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ABSTRACT External environmental factors can cause an imbalance in intestinal
flora. For people living in the extremes of a plateau climate, lack of oxygen is a pri-
mary health challenge that leads to a series of reactions. We wondered how intesti-
nal microorganisms might change in a simulated plateau environment and what
changes might occur in the host organism and intestinal microorganisms in the ab-
sence of hypoxia-related factors. In this study, mice carrying a knockout of hypoxia-
inducible factor 18 (Hif-1B) in myeloid cells and wild-type mice were raised in a
composite hypoxic chamber to simulate a plateau environment at 5,000 m of eleva-
tion for 14 days. The mice carrying the myeloid Hif-18 deletion displayed aggravated
hypoxic phenotypes in comparison to and significantly greater weight loss and sig-
nificantly higher cardiac index values than the wild-type group. The levels of some
cytokines increased in the hypoxic environment. Analysis of 16S rRNA sequencing
results showed that hypoxia had a significant effect on the gut microbiota in both
wild-type and Hif-1B-deficient mice, especially on the first day. The levels of mem-
bers of the Bacteroidaceae family increased continuously from day 1 to day 14 in
Hif-1B deletion mice, and they represented an obviously different group of bacteria
at day 14 compared with the wild-type mice. Butyrate-producing bacteria, such as
Butyricicoccus, were found in wild-type mice only after 14 days in the hypoxic envi-
ronment. In conclusion, hypoxia caused heart enlargement, greater weight loss, and
obvious microbial imbalance in myeloid Hif-1B-deficient mice. This study re-
vealed genetic and microecological pathways for research on mechanisms of hyp-
oxia.
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ccording to the international classification scale, 1,500 to 3,500 m above sea level

is considered a high-altitude environment for human life; with enough time at this
elevation, most people can adapt. At the very high altitude range of 3,500 to 5,500 m,
physiological differences determine who can or cannot adapt; above 5,500 m of
elevation, human bodily functions seriously decline, with some of the damage being
irreversible (1-4). No human can survive at this height for a full year, and even native
Tibetans and Sherpas generally live in areas with altitudes below 5,500 m (5). Altitude
sickness is thought to mainly result from the body adapting to conditions at higher
altitudes, such as cold temperatures, low oxygen levels, and strong radiation (6), which
produce a series of natural physiological reactions. The harsh natural environment of
the plateau lowers immunity and the ability to cope with special environments. It is
easier to catch colds and develop gastrointestinal diseases, which can lead to gastro-
intestinal digestive dysfunction. Food intake, absorption, digestion, metabolism, and
excretion are affected to differing degrees. When a person enters a high altitude, the
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spinal cord quickly produces a large number of new red blood cells (RBCs) to improve
the blood'’s ability to carry oxygen (7).

Studies have shown that the hypoxia-inducible factor 1 (HIF-1) pathway is actively
expressed in a hypoxic environment (8). Transcription factors that are induced by HIFs
during tissue hypoxia were first discovered in 1991 by Semenza et al.,, using electro-
phoretic displacement analysis of nuclear extracts from Hep3B and HepG2 cell lines
exposed to hypoxia (9). In a low-oxygen environment, the body uses the HIF-1 pathway
to relieve oxygen deficiency. HIF-1 is a transcription complex composed of a 120-kDa
« subunit and an approximately 91-to-94-kDa B subunit. The « subunit, HIF-1¢, is
actively regulated by oxygen levels. HIF-18 (also known as aryl hydrocarbon receptor
nuclear translocator [ARNT]) is an important member of the HIF family of transcription
factors. In the normoxic environment, « subunit proteins of the HIF family are inhibited
by the action of proline hydroxylase and cannot function. In the hypoxic environment,
the proline pathway is inhibited. HIF « subunits can combine with 8 subunits to form
heterodimers that activate hypoxic transport elements to relieve hypoxia. When there
is a lack of HIF B subunits in the body, the HIF-1 pathway is inhibited. Studies have
shown that the activity of HIF-1 cannot be induced in ARNT-deficient cells (10) and that
HIF-1 cannot be expressed under hypoxic conditions. HIF-1a must dimerize with HIF-13
to form a heterodimer to function as a transcription factor.

Over the past decade, there has been gradual recognition of the importance of the
gut microbiota. The gut microbiota is now considered to be a human organ with
unique functions (11-13) that are important to maintain the balance of the body.
Previous reports have described some effects of the hypoxic environment of the
plateau climate on intestinal microbes (14, 15). The acute low-oxygen environment of
a plateau stresses the body. Excitation of the sympathetic nervous system increases,
causing dilation of the intestinal submucosal arteries and veins; the hypoxia and
ischemia cause damage to the gastrointestinal mucosa (16), including barrier dysfunc-
tion and increased intestinal mucosal permeability, which may lead to an imbalance of
intestinal flora. After 30 days of intermittent exposure of rats to a simulated hypoxic
environment at an altitude of 4,872.9 m, the number of aerobic bacteria in the intestine
decreased significantly whereas the number of facultative anaerobic bacteria increased
significantly (17, 18). Acute exposure to the low-oxygen environment of a plateau is
also known to lead to a decrease of Bifidobacteria abundance in the intestinal tract and
to an imbalance of intestinal flora, with the rate of imbalance increasing at higher
altitudes (19).

There are no published studies that detail the relationship between the gut micro-
biota and HIF-18 in a hypoxic environment. We aimed to explore the effects of hypoxic
conditions on the host response and changes in levels of intestinal microbes by
comparing peripheral hemogram, serum cytokine expression, and the structure and
diversity of the gut microbiota in wild-type (WT) and knockout (KO) mice with myeloid
HIF-1B depletion in myelomonocytic cells.

RESULTS

Hif-13 deletion in myeloid cells aggravated the hypoxic phenotype. The rate of
Hif-1B deletion efficiency in this mouse line is approximately 60% to 70%, as detected
by reverse transcription-PCR (data not shown). We induced a hypoxic model in mice
raised in a composite hypoxia chamber. Changes in body weight in the KO and WT
groups following 14 days of hypoxic exposure are shown in Fig. 1B. Severely decreased
body weight was observed in both groups after only 1day of exposure to hypoxia,
indicating that acute hypoxia had a significant impact on the body. After the first day,
the decrease in body weight continued daily but was less dramatic, with no difference
between the two groups in the first 3 days. From day 4, body weight began to increase
with small fluctuations, suggesting that the mice were beginning to adjust and
gradually adapt to the hypoxic environment. Persistent differences between the
groups in body weight also began on day 4, with a significantly lower rate of weight
recovery in the KO group than in the WT group (Fig. 1B).

January 2021 Volume 89 Issue 1 e00474-20

Infection and Immunity

iaiasm.org 2


https://iai.asm.org

Effect of Hif-18 on Microbiota

A 0
-5
Hypoxia time (pO,=11.3kPa) £
ypoxia time (pO,=11.3kPa £ 10
! E
v v 15
D5 D14
‘ ‘ = T § 3 T L) T L T L L) T L T  § T T
DO D1 D2 D3 D4 D5 D6 D7 D8 D9 D10D11D12D13 D14
days
C * Kk D * oKk E *okk
16+ *i* - I I
* % % 25= I I 100 I
— —A
2" L, w2 _ Fo & 0 2 .
= o 3 wh o ° < 60 °0
g e AA 515- g 3; % AAA
O 404 ah o A o i
m a ® 104 L 40+ A
o I
8- A 5 20
6 T T T T 0 T T T T 0 T T T T
N-WT N-KO H-WT H-KO N-WT N-KO H-WT H-KO N-WT N-KO H-WT H-KO
F G % %k %k
* %k **I 1
-
* 109 F— 4
18.0 I I I_I
a o ee 0.8 °
175 — o 9.0
(=d
2 Al oo e S 0.6 00 ‘oeq
k3 17.0 A A A ooo l‘e VO
- oo
I &L — 2 0.4 -% o
= 1654 A <™
w A A
['4 A 0.2
16.0 A
15.5 0.0

T T T T
N-WT N-KO H-WT H-KO

T T T T
N-WT N-KO H-WT H-KO

FIG 1 Hypoxic conditions resulted in weight loss, cardiac hypertrophy, and hematopoietic dysfunction in myeloid Hif-1B-deficient
mice. (A) Experimental design of microecological studies on myeloid Hif-13 KO and WT mice under hypoxia conditions. The
environment for induction of a hypoxia mouse model was a low-pressure hypoxia simulation cabin (simulated altitude, 5,000 m;
oxygen partial pressure, 11.3 kPa). Fecal samples of mice were collected at 0, 1, 5, and 14 days after exposure to hypoxia. DO, day zero;
D1, day 1; D5, day 5; D14, day 14. (B) Changes in body weight for mice in the Hif-18 KO and WT groups in a hypoxic environment.
(C to F) Comparison of erythrocyte parameters, including RBCs (C), HGB (D), HCT (E), and reticulocyte hemoglobin (RET-He) (F),
between the Hif-18 KO and WT groups in normoxic and hypoxic environments. (G) The heart-weight-to-body-weight ratio of the Hif-13
KO model group and WT mice. Results are shown as means = SEM. N-WT, wild-type mice in normoxia environment; H-WT, wild-type
mice in hypoxia environment; N-KO, knockout mice in normoxia environment; H-KO, knockout mice in hypoxia environment.

Hemogram data represent another important index used to measure hypoxia in
animal models. The number of red blood cells (RBCs), level of hemoglobin (HGB), and
percent hematocrit (HCT) were markedly higher in the mice raised in the hypoxic
environment than in the mice raised in the normoxic environment (Fig. 1C to E), but
no differences were found between the groups of WT and KO mice in the hypoxic
environment (HWT and HKO groups, respectively). For leukocytes, there was no differ-
ence between the hypoxia and normoxia groups (see Fig. ST in the supplemental
material). Reticulocyte hemoglobin levels showed a difference between these two
groups (Fig. 1F), indicating that the KO mice were more sensitive to hypoxia. Since
hypoxia can lead to compensatory cardiac hypertrophy, we tested the heart index and
found significant increases in mice raised in the hypoxic environment. The increases in
heart index values were significantly higher in the HKO group than in the HWT group
(Fig. 1G). Testing these groups for lung indices, we found no significant changes (Fig.
S2). Pathological sectioning and hematoxylin and eosin (HE) staining of colon, heart,
and lung were done, but no difference was found between the WT and KO groups (Fig.
S3). Taken together, these results confirmed that the hypoxia mouse model was
successfully established and that mice with the Hif-13 deletion in myeloid cells
displayed an obviously aggravated hypoxic phenotype.
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FIG 2 Comparison of serum levels of cytokines, including IL-1 beta (A), IL-2 (B), IL-17A (C), IL-13 (D), IL-19 (E),
TNF-alpha (F), IFN gamma (G), GM-CSF (H), IL-22 (1), in the myeloid Hif-1 KO group and WT group under normoxic

and hypoxic conditions. Results are shown as means = SEM.

Effects of hypoxia and Hif-1f3 deletion on cytokine secretion. Studies have
shown that hypoxia increases the levels of proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-a), interleukin-18 (IL-18), and IL-6 in human and animal
plasma (20, 21). To study the effect of Hif-1B deletion in myeloid cells on cytokines
under conditions of hypoxic stimulation, we examined the serum levels of several
cytokines that are mainly secreted by myeloid cells. We detected significantly higher
levels of IL-1B, IL-2, IL-17A, IL-13, IL-9, and TNF-« in the hypoxic mice than in those in
the normoxic environment (Fig. 2A to F). Levels of three cytokines (IL-4, IL-5, and IL-6)
were significantly higher in the hypoxic environment than in the normoxic environ-
ment, but only in the WT groups; there was no significant change in these cytokines in
the KO groups (Fig. S4A to C). Levels of IL-23 were higher only in the HWT group (Fig.
S4D). On the basis of these results, we concluded that hypoxia increases the secretion
of some cytokines in mice.

Further, we wanted to determine the effects of Hif-1 B deletion in myeloid cells on
cytokines. In the hypoxic environment, serum expression of IL-18, gamma interferon
(IFN-7), granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-22 showed
significant differences between the HWT and HKO groups (Fig. 2A and G to I). The
concentrations of these four cytokines were obviously higher in the HWT groups than
in the HKO groups. For IL-1B, hypoxia increased the level of secretion but myeloid
Hif-1B deletion partly slowed its rapid rise. Increases in the levels of IFN-y, GM-CSF, and
IL-22 were found only in the HWT groups, which meant that Hif-13 took part in the
regulation of myeloid cell function in the hypoxia environment. In addition, not all of
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the results seen with the cytokines affected by hypoxia, including IL-27, IL-18, IL-10, and
IL-12 p70, were similar under normoxic and hypoxic conditions (Fig. S4E to H).
Hypoxia significantly changed the composition of the gut microbiota. The gut
microbiota from the HKO and HWT groups were contrasted. In terms of the relative
abundances of the top 20 genera on day 0 (Fig. 3A), Lactobacillus, Bacteroides, Allopre-
votella, Barnesiella, Parasutterella, and Helicobacter dominated in the HWT group, with
bacterial abundance of >6%. All but one (Parasutterella) of the same genera also
showed bacterial abundance of >6% in the HKO group on day 0. After 1 day of hypoxia,
there were obvious reductions in Lactobacillus abundance in both the HWT and HKO
groups, indicating that Lactobacillus spp. are very sensitive to oxygen content. Because
Lactobacillus is often regarded as a probiotic, the decrease in the abundance of this
genus may have been one contributor to the dysbiosis. Furthermore, we noticed that
Lactobacillus decreased in abundance by 16.67% in the WT group and by 28.26% in the
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TABLE 1 Analysis of B-diversity by multiresponse permutation procedures?

Group Observed delta Expected delta P value
DOK_D1K_D5K_D14K 0.31821568 0.341490914 0.001
DOW_D1W_D5W_D14W 0.309877805 0.323862097 0.005
DOK_DOwW 0.306147468 0.311721143 0.068
D1K_D1W 0.276883556 0.285851983 0.01
D5K_D5W 0.320061484 0.325940036 0.076
D14K_D14W 0.356954618 0.375684915 0.003

a0bserved delta, the observed delta values corresponding to the Unifrac distance index; Expected delta, the
expected delta values corresponding to the Unifrac distance index.

KO group. After day 1, the composition of the gut microbiota gradually adjusted, but
it was difficult to return the abundances to the original levels in the relatively short time
frame. On the whole, the intestinal flora was greatly affected on the first day of hypoxia,
which coincided with the sharp drop in body weight.

The Shannon diversity index revealed a change in bacterial diversity in the HKO
group on the first day (P = 0.0014) and differences between day 1 and day 14 that were
also statistically significant (P = 0.017) (Fig. 3B). In contrast, the variation in the HWT
group on the first day was not as obvious as it had been in the HKO group, but the
results were significantly different from the abundance measured at day 14 (Fig. 3C).
The results of B-diversity analysis performed with multiresponse permutation proce-
dures (MRPPs) to analyze intergroup differences showed that the UniFrac distance
index value corresponding to the significance of the P value was <0.05 at four time
points, indicating that obvious changes in the abundances of the intestinal microbes of
mice had occurred during hypoxia (Table 1). Before hypoxia, there was no significant
difference in the abundances of intestinal microorganisms between the HKO and HWT
groups. On the first day of exposure to the hypoxic environment, the P value for
B-diversity was <0.05, indicating that the composition of the intestinal microbes
fluctuated greatly when the mice first entered the hypoxia chamber, a determina-
tion that was supported by the a-diversity results.

Effect of Hif13 deletion in myeloid cells on the gut microbiota in a hypoxic
environment. To determine which species had a significant influence on the group
division, a rank sum test was applied. The dynamic changes in the abundances of
bacteria that differed from day 0 to day 14 are shown in Fig. 4. For most of the variant
bacteria, the first day of hypoxia produced a significant change in abundance, followed
by a gradual return to the abundance seen under normoxia conditions. Among all of
the bacteria that showed a difference under hypoxia conditions, more than half
appeared in both the HWT group (Fig. 4A) and the HKO group (Fig. 4B) and showed
similar trends as indicated by the blue circles in Fig. 4. Examples of this phenomenon
included the abundances of Bacilli at the class level and Lactobacillales at the order
level, which all decreased dramatically at day 1 and then increased. These results
demonstrated that hypoxia was clearly involved in regulating the gut microbiota. Other
variant bacteria were found in only one group, and the variations may have been
related to the gene KO. Abundances of Bacteroidaceae at the family level and Bacte-
roides at the genus level increased continuously in the HKO group.

Linear discriminant analysis (LDA) effect size (LEfSe) determinations were used to
analyze differences in the intestinal microbial communities between the KO and WT
groups at the indicated time points (Fig. 5). The results showed that on the first day of
hypoxia (Fig. 5A), the distinct taxa in the HKO group were the family Anaeroplasmata-
ceae, order Anaeroplasmatales, genus Anaeroplasma, class Mollicutes, phylum Teneri-
cutes, genus Enterorhabdus, genus Ruminococcus, genus Clostridium cluster XVIlI, genus
Odoribacter, and phylum Proteobacteria, but only genus Turicibacter was unique to the
HWT group. On day 5, the species that had a significant impact on sample division were
found only in the KO group (Fig. 5B). At the end of the experiment, additional species
that differed between the groups were detected (Fig. 5C). In summary, hypoxia-induced
changes in intestinal microorganisms were more obvious in the HKO mice than in the
HWT mice.
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DISCUSSION

Plateau environments are characterized mainly by low pressure, hypoxia, and strong
radiation. Hypoxia is one of the main causes of altitude sickness. It has been reported
that people who move to a plateau from a plain environment experience obvious
weight loss (22-24). Exposure to the hypoxia and hypobaric environment present at
high altitudes leads to loss of appetite, reduction of food intake (22), increase of energy
consumption (25), disturbance of gastrointestinal nutrient absorption function (23), and
changes in basal metabolic rate (26). In this study, during the 14 days of hypoxia, the
body weight of all mice initially decreased rapidly and then entered a stage of slow
fluctuation and small increases as the body adapted to hypoxia. However, a significant
difference in body weight between the HKO and HWT groups remained at the end of
the experiment. In a state of hypoxia, the body secretes more erythropoietin to
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microorganisms on day 5 of hypoxia in the KO group. (C) LDA scores of microbial groups with significant effects on the KO and WT groups on day 14.

synthesize hemoglobin, improving the oxygen-carrying capacity of the blood and thus
improving tissue support. Indeed, we observed a significant increase in erythrocyte
parameters in mice under hypoxia conditions.

Previous studies have shown that hypoxia activates inflammatory cells (monocytes/
macrophages, neutrophils, and dendritic cells), which are further induced to secrete
inflammatory cytokines (27). Therefore, we tested serum levels of 17 mouse cytokines
in both the normoxic and hypoxic groups. The levels of TNF-a and IL-18 were
significantly higher in the hypoxic groups than in the normoxic groups, which is
consistent with previous studies (28, 29). We noticed that the serum IL-1 level in mice
carrying a Hif-18 deletion in myeloid cells was significantly lower than that in WT mice
under hypoxic conditions. IL-18 is produced and secreted mainly by monocytes/
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macrophages and plays an immunomodaulatory role locally. Its presence can accelerate
migration of neutrophils to inflammatory sites to release oxidative stressors such as free
radicals, lipid metabolites, and lysosomes (30). Some studies have shown that, after
specific KO of the Hif-Ta gene in myeloid cells, they lose the ability to mount an
inflammatory response, including migration, chemotaxis, aggregation, invasiveness,
and bactericidal ability, and that the severity of the related inflammatory damage is also
alleviated (31). In our study, IL-18, IFN-y, GM-CSF, and IL-22 also showed significant
decreases in the HKO group compared with the HWT group. Thus, under hypoxia
conditions, the Hif-13 deletion in myeloid cells reduced inflammatory response ability
and diminished the serum levels of some cytokines.

Few studies have examined the effects of hypoxia on the gut microbiota (17, 32),
even in humans (33, 34). Briefly, those studies suggested that high-altitude expeditions
are associated with increased abundance of proinflammatory taxa, while associations
with potentially beneficial taxa are inconsistent. We wondered what might be the
effects of Hif-18 gene deletion on intestinal microorganisms in a hypoxic environment.
First, most of the species showing significantly different effects were seen in the KO
group, meaning that the absence of Hif-18 under low-oxygen conditions had a signif-
icant impact on intestinal microorganisms. Second, abundances of several specific
bacterial species were found to be related to Hif-18 under hypoxia conditions. The
abundances of Bacteroidaceae at the family level and Bacteroides at the genus level
increased constantly in the HKO group from day 1 to day 14, and they were the most
obviously differentiated bacteria present at day 14 compared with the HWT group. The
intestinal flora encompasses an extremely diverse microbial community, with about 500
species of bacteria in each individual (35), among which the Bacteroidetes are the most
abundant and varied (36). A previous study showed that there were significant differ-
ences between a group maintained in a plateau environment and a group maintained
in a plain environment in Bacteroides at the genus level (37). In this study, Bacteroidetes
were found to be more abundant in Hif-13 deletion mice than in WT mice in a hypoxic
environment, which suggested that Bacteroidetes not only were sensitive to oxygen
content but also might be able to sense changes in oxygen-related genes. However,
such changes do not necessarily reflect a direct cause-and-effect relationship. In
comparison to Bacteroidetes, Enterobacteriales at the order level and Gammaproteo-
bacteria at the class level showed a different change. In HWT mice, these bacteria
returned to nearly normal abundance at day 14, but in HKO mice, they showed even
higher abundance at day 14. The right balance of locations, numbers, and species of
bacteria is key to maintaining homeostasis in the gut. Overgrowth of Enterobacter spp.
is conducive to bacterial translocation (38), which leads to the diffusion of endotoxins
(39). Under hypoxia conditions, the WT mice showed better regulation of the gut
microbiota than the KO mice in our study, which may partly explain the phenotypic
differences between the two groups.

We found the presence of Butyricicoccus, which are butyrate-producing bacteria, in
the WT group after 14 days in the hypoxic environment, compared with the KO group.
Butyrate-producing bacteria are beneficial bacteria that regulate the microecological
balance of the human intestinal tract, which can promote the proliferation and devel-
opment of beneficial intestinal flora, inhibit the growth and reproduction of harmful
and putrid bacteria, correct disorders of intestinal flora, and reduce the secretion of
enterotoxins (40, 41). Taking the results together, under low-oxygen conditions, the
Hif-1B deletion in myeloid cells affected the composition of the gut microbiota and
slowed its reversion to a normal condition.

Simulation of the harsh hypoxic environment that is experienced on a plateau led
to a series of changes in mice that resulted in intestinal flora imbalance and cytokine
infiltration. The KO of Hif-13 in myeloid cells worsened the clinical phenotypes and
significantly altered the intestinal microbiota, which was reflected by gut microbiota
composition and the abundance of some bacteria. Further study is necessary to explore
the mechanism of the Hif-718-mediated response to hypoxia and to characterize the
Hif-1B-related microecological regulation strategy.
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MATERIALS AND METHODS

Animals. All experiments were performed under specific-pathogen-free conditions in conformity
with ethical guidelines and were approved by the Institutional Animal Care and Use Committee of the
Medical Ethical Committee, Academy of Military Sciences (no. SCXK-2019-01070274). Myeloid-specific
HIF-1B-deficient (Hif-13%flysM-cre+) KO mice on a C57BL/6 background were generated using the Cre-loxP
recombination system (42). Briefly, Hif1pB%*fox mice (on the B6 genetic background) were crossed with
Lyz-cre mice to obtain KO (Hif-1B%flysM-cre*) mice, and Hif-13%fysM-cre= mice were used for the WT group.

Study groups. Female mice aged 8 to 10 weeks and weighing 23 = 3 g were divided into four
groups (n = 6 to 7 mice/group) with the following designations: NKO (normoxia Hif-1p%flysM-cre) mice,
NWT (normoxia Hif-1Bf/flysM-cre=) ‘mice, HKO (hypoxia Hif-1p%flysM-cret) mice, and HWT (hypoxia
Hif-1p/FlysM-cre) mice. The experimental cycle was 14 days. Mice in the hypoxia groups were exposed to
a hypoxic environment (partial O, pressure [pO,] = 11.3 kPa) for 20 h and to a normoxic environment
(pO, = 21.1 kPa) for 4 h/day. The mice in the hypoxia groups were raised in a composite hypoxia
chamber (Guizhou Fenglei Ltd., Guizhou, China), and the normoxia groups were raised in the Experi-
mental Animal Center of the Beijing Institute of Microbiology and Epidemiology. The experimental
design is shown in Fig. TA. All utensils and feeds were sterilized. During the experiments, the animals
were housed under a 12-h light/dark cycle at 18 to 22°C, their bedding was kept dry, and they were free
to eat and drink water.

Blood and tissue sample collection. Blood was collected and divided into two parts. One part was
analyzed by the use of an automatic hematology analyzer (IDEXX ProCyte DX; Edwards Biotechnology
Co., Ltd., USA), and the other was separated by centrifugation to obtain serum for cytokine analysis.
Colons were collected for formalin fixation. Hearts and lungs were weighed and subjected to formalin
fixation prior to histology.

Detection of cytokine secretion. Serum was collected and assayed on high-throughput liquid
protein chips (Luminex 200, USA). We used a mouse Th1/Th2/Th9/Th17/Th22/Treg cytokine panel
(17-plex) kit (EPX170-26087-901; Thermo Fisher Scientific, USA) to detect expression of the following 17
cytokines: gamma interferon (IFN-y), interleukin-12p70 (IL-12p70), IL-13, IL-1p, IL-2, IL-4, IL-5, IL-6, tumor
necrosis factor alpha (TNF-a), granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-18, IL-10,
IL-17A, IL-22, IL-23, IL-27, and IL-9.

Fecal sample collection. Fresh fecal samples were collected at the indicated times (Fig. 1A) and
quickly transferred to a —80°C cryogenic freezer. The fecal samples were named according to their
collection day (D) and genetic origin (K for KO; W for WT) as follows: DOK, D1K, D5K, D14K, DOW, D1W,
D5W, and D14W. The collected stool samples were then subjected to DNA extraction for PCR.

Fecal microbiome analysis. (i) DNA extraction and PCR amplification. DNA was extracted from
stool samples by the use of a TIANamp stool DNA minikit (Tiangen, Beijing, China) following the
manufacturer’s instructions. DNA concentration and purity were monitored on 1% agarose gels. The
V3-V4 region of the 16S rRNA gene was amplified from the fecal DNA samples by the use of the
following primer pair (43): 341F (5'-CCT ACG GGR SGC AGC AG-3’) and 806R (5'-GGA CTA CVV GGG
TAT CTA ATC-3’). All PCRs were carried out using a Kapa HiFi HotStart ReadyMix PCR kit (Annoron,
Beijing, China).

(ii) PCR amplification and product purification. Using the diluted genomic DNA as the template,
a Kapa HiFi HotStart ReadyMix PCR kit (Annoron, Beijing, China) was used for PCR to ensure the accuracy
and efficiency of amplification. PCR products were detected after separation by electrophoresis in a 2%
agarose gel, and the PCR products were recovered using an AxyPrep DNA gel recovery kit (Axygen, CA,
USA). After recovery, a Thermo NanoDrop 2000 ultraviolet microspectrophotometer and 2% agarose gel
electrophoresis were used to perform quality control of the library.

Sequencing analysis. The 16S rRNA sequencing data were optimized and statistically analyzed using
PANDAseq software (44). Next, we performed an operational taxonomic unit (OTU) cluster analysis by
sorting the clean reads with the same sequence, filtering to obtain the species-level classification, and
then comparing all clean reads with the OTU sequence to extract the corresponding read sequence for
the final mapped reads.

The most abundant sequence in each OTU is its representative sequence, which can be compared
with the sequences in the 16S database of known species (RDP; http://rdp.cme.msu.edu) and ultimately
classified for each OTU species. Each sample is classified with respect to the sequence number at each
level of species classification (i.e., phylum, class, order, family, genus, and species) to gain an overall
picture at each level (45, 46). The results of species classification can be mapped to a corresponding
histogram so that the relative abundances and proportions of species can be viewed intuitively
based on the different taxonomic levels (phylum, class, order, family, genus, and species) for each
sample (47).

a-Diversity mainly refers to the diversity of a specific region or a single sample, and the a-diversity
index is a comprehensive index used to reflect richness and evenness. We used QIIME software (48, 49)
to calculate the value of the a-diversity index for a single sample and to draw the corresponding
a-dilution curve. The a-dilution curve is used to calculate the expected value of the a-diversity index by
extracting n (where n is less than the total number of measured read sequences) from the relative
proportions of all types of known 165 rRNA gene OTU sequences. The curve is then drawn using a group
of n values (generally an isometric series comprising less than the total sequence number) and the
corresponding expected values, and a statistical a-diversity index table is generated (50). The Shannon
index can be used to comprehensively assess the richness and evenness of a community; the higher the
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Shannon index value, the higher the diversity. The formula to calculate the Shannon index is as follows:

n;
Hshannon = — E .

Sobs n;

N

Unlike a—&ﬂ/;rsity analysis, B-diversity analysis is used to compare the levels of species diversity
among samples. To assess the structural similarity of intestinal microflora between KO mice and WT mice,
a multiresponse permutation procedure (MRPP) analysis based on Unifrac distance matrix was used.
MRPP analysis, similarly to analysis of similarity (ANOSIM), is a statistical method used to analyze
similarities between high-dimensional data (51).
Taxonomic linear discriminant analysis (LDA) effect size (LEfSe) determinations focus on identifying
communities or species that have a significant impact on the division of a sample under different
grouping conditions. LEfSe data emphasize statistical significance, biological consistency, and effect
correlation (45).
Statistical analysis. Data are presented as means = standard errors of the means (SEM). Compar-
isons of means were performed using the Student’s t test contained within the GraphPad Prism 8.0
program. Differences between groups were considered significant at P values of <0.05.
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