

HMPV-infected mice do not exhibit changes in the expression of
antimicrobial peptides in the small intestine and colon. Colon lamina

propria cells were analyzed at different time points following HMPV

infection using flow cytometry. A) Frequency of colonic neutrophils. B)
Frequency of colonic monocytes and macrophages. C) Frequency of CD8+

T cells. Expression of lipocalin-2 and IgA was measured in fecal supernatants
by ELISA. D) Fold change of fecal lipocalin-2 levels. E) Levels of free fecal IgA.
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Mock-treated mice are shown in grey, and HMPV-infected mice are shown in
black. All data are shown as mean ± SEM and are representative of two

independent experiments (mock-treated mice n=5 per group; HMPV-

infected mice n=6 per group). Statistical differences were evaluated using
an unpaired t test.

SUPPLEMENTARY FIGURE 6

HMPV-infected mice do not exhibit fecal microbiota b diversity alterations. A)
Alpha diversity of fecal Mock and HMPV samples at different timepoints,

analyzed by Observed and Shannon Index. Mock-treated mice are shown in
Frontiers in Immunology 13
grey, and HMPV-infected mice are shown in black. B) PCoA analysis of all
samples by group (mock and HMPV) and timepoint. Mock samples are shown

as triangles, and HMPV samples are shown as circles. Time points are shown

in green (day 1), red (day 3), and blue (day 5). PERMANOVA test was conducted
using distance matrices (HMPV samples between days: Unifrac, Jaccard y

Bray-Curtis, HMPV, p < 0.05; Mock samples between days: Unifrac (p <
0.001); wUnifrac (p < 0.05); Bray- Curtis (p < 0.001) and Jaccard (p < 0.001);

no significant differences between mock and HMPV samples at any
timepoint). Data are representative of two independent experiments

(mock-treated mice n=5-6 per group; HMPV-infected mice n=6 per group).
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