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Abstract

The adverse factors impacting the intestinal microbiota of newborns remain to be
elucidated. We put forward a hypothesis that hyperoxia in combination with
rituximab exhibits a synergistic effect that interferes with neonatal intestinal
microbiota. Six C57BL/6] mice, aged 12 weeks and pregnant 18 days, were purchased.
Their pups were breastfed and raised under a 75% oxygen or conventional
environment. Low- (20 mg/kg) and high-dose (40 mg/kg) rituximab were intra-
peritoneally administered. Fecal genomic DNA was extracted and sequenced by a
16S rRNA platform. Severe intestinal dysbiosis in newborns were observed, whereas
mild dysbiosis was caused by inducing hyperoxia alone, confirming the synergistic
interference of the combination of hyperoxia and B-cell antagonist (rituximab) in
neonatal intestinal microbiota disruption. Slight dysbiosis was observed in the
intestinal microbiota of dams, indicating their much robust ability to confront
hyperoxic conditions. The abundance of Akkermansia muciniphila was significantly
and extensively altered in both pups and dams after being subjecting them to
hyperoxic conditions with or without rituximab administration. In conclusion, this
work demonstrated that the synergistic effect of hyperoxia and rituximab led to severe
intestinal dysbiosis in newborns. More studies are recommended to explore the
precise regulatory mode between hyperoxia and rituximab in intestinal microbiota.
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from hypoxia caused by various diseases, such as coronavirus
infectious disease 2019 (COVID-19),° chronic obstructive

The intestinal microbiota of newborns undergoes a rapid and
important process of maturation, which substantially impacts
mucosal immune,' blood-brain barrier maturation,” social
behavioral development,” and pathogenesis of a variety
of diseases. Healthy intestinal flora is mainly composed of
anaerobes, which are highly susceptible to local levels of
oxygen concentration. Oxygen therapy has been widely applied
to improve the blood oxygen saturation of patients suffering

pulmonary disease,® bronchial asthma,” and neonatal critical
disease.® According to a report released by the World Health
Organization (WHO) in 2013, the global preterm infants
account for about 10% of newborns.” Hence the complications
of neonatal hypoxia and oxygen therapy gain increasing
attention. Premature retinopathy is a common neonatal
disease characterized by retinal ischemia and massive
neovascularization that occurs in premature infants or

Abbreviations: AKK, Akkermansia muciniphila; COVID-19, coronavirus infectious disease 2019; CTL, received placebo and reared under conventional condition; HDR, high

dosage of rituximab and reared under hyperoxic condition; LDA, linear discriminant analysis; LCE, lactating mice reared under conventional environment; LDR, low dosage of
rituximab and reared under hyperoxic condition; LHE, lactating mice reared under hyperoxic environment; ns, not significant; PBS, received placebo and reared under hyperoxic
condition; UPGMA, unweighted pair-group method with arithmetic means; WHO, World Health Organization.
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low-weight full-term babies.'” The oxygen concentration is
thought to be an important cause of premature retinopathy.
Recently, rituximab has been used to treat retinopathy, such as
retinal vasculitis,'" retinal occlusive vasculopathy,'® granulo-
matosis with polyangiitis,'* and thyroid eye disease."”
However, the effect of hyperoxia combined with B-cell
antagonist rituximab on intestinal flora remains unclear.
The fetal intestine is usually considered sterile. After delivery,
multiple antigens continuously challenge newborns’ intes-
tine,'® and the neonatal intestine will be rapidly and heavily
colonized by various microbes within a few days.'” A stable
intestinal microbiota is usually established several weeks after
birth.'® During this period, the intestinal flora of newborns is
extremely vulnerable to a variety of interferences, particularly
hypoxia, hyperoxia, breastfeeding,'” and antibiotics.** How-
ever, the profound impact of hypoxia and oxygen therapy
(hyperoxia), on the construction and functions of neonatal
intestinal microbiota remains to be determined.

Intestinal B lymphocytes are among the main factors
that trim pathological bacteria located in the intestinal
microbiota by synthesis and secretion of secretory IgA." The
intestine is always considered as the largest immune organ
of human beings, on account of the largest number of
lymphocytes which restrain intestinal microbiota, the
largest microbiota in human beings. Actually, mature B
cells are observed in the fetal intestine since the 14th week
of embryonic development® and CD20" B cells are present
in all specimens of fetal intestines.”' Previous studies have
observed that the colonization pattern of gut bacteria
disturbed the maturation of human B cells*’; conversely,
B cells may perturb the functions and construction of
intestinal microbiota. However, only few studies focused on
the mutual regulations between intestinal B cells and
intestinal microbiota, let alone at the neonatal stage.

Rituximab is a chimeric murine/human monoclonal
antibody extensively used in selectively deleting CD20 located
at the surface of normal and malignant B cells.”>** As an
effective CD20 antagonist, rituximab impacts B cells in
mucosa-associated lymphoid tissues as well as B-cell non-
Hodgkin lymphoma.** Limited cases® have reported that
rituximab can slightly injure digestion functions, such as
dyspepsia and diarrhea. However, the cross-talking between
intestinal B cells and gastrointestinal microbiota and rituximab
still needs to be elucidated. Herein we put forward a hypothesis
that hyperoxia combined with rituximab perform synergistic
interference to impact the vulnerable intestinal microbiota at
the neonatal stage, and applied these factors to intervene in
newborns’ intestinal microbiota, to reveal their adverse effect
on the intestinal microbiota at the neonate stage.

MATERIALS AND METHODS
Animals

The Animal Ethics Committee of Chengdu University
of Traditional Chinese Medicine approved this study

(2021-05). Six C57BL/6] mice, aged 12 weeks and
pregnant 18 days, were purchased from Chengdu Dossy
Biological Technology Co. Ltd. After being fed under
conventional conditions for 3 days, these dams delivered
6-12 litters. The pups were breastfeeding and raised in
the conventional environment (~21% oxygen) for 7 days.
These newborns were then randomly divided into four
groups and received breastfeeding from dams within a
hyperoxic chamber customized for the animal experiment
(ProOx-820; Ta Wang Technology Co. Ltd). The main-
taining conditions were as follows: light/dark period
12h/12h, ambient noise 40+10dB, temperature
22+2°C, humidity 60+3%, and 75% oxygen. All
pregnant and lactating mice were reared with ad libitum
access to tap water and chow. The dams were shifted
between the hyperoxic and room air environment every
24h to avoid oxygen toxicity.>

Grouping and animal model
Grouping
The neonates were randomly divided into four groups:

(1) Low dosage of rituximab (20 mg/kg) and reared under
hyperoxic condition (LDR).

(2) High dosage of rituximab (40 mg/kg) and reared under
hyperoxic condition (HDR).

(3) Received placebo (PBS) and reared under hyperoxic
condition (PBS)

(4) Received placebo (PBS) and reared under conventional
condition (CTL).

The lactating mice were randomly divided into two groups:

(1) Lactating mice reared under hyperoxic environment
(75% oxygen [LHE]).

(2) Lactating mice reared under conventional environment
(21% oxygen [LCE]).

Animal model

All pups were first reared under the conventional
environment for 7 days after birth. The oxygen
concentration at this period was about 21%. The 75%
oxygen concentration was maintained according to the
manufacturer's instruction. Breastfeeding was performed
over a layer of spongy shavings within the hyperoxic
chamber (feeding environment: Figure S1B). The new-
borns were then divided into groups LDR, HDR,
and PBS, and transferred into a hyperoxic chamber
(ProOx-820; Ta Wang Technology Co. Ltd) for 5 days
(oxygen room equipment diagram: Figure S1C). The
neonates in groups LDR, HDR, and PBS were daily
intraperitoneally injected rituximab 20, 40, or 0 mg/kg,
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respectively.”” The reagent rituximab (Roche h0284/
sh0166, Switzerland) was purchased from the Affiliated
Hospital, Chengdu University of Traditional Chinese
Medicine. Comparatively, the pups within the CTL
group were reared under a conventional environment.
The experimental flowchart is shown in Figure 1.

All pups were weighed on postnatal days 7, 12, and 17.
The general condition of both dams and pups was daily
recorded. At the time points of the experiment, pups were
anesthetized and the colon contents were collected for 16S
rRNA analysis.

Fecal collection and pretreatment

A fecal genomic DNA extraction kit was purchased from
TIANGEN Biochemical Technology Co. Ltd. The intesti-
nal tracts of all anesthetized mice were immediately
dissected, colonic contents carefully collected. The intesti-
nal tracts were opened with sterile scissors, and the colonic
contents flushed several times by sterile PBS and
centrifuged at 4000 rpm (1078xg) for 10 min. Finally, the
precipitates were resuspended in 1 mL sterile PBS and
stored at —80°C for sequencing.

16S rRNA sequencing and data analysis

For 16S rRNA gene sequencing and data analysis, the V4
regions of the 16S rRNA genes were PCR amplified using
barcoded universal primers (515FGTGCCAGCMGCC
GCGGTAA; 806RGGACTACHVGGGTWTCTAAT) by
applying 30 ng of genomic DNA. The PCRs were set up
in triplicate, and the PCR product was purified using a
QIAquick PCR purification kit (QIAGEN). The purified
PCR product was pooled in equal molar concentrations
quantified by a library quantification kit (KK4824; Kapa
Biosystems) and sequenced by Laragen, using the Illumina
MiSeq platform. A reagent kit was used for paired-end
sequencing. Operational taxonomic units were chosen
based on 97% sequence similarity to the Greengenes 13_5
database. Taxonomy assignment and rarefaction were
performed by QIIMEL.8.0 using about 80,000 reads per
sample.*®

7 days
oy eee room air reared
{4
\~ P(0)

5 days
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Statistical methods

SPSS software (V16.0; SPSS Inc.) was used for statistical
analysis. Data were expressed as mean + SD. ANOvA is used
for testing for differences in the means of the groups PBS,
LDR, and HDR. Group comparisons were conducted using
Student's t-test. Differences were considered significant at
P <0.05 or P<0.01. Bacterial compositions among samples
were visualized using bar plots.

RESULTS

General situation of newborns raised under a
hyperoxic environment

There were 48 pups delivered by six pregnant mice, ranging
from 6 to 12 per litter. As shown in Table S1, the
bodyweight of newborns in groups LDR (P<0.05) and
HDR (P <0.01) was significantly decreased after rituximab
injection. The general situation of groups LDR and HDR
was worse than that of the group CTL or PBS, characterized
by poor mental status and weak activities. However,
hyperoxic stress alone did not show significant bodyweight
reduction in dams or pups. Unfortunately, three fragile pups
were killed during this experiment, one in each group CTL,
HDR, and PBS.

Hyperoxia combined with rituximab lead to
severe dysbiosis in newborns

Results displayed that the o diversities of intestinal micro-
biota were significantly decreased in both HDR and LDR
animals, compared with those of the PBS group (Figure 2a).
The unweighted pair-group method with arithmetic means
(UPGMA) cluster displayed the similarity classification of
intestinal composition between samples, indicating statistical
differences in groups LDR, HDR, and PBS (Figure 2c). The
Venn diagram shows marked reduction in species diversity
caused by rituximab and hyperoxia (Figure 2d).The con-
structions of intestinal microbiota were globally altered after
hyperoxia in combination with rituximab therapy. Rituximab
dosage dependently altered the abundance of intestinal
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FIGURE 1 The experimental flowchart.
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(a) Hyperoxia combined with rituximab significantly altered the gut microbiota of newborns. The a diversity of intestinal microbiota in

LDR, HDR, and PBS groups. (b) The proportion abundance of the top 10 components in LDR, HDR, and PBS groups. (c¢) UPGMA clustering tree shows the
similarity classification among LDR, HDR, and PBS groups. (d) Venn diagram displays the shared and different species between groups. (e,f) Histogram of
the LDA scores; **P < 0.01. The length of the histogram indicates the difference in the impact of species

microbiota in levels phylum, class, order, family, genus, and
species (Table S2). For instance, the combined therapy of
hyperoxia with rituximab significantly increased phyla
Bacteroidetes and deleted Firmicutes, agreeing with the
results of UPGMA analysis. We applied linear discriminant
analysis (LDA) for quantitative analysis of biomarkers
between groups and demonstrated main abundant differ-
ences (Figure 2e,f). Akkermansia muciniphila (AKK) derived
from groups LDR and HDR was the most abundant
species, compared with the PBS group. The abundances of
Akkermansiaceae, Verrucomicrobiales, and Verrucomicro-
biae detected in LDR pubs were significantly enriched
(Figure 2e). Tannerellaceae, Bacteroidales, Bacteroidia,
AKK, Verrucomicrobiales, and Verrucomicrobiae were
significantly enriched in HDR neonates, compared with
PBS counterparts (Figure 2f). The heatmap demonstrated
statistical differences in intestinal flora structure among the
three groups (PBS, LDR, and HDR) at the genus level
(Figure S2). Compared with the PBS group, low- and high-
dose rituximab disturbed intestinal flora. For example, AKK
increased significantly, while Lactobacillus murinus and
Helicobacter hepaticus decreased significantly.

Preliminary construction of intestinal flora
against hyperoxic stimulation in neonatal mice

The intestinal microbiota between CTL and PBS were
compared to reveal the adverse effects of hyperoxia at the
neonatal stage. Results of a-diversity analysis did not
demonstrate a statistical difference between groups CTL
and PBS (P>0.05; Figure 3a), nor the abundance of key

phyla such as Bacteroidetes and Firmicutes in mammal
intestine (Figure 3d), indicating relatively mild changes in
intestinal microbiota confronting hyperoxia alone. Signifi-
cantly, partial change of the structure and composition is
existed in the intestinal flora of group CTL and group PBS,
such as that in Firmicutes-Clostridia and Bacteroidia which
are bacteria at the class level, in Parabacteroides, Akkerman-
sia, Bacteroides, and Helicobacter at the genus level. And
AKK and L. murinus have changed at the species level
(Table S2).The adverse effect of hyperoxia was further
demonstrated in a clustering heatmap (Figure S3). It is an
unexpected but interesting discovery that hyperoxia signifi-
cantly decreased the abundance of probiotics such as AKK,
and enriched pathological species such as H. hepaticus. Six
downregulated and one upregulated species were identified
after hyperoxic culture (Figure 3c). The evolutionary branch
diagram displayed that Verrucomicrobiae, Akkermansiaceae,
Verrucomicrobiales, and Oscillospirales had statistical differ-
ences after being raised under a hyperoxic environment.

Stable intestine of dams resists hyperoxic
stimulation

The a diversities of intestinal microbiota derived from
lactating mice did not display significant changes between
groups LHE and LCE (Figure 4a), nor in the core phyla
Bacteroidetes and Firmicutes (Figure 4b). Negative results
of principal components analysis using Euclidean distance
were obtained with or without hyperoxic stimulation
(Figure 4d). However, some statistical differences were
observed in the lower taxa (Figure 4c,e). At the genus level,
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Relative abundance in the phylum and genus levels. (d) The major different elements identified by principal components analysis. (e) Histogram of the LDA
scores (the threshold of the LDA score was 3.0). (f) Cladogram of the intestinal microbiota between LCE and LHE.

Lactobacillus (LCE 33.57%; LHE 38.89%) was enriched,
whereas Parabacteroides and Akkermansia were down-
expressed in the intestinal microbiota of LHE mice.
Notably, the abundance of Lactobacillus in the neonatal
intestinal microbiota was markedly lower than that of adult
mice; less than 10% of Lactobacillus were detected in
groups CTL (6.24%), LDR (3.53%), HDR (2.63%), and
PBS (6.15%). A remarkable difference between groups
LHE and LCE is shown in the clustering heatmap and
evolutionary branch diagram (Figures 4e,f and S4). For

instance, Saccharimonadaceae, Saccharimonadales, and
Saccharimonadia are considered potential species responsi-
ble for the hyperoxic stress of adult mice.

DISCUSSION

Despite booming publications concerning the interactions
of microbiota with their hosts, only few have focused on the
impact factors involved in the development and maturation
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of newborns that may dominate their lifelong health and
pathogenesis. Hyperoxia might be one of these factors in
pediatric disease, because hyperoxic therapy is becoming an
effective strategy for millions of preterm infants. Hyperoxia
is considered an important cause of retinopathy in preterm
infants, and rituximab is used to treat retinopathy. We
aimed to investigate the intestinal dysbiosis of newborns
encountering hyperoxic exposure and rituximab. This is the
first known research to reveal that hyperoxia combined with
B-cell selective depletion using rituximab can severely alter
neonatal intestinal microbiota. Several studies reported
that hyperoxia and the B-cell antagonist rituximab could
provoke intestinal dysbiosis,”>* yet controversial results
about the impacts of hyperoxia on intestinal microbiota
were reported.”®*® Xing and colleagues’' detected the
adverse effect of hyperoxia by exposing rats to 80% oxygen
and observed that hyperoxia provoked gut dysbiosis in a
complex manner. Pescovitz et al.*® found that a four-dose
course of rituximab partially preserved beta-cell function,
yet increased adverse events in the intestine. Moreover,
Althouse et al.*® reported that neonatal hyperoxia combined
with antibiotics altered the [ diversity and relative
abundance of commensal bacteria. Antibiotics are notorious
reagents that disturb the intestinal microbiota in an intricate
manner.”® This is the first study to demonstrate that the
combined effects of hyperoxia and an extensively used B-cell
antagonist, rituximab, disturbed the intestinal microbiota in
neonatal mice.

Our study has demonstrated that both high and low
dosage of rituximab combined with about 75% oxygen
stimulation significantly decreased the a diversities of
intestinal microbiota (Figure 2a). A total of 141 species
were diminished in both LDR and HDR groups (Figure 2d).
Table S2 presents systematic alterations from phylum to
species. It demonstrated interesting results that exposure to
hyperoxia combined with different dosages of rituximab
caused dosage-dependent changes in the abundance of
intestinal microbiota, compared with hyperoxic exposure
alone (Table S2). In addition, LDA scores and proportional
abundances showed significantly enriched microbiota taxa
between LDR and HDR groups. Taken together, hyperoxia
combined with rituximab caused global and dosage-
dependent dysbiosis, confirming the hypothesis that hyper-
oxia and rituximab exhibit synergistic interference to
disturb the vulnerable intestinal microbiota at the neonatal
stage.

In contrast to the severe intestinal dysbiosis caused by the
combination of hyperoxia and rituximab, a mild degree of
intestinal dysbiosis was demonstrated in neonates encounter-
ing hyperoxia alone. First, the a diversity between the CTL
and PBS groups has not changed significance (P> 0.05;
Figure 3a). Second, the structure of intestinal imbalance
changes slightly while confronting hyperoxic stress. For
instance, the relative abundance of Bacteroidetes and
Firmicutes, key phyla in the mammal intestinal microbiota,
did not display statistical differences (Figure 3d). The
significant differences at the levels of class, genus, and

species between the CTL and PBS groups also indicate mild
dysbiosis in intestinal microbiota (Table S2). The third aspect
deals with dysregulated abundance of representative AKK
and L. murinus, and increase in pathological species such as
H. hepaticus, which directly indicated intestinal dysbiosis of
neonates raised under 75% oxygen condition. Finally, the
adverse effect of hyperoxia was further demonstrated by
clustering heatmap, LDA scores, and LEfSe analysis. Similar
results were obtained when neonates were exposed to 80%
oxygen.”” These results reconfirmed the synergistic effect
of hyperoxia in combination with a B-cell antagonist
(rituximab).

Unlike neonates,” relatively slight dysbiosis in the
intestinal microbiota of dams was investigated after
hyperoxic stress. On the one hand, there were no statistical
alterations in a diversities of dams’ intestinal microbiota
with or without hyperoxic stimulation (Figure 4a). Between
the LHE and LCE groups, no obvious difference was
observed in the key phylum of the gut (Bacteroidetes and
Firmicutes; Figure 4b). Negative principal components
analysis scores were obtained among lactating mice
irrespective of whether hyperoxic stimulation was induced
(Figure 4d). On the other hand, some statistical differences
were observed in the lower taxa (Table S2). Significant
differences were noted between the LHE and LCE groups, as
shown by the abundance cluster heatmap and LDA score.
From the aforementioned results, it can said that a slight
intestinal disorder exists in lactating mice exposed to
hyperoxia. Finally, adult mice are richer in the probiotic
Lactobacillus than the newborn mice. Theoretically, a
mature ecosystem such as the intestinal microbiota of adult
mice should have stronger tolerance and resilience while
encountering hyperoxia and other adverse factors.”* Our
data confirmed these reports that, in contrast to newborns,
adult mice do have much more robust ability to confront
hyperoxic stress. Disturbance of intestinal flora due to
hyperoxia remains controversial. Lo et al® found a
significant decrease in intestinal flora diversity in mice after
7 days of postnatal hyperoxic stimulation; however, this
effect disappeared after 42 days of continuous postnatal
hyperoxic stimulation. It was shown that the effect of
hyperoxia on the structure and composition of the intestinal
flora was related to the time of hyperoxic intervention. At 7
days (lactation), the intestinal flora of mice is fragile and
vulnerable to hyperoxia, which led to intestinal flora
imbalance and reduced intestinal tight junction protein
e)(pressic)n.36_38 By contrast, at 42 days, equivalent to
human puberty, hyperoxic stimulation did not cause
significant changes in intestinal diversity in newborn mice.
In this study, we collected the intestinal contents of mice on
day 17, which may explain why the a diversity analysis did
not demonstrate a statistical difference between the CTL
and PBS groups; however, the apparent decrease in the
abundance of AKK at the low genus level was of interest
to us. It is an interesting observation that the relative
abundance of AKK was significantly altered in pups and
dams impacted by hyperoxia and/or rituximab. AKK is a
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promising probiotic that is extensively distributed in the
intestinal tract. AKK can ameliorate obesity’” and inflam-
matory bowel diseases®® through regulation of hosts’
metabolism,*" immunity,® and intestinal barrier.’" In this
study, we observed that hyperoxia and/or rituximab can
intensively disturb the abundance of AKK in both pups and
dams, suggesting AKK is a core species while encountering
adverse factors in intestinal microbiota.

This study did not thoroughly determine the intestinal
dysbiosis pattern or pathological mechanisms. Besides,
several shortcomings should be noted. The first drawback
was the lack of detecting the quantity or distribution of
intestinal B cells, which might profoundly impact and trim
the construction of intestinal microbiota. Second, long-time
effects of hyperoxia and/or rituximab against the intestinal
microbiota of either pups or dams were not investigated.
Third, limited sample sizes, particularly in LHE and LCE
groups, did not help us to completely determine the
pathological characteristics of intestinal dysbiosis. Finally,
we focused only on exploring the impact of hyperoxia in
combination with rituximab on neonates’ intestinal micro-
biota, without considering the clinic dosage or therapy
course. Notwithstanding these limitations, this work does
indicate the primary pattern of intestinal dysbiosis in both
pups and dams while encountering hyperoxia and rituximab.
These shortcomings could be conquered in future studies.

In conclusion, the present study demonstrated that the
synergistic effect of hyperoxia and rituximab led to severe
intestinal dysbiosis in newborns, while adult mice possess a
more resilient ability to rescue intestinal dysbiosis. The
precise regulatory mode between hyperoxia and rituximab
and intestinal microbiota remains to be elucidated.
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