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Gut microbiota from patients with arteriosclerotic CSVD
induces higher IL-17A production in neutrophils via
activating RORyt

Wei Cai'%3%, Xiaodong Chen', Xuejiao Men’, Hengfang Ruan’, Mengyan Hu’, Sanxin Liu’,
Tingting Lu', Jinchi Liao', Bingjun Zhang', Danli Lu’, Yinong Huang', Ping Fan', Junping Rao”,
Chunyan Lei’, Jihui Wang6, Xiaomeng Ma’, Qiang Zhu', Lili Li", Xiuyun Zhu', Yujiao Hou? Shu Li*,
Qing Dong’, Qing Tian', Lulu Ai', Wenjing Luo', Mengyun Zuo', Liping Shen’, Congyan Xie',
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The intestinal microbiota shape the host immune system and influence the outcomes of various neurological
disorders. Arteriosclerotic cerebral small vessel disease (aCSVD) is highly prevalent among the elderly with its
pathological mechanisms yet is incompletely understood. The current study investigated the ecology of gut
microbiota in patients with aCSVD, particularly its impact on the host immune system. We reported that the
altered composition of gut microbiota was associated with undesirable disease outcomes and exacerbated in-
flammaging status. When exposed to the fecal bacterial extracts from a patient with aCSVD, human and mouse
neutrophils were activated, and capacity of interleukin-17A (IL-17A) production was increased. Mechanistically,
RORvt signaling in neutrophils was activated by aCSVD-associated gut bacterial extracts to up-regulate IL-17A
production. Our findings revealed a previously unrecognized implication of the gut-immune-brain axis in aCSVD
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pathophysiology, with therapeutic implications.

INTRODUCTION

Cerebral small vessel disease (CSVD) is a subset of disorders that
involves malfunction of small arteries, arterioles, capillaries, and
small veins in the brain (1). As life expectancy keeps increasing
globally, CSVD, which is highly prevalent among senile population,
has displayed severe consequences. Mounting evidence indicates
the role of CSVD in promoting neurodegeneration and worsening
the symptoms (2). It is documented that CSVD contributes to ~45%
of dementia cases worldwide (3). CSVD increases the risk of acute
cerebral vascular events. Approximately one-quarter of all strokes
could be attributed to CSVD (3). Arteriosclerotic CSVD (aCSVD) is
one of the major subtypes of the CSVD spectrum. During the devel-
opment of aCSVD, small vessels in the brain undergo accumulated
injuries due to genetic factors, environmental factors, or both (4, 5).
The course of the disease starts silently and progresses gradually
over time before the emergence of notable symptoms. The lengthy
pathophysiological process complicates the pathogenesis of aCSVD,
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which further toughens the therapeutic research. Nowadays, our
knowledge on aCSVD development remains to be superficial, and
the therapeutic countermeasures are limited.

The role of chronic systemic inflammation in aCSVD pathophysiolo-
gy has only recently been recognized (6-9). Systemic and vascular
inflammatory status have been found to be associated with aCSVD
development and prognosis (I). The peripheral immune system, in-
cluding both the innate and adaptive immune cells, plays a crucial
role in the pathophysiology of aCSVD. Infiltration of neutrophils
through the blood-brain barrier (BBB) into aCSVD lesions and their
continuous release of BBB destroying matrix metalloproteinase-9
(MMP9) have been identified (9). Increased cytokine production
capacity of circulating monocytes in patients with aCSVD has been
recorded (7). Release of central nervous system (CNS) antigen into
the peripheral circulation results in development and activation of
CNS antigen-specific lymphocytes (10, 11). Multiple inflammatory
mediators derived from the activated immune cells contribute to
aCSVD development. Systemic inflammatory factors [e.g., C-reactive
protein, interleukin-6 (IL-6), tumor necrosis factor-a (TNFa),
myeloperoxidase] and vascular inflammatory factors [e.g., homo-
cysteine, intracellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1)] synergistically drive the progression
of small vessel pathology (I). Tackling the immune reactions that
injure the brain endothelium and BBB could be a promising thera-
peutic strategy.

The continuous interaction between gut microbiota and the host
immune system has a vital impact on the induction, functional modu-
lation, or suppression of local and systemic immune responses (12). It
is reported that acute ischemic stroke-associated gut microbiota
facilitate the expansion of IL-17A-producing T cells, which exacer-
bates poststroke neural inflammation. Loss of microbiota diversity
in the gut is proved to be associated with the increased formation of
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neutrophil extracellular traps (NETs) (13). A microbial product,
trimethylamine N-oxide (TMAO), is associated with excessive local
and systemic inflammatory mediators, altered intestinal permeability,
and increased circulating bacterial DNA, which may facilitate the
development of aging-related coronary arteriosclerosis (14). Accu-
mulating evidence has shown that alteration of the gut microbiota is
one of the potential mechanisms of age-related chronic inflamma-
tory status, which is called “inflammaging” (15). We thus inferred
that the pace of inflammaging in patients with aCSVD, the majority
of whom are elderly persons, could be modified by gut microbiota.
Nevertheless, the ecology of the gut microbiota in patients with
aCSVD has not been characterized. How the intestinal microbiota
shape the immune system and promote the pathophysiological pro-
cess of aCSVD remains elusive.

In the current study, we investigated the features of commensal
microbiota in patients with aCSVD, the impact of altered intestinal
microbiota on the immune system, and the influence of the gut-immune
axis on aCSVD prognosis. We aim at providing valuable hints to the
understanding of aCSVD pathophysiology, early recognition, and
alertness of undesirable disease outcomes, as well as the correspond-
ing therapeutic countermeasures.

RESULTS
Diversity of intestinal microbiota increases in patients
with aCSVD
Interaction of the gut microbiota, inflammaging status, and aCSVD
pathophysiology in the cohort was investigated. The study design is
displayed in Fig. 1A. Fecal samples of 55 patients with aCSVD
[mean age, 65.42 + 7.78 years; male, 36 (58.06%); 30 with burden =0
to 1, 25 with burden = 2 to 4] were collected and subjected to r16S
sequencing. Magnetic resonance imaging (MRI) scanning and Montreal
cognitive assessment (MoCA) were performed to the recruited pa-
tients to evaluate aCSVD severity. A total of 62 age-matched healthy
controls [HCs; mean age, 64.84 + 9.35 years; male, 33 (60.00%)]
were recruited and donated their fecal samples to the study. The
process of exclusion and inclusion is displayed in fig. S1. Clinical
characteristics of the cohort, including demographic and laboratory
biomedical factors, are shown in table S1. In the cohort, mnRNA was
extracted from the total peripheral blood leukocytes of 31 HCs and
38 patients with aCSVD (20 with burden = 0 to 1, 18 with burden =2
to 4) and was subjected to inflammaging status analysis. Clinic char-
acteristics of the 69 individuals are displayed in table S2.
Taxonomic classification of the cohort gut community revealed
109 genera from 12 major phyla (fig. 52, A and B). Relative abundance of gut
microbiota (>107) at the genus level of the cohort is displayed (Fig. 1B;
legends are shown in fig. S2C). In HCs, the top 10 genera with the highest
relative abundance in gut microbiota were g_Lachnospira, g Bilophila,
g Clostridium, g Haemophilus, g Dialister, g Veillonella, g Granulicatella,
g Dorea, g_Desulfovibrio, and g Akkermansia. In patients with
aCSVD, the 10 genera that were most predominant in gut microbiota
were g Bacteroides, g_Faecalibacterium, g Escherichia, g Roseburia,
g Lachnospira, g Parabacteroides, g Streptococcus, g Megamonas,
g Oscillospira, and g_Ruminococcus. In comparing o-diversity in
the cohort (N = 117), we found that the gut microbiota of patients
with aCSVD with burden = 2 to 4 had higher Chaol richness, ob-
served operational taxonomic unit (OTU), and Faith’s phylogenetic
diversity (PD). Accordingly, their Pielou E value decreased. The gut
microbiota of HCs and patients with aCSVD showed consistent values
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in the analysis of Shannon-Wiener diversity index and Simpson
diversity index (Fig. 1C). B-Diversity of the cohort was assessed
with partial least squares discriminant analysis (PLS-DA) (fig. S2D).
Overall, our data indicated that intestinal microbiota of patients
with aCSVD showed higher diversity compared with their healthy
contemporary.

Composition of gut commensal microbiota of patients

with aCSVD differs from that of the HCs

To depict the characteristics of gut microbiota in the cohort, we
performed assessment of the linear discriminant analysis (LDA)
effect size (LEfSe) (Fig. 1D). Distinctive gut microbiota taxa with
LDA score >2 from the level of phylum to species (Fig. 1D) and their
phylogenetic taxonomy (Fig. 1E) are displayed. In gut microbiota of pa-
tients with aCSVD, expansion of bacterial members in p_Proteobacteria,
p_Actinobacteria, p_Firmicutes, p_Bacteroidetes, p_Cyanobacteria,
and p_TM?7 was detected (Fig. 1, D and E). The genus composition
with LDA score >2 in LEfSe analysis displayed notable difference
between HCs and patients with aCSVD (Fig. 1, F and G, and fig. S2E).
For example, abundance of g_Escherichia was significantly higher in
gut microbiota of patients with aCSVD, and the patients with aCSVD
burden = 2 to 4 borne more g Escherichia in their gut microbiota
compared with patients with aCSVD burden = 0 to 1 (Fig. 1G and
fig. S2E). With Spearman correlation analysis, we found close interac-
tions among the gut commensal bacterial populations at all taxonomic
levels (fig. S3). Our data support the idea that the gut commensal
microbiota system functions and affects the pathophysiology of var-
ious diseases as a whole (16).

Alteration of gut microbiota in patients with aCSVD
correlates with neuroimaging markers and MoCA, which
displays early alarming value

We next evaluated the clinical significance of the altered intestinal
microbiota in aCSVD pathophysiology. The association of altered
gut microbiota with clinical indications was assessed with Spearman
correlation matrix analysis. Gut microbiota with LDA score >2
was included in the assessment. The corresponding neuroimaging
markers of aCSVD accessed with MRI in patients, including lacunae,
deep-white matter hyperintensities (d-WMH), periventricular-WMH
(p-WMH), lobar cerebral microbleeds (CMBs) and deep/infratentorial
CMBs, perivascular space (PVS) in basal ganglia (BG) and centrum
semiovale, cerebral atrophy, and the total aCSVD burden, were
evaluated in the analysis. The value of MoCA was also included in
the correlation evaluation. We found that the altered microbiota
composition had considerable impacts on the imageology of patients
with aCSVD. As an example, WMH, the most important imaging
biomarker of aCSVD, was positively correlated with the relative
abundance of p_Proteobacteria (Fig. 2A). Representative magnetic
resonance (MR) images of typical patients with aCSVD and their
corresponding microbiota composition (genus level, LDA score >2)
are displayed (Fig. 2Bb). The multiple injuries of brain vessels are
usually irreversible in aCSVD. Consequently, early recognition of
disease status and alertness of undesirable prognosis are of im-
portance. To evaluate the value of microbiota alteration as an early
clinical alarm for detrimental aCSVD outcomes, we divided the
patients into two groups according to their radiological burden:
mild aCSVD (burden = 0 to 1) and moderate-severe aCSVD
(burden = 2 to 4). Epidemiological characteristics of the patients with
aCSVD, with or without the composition of microbiota (defined as
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Fig. 1. Gut microbiota composition of patients with aCSVD and HCs. (A) Experimental design. (B) Stacked graph depicting composition of bacterial genera with rela-
tive abundance >107° in the cohort. Legends are displayed in fig. S2C. (C) Diversity analysis of gut microbiota of the whole cohort. *P < 0.05; **P <0.01; ns, P> 0.05; by
one-way analysis of variance (ANOVA) (mean + SD). (D) Characteristics of gut microbiota in the cohort were evaluated with LEfSe. Bacterial populations with LDA score >2
are displayed. (E) Phylogenetic classification of bacterial populations with LDA score >2. The subordinate phylum with LDA score <2 is displayed with gray characters.
(F) Top: Frequencies of the gut bacterial genera according to LDA score. Mean * SE is displayed. Bottom: Heatmap illustrating the relative abundance of gut bacterial
genera with LDA score >2 in patients with aCSVD and HCs. (G) Dot plot (10 x 10) depicting the weight distribution of the 15 genera with LDA score >2. The value of “Total”
indicated the proportion of the 15 genera with LDA score >2 among the whole gut microbiota (total = 1). Comparison of the relative abundance of the 15 genera with
LDA score >2 among the three subgroups with one-way ANOVA is displayed in fig. S2E.

the relative abundance of bacterial genera in gut microbiota with
LDA score >2), were subjected to receiver operating characteristic
(ROC) analysis. The epidemiological parameters alone, namely,
age, body mass index (BMI), smoking behavior, and comorbidity of
hypertension and diabetes, had made considerable contribution to
prediction efficacy of detrimental aCSVD imageology (burden = 2 to
4) with an area under curve (AUC) of 71.33 * 6.98% (P = 0.0068).
Notably, when the relative abundance of the gut bacterial genera with
LDA score >2 was incorporated into the model construction, the
AUC increased to 88.00 + 4.53% (P < 0.0001) (Fig. 2C). Our data
indicated that the relative abundance of the 15 genera with LDA
score >2 identified in our cohort was of important alarming value
in aCSVD prognosis.
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Alteration in gut microbiota of patients with aCSVD is
associated with the increased pace of inflammaging

We next investigated how the altered microbiota affected aCSVD
pathophysiology according to the study design (Fig. 1A). aCSVD is
most prevalent among the elderly. Age-related dishomeostasis of the
immune system, designated as inflammaging, is associated with var-
ious neurological disorders (17). It is evident that intestinal dysbiosis
promotes inflammaging during aging (18). Therefore, we hypothesized
that the altered microbiota in patients with aCSVD accelerated the
process of inflammaging, which exacerbated aCSVD pathophysiology.
We first evaluated the systemic inflammatory status of patients with
aCSVD by measuring the mRNA level of inflammaging markers (19)
in circulating leukocytes with real-time polymerase chain reaction
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Fig. 2. Association of gut microbiota and clinical manifestations of patients with aCSVD. (A) Association of the altered bacterial composition and the clinical indica-
tions was evaluated with Spearman correlation analysis. N=30in patients with aCSVD with burden=0 to 1, and N=25in patients with aCSVD with burden=2 to 4.
*P <0.05 and **P < 0.01. The r values ~0.25 are also displayed. (B) Representative MR images of HC (a) and typical patients with aCSVD together with their corresponding
microbiota composition (weight of genera with LDA score >2) (b). Yellow arrowheads emphasize the indicated MRI signs. (C) Graph depicts the results of the ROC analysis
of predicting efficacy for detrimental imageology (aCSVD burden = 2 to 4). AUC of epidemiological characteristics (black curve, black characters; 71.33 + 6.98%, P = 0.0068)
and that in addition with the relative abundance of the 15 genera with LDA score >2 (red curve, red characters; 88.00 + 4.53%, P < 0.0001) is displayed. N=30in patients
with aCSVD with burden =0 to 1, and N =25 in patients with aCSVD with burden=2 to 4.

(RT-PCR). We found that expression of the inflammaging markers
IL-17A, TNFa, IL-6, and IFNo. (19) increased in patients with aCSVD
compared with their healthy counterparts (Fig. 3A and fig. S4), which
revealed that the pace of inflammaging was advanced in patients with
aCSVD. Among all the assessed inflammaging markers, mRNA ex-
pression of IL-17A had the largest difference of means (1.43 + 0.4412)
between the two groups, illustrating that IL-17A mRNA level displayed
the most considerable alteration in patients with aCSVD (Fig. 3A).
To address the prognostic value of the tested inflammaging markers,
we incorporated their mRNA level in the ROC analysis for detri-
mental imageology signs (aCSVD burden = 2 to 4) together with the

Cai etal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

epidemiological parameters. Inclusion of the inflammaging markers
in the ROC analysis increased the AUC to 83.06 + 6.63% (P = 0.0005),
indicating that the elevated inflammaging status displayed prognostic
significance (Fig. 3B). Among the tested parameters, mRNA expres-
sion of IL-1B, IL-6, IFNa, and IL-17A increased the predicting sen-
sitivity for detrimental imageology signs (aCSVD burden = 2 to 4)
(Fig. 3C). To be noted, the AUC with IL-6 (79.17 + 7.22%, P = 0.0021)
or IL-17A (79.17 + 7.18%, P = 0.0021) expression incorporated was
the highest (Fig. 3C). To study the impact of intestinal microbiota
on the inflammaging status in patients with aCSVD, we analyzed the
correlation of their inflammaging marker expression and commensal
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Fig. 3. Inflammaging status in patients with aCSVD and its correlation with the altered gut microbiota. (A) Expression of inflammaging markers. Top: Heatmap
showing the mRNA level (fold, log,). Bottom: Comparison of inflammaging marker expression in HCs (N=31) and patients with aCSVD (N = 38). *P < 0.05, **P < 0.01, and
**%¥P < 0.0001; by Student’s t test (mean + SD). Difference of means (+SE) is displayed. (B) ROC analysis of the predicting efficacy for aCSVD burden =2 to 4 when including
epidemiological characteristics (black curve, black characters) or epidemiological characteristics together with mRNA expression (delta CT log,) of all tested cytokines (red curve,
red characters). (C) ROC analysis of the predicting efficiency for aCSVD burden = 2 to 4 when including epidemiological characteristics alone (black curve, black characters)
or together with each indicated cytokine (red curve, red characters). N=20in patients with aCSVD with burden =0to 1, and N=18in patients with aCSVD with burden=2to 4.
(D) Association of the altered gut bacterial composition (relative abundance of gut microbiota with LDA score >2) and expression of inflammaging markers (delta CT log,
compared with the CT value of B-ACTIN in RT-PCR). N =38 in patients with aCSVD, and N=31in HCs. *P < 0.05 and **P < 0.01. The r values ~0.25 are also displayed.

gut microbiota composition. We documented that the mRNA level
of all the tested inflammaging markers was correlated with the gut
bacterial composition (defined as relative abundance of bacterial
taxa with LDA score >2) (Fig. 3D). Our data are consistent with our
hypothesis that gut microbiota dysbiosis may accelerate the pace of
inflammaging and may promote the development and progression
of aCSVD. It is worth emphasizing that among all the tested inflam-
maging markers, expression of IL-17A displayed the largest differ-
ence between patients with aCSVD and HCs and was of the highest
prognostic value for detrimental imageology sign (aCSVD burden =
2 to 4), which indicated that IL-17A is of vital significance in aCSVD
pathophysiology.

Cai etal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

Microbiota of patients with aCSVD facilitate IL-17A
production by neutrophils

According to the study design (Fig. 1A), we next addressed the
cellular source of IL-17A in patients with aCSVD. It is reported that
IL-17A could be derived from T cells, neutrophils, macrophages,
dendritic cells, etc. (20). Therefore, we assessed IL-17A expression
in the mentioned immune cells with flow cytometry. Gating strategy
is illustrated in fig. S5A. In accordance with the RT-PCR data, flow
cytometric analysis reported increased IL-17A expression in peripheral
leukocytes of patients with aCSVD (newly recruited, N = 14) com-
pared with the age-matched HCs (newly recruited, N = 6) (Fig. 4A).
Notably, mean fluorescence intensity (MFI) of IL-17A, which revealed
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Fig. 4. Cellular source of elevated IL-17A in circulating leukocytes of patients with aCSVD. Expression of IL-17A in the circulating leukocyte of patients with aCSVD
(N=14) and HCs (N=6) was assessed with fluorescence-activated cell sorting (FACS). (A) Comparison of IL-17A expression in the two groups. *P < 0.05 and **P < 0.01.
FSC-W, forward scatter-width. (B) MFI of IL-17A in neutrophil (CD66b*), monocyte (CD14"), dendritic cell (CD11c™), T cell (CD3*), and B cell (CD19%). *P < 0.05. (C) Compar-
ison of the frequency of IL-17A* neutrophils between the two groups. ***P < 0.001, by Student’s t test (mean + SEM). (D) Comparison of the frequency of neutrophil (N),
monocyte (M), dendritic cell (DC), T cell (T), and B cell (B) among IL-1 7A* leukocyte in patients with aCSVD. ***P < 0.001. (E) Representative tSNE plots of the cellular source
of IL-17A from three patients with aCSVD. (F) Experimental design of ex vivo experiments. Leukocytes were isolated from six healthy donors and treated with the fecal
bacterial compounds (1 pg/ml) of patients with aCSVD or HCs. RBC, red blood cell. (G) IL-17A expression in total leukocyte, neutrophil (5100a9*CD66b*), monocyte
(CD14%), dendritic cell (CD11c¢*) and T cell (CD3*) at 1 day. *P < 0.05, by one-way ANOVA (mean + SD).

the average level of IL-17A protein in the gated cells, increased in
circulating neutrophils (CD66b") but not in monocytes (CD14"),
dendritic cells (CD11c"), T cells (CD3"), or B cells (CD19") of pa-
tients with aCSVD compared with HCs (Fig. 4B). Accordingly, the
percentage of IL-17A-expressing neutrophil elevated in patients with
aCSVD (Fig. 4C). Moreover, it was neutrophil, rather than T cell or
other immune players, that took up the largest proportion of IL-17A-
producing leukocyte (49.68 + 8.705%) in patients with aCSVD
(Fig. 4D). As was assessed with t-stochastic neighbor embedding
(tSNE) analysis, we revealed that IL-17A expression in neutrophil
surpassed other immune cells (Fig. 4E).

The pathophysiological process of aCSVD is intricate. The internal
interaction of the gut microbiota with the immune system, their recip-
rocal causation, and the subsequent impact on aCSVD progression
are all perplexing. To simplify the process and obtain clues to un-
derstand how the altered intestinal microbiota modified the im-
mune system in aCSVD, we performed ex vivo experiments. Total
bacteria were isolated from fecal samples of patients with aCSVD and
age-matched HCs. Extracts of fecal bacteria were prepared according
to the methodology described previously (21). Circulating leukocytes
were isolated from six healthy donors (three females, age = 31.00 + 4.000;
three males, age = 25.67 + 2.082) after lysis of red blood cells and
exposed to the fecal bacterial compounds (Fig. 4F). After 1 day of

Cai etal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

exposure, leukocytes were subjected to flow cytometric analysis for
IL-17A expression (Fig. 4G). We found that short-term stimulation
of aCSVD-associated gut bacterial extracts elicited excessive IL-17A
expression in CD66b"S$100a9" neutrophils, while no alteration of
IL-17A protein level in monocytes (CD14"), dendritic cells (CD11c"),
and T cells (CD3") was observed (Fig. 4G).

In the meantime, spleen, the central immune organ, was obtained
from healthy C57/Bl6 wild-type mice (6 to 8 weeks old), and spleno-
cytes were exposed to the bacterial extracts (Fig. 5A). At 1 day after
treatment, composition of immune cells among splenocytes remained
largely invariant (fig. S5B). Of particular interest, aCSVD-associated gut
bacterial extracts facilitated IL-17A expression of splenocytes com-
pared with those treated with HC gut bacterial extracts or vehicle con-
trols [phosphate-buffered saline (PBS)] as assessed with Western
blot (Fig. 5B) and fluorescence-activated cell sorting (FACS) (Fig. 5C),
which coincided with the up-regulated IL-17A-expressing leukocytes
in patients with aCSVD. With flow cytometric analysis, we traced
the source of IL-17A elicited by aCSVD-associated gut bacterial ex-
tracts (Fig. 5, D to H). Notably, neutrophils, which were labeled as
Ly6G*F4/80"CD3 CD19~ cells (Fig. 5, D to G) or CD45*CD11b*
S100a9"Ly6G" cells (Fig. 5H), obtained increased IL-17A-producing
capacity at 1 day after exposure to aCSVD-associated gut microbiota
and accounted for the largest proportion of the IL-17A-producing
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Fig. 5. Production of IL-17A by mouse splenocytes after exposure to aCSVD-associated gut bacterial extracts for 1 day. (A) Experimental design. Gut bacterial ex-
tracts were prepared from the fecal samples of patients with aCSVD or HCs. Splenocytes were then treated with gut bacterial extracts (1 ug/ml) or equal volume of PBS
for 1 day. (B and C) Expression of IL-17A in total splenocytes at 1 day after exposure was assessed with Western blot (B) and flow cytometry (C). GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. (D and E) tSNE analysis of splenocytes with the parameters of IL-17A, Ly6G, F4/80, CD3, and CD19. (D) Representative tSNE plots of the
splenocytes scaled on IL-17A expression. (E) Location of neutrophils (Ly6G*), macrophages (F4/80%), T cells (CD3*), and B cells (CD19%) among splenocytes. (F) Frequencies
of the tested immune cells among L17A" splenocytes after exposure to aCSVD-associated gut bacterial extracts. (G) Percentages of IL-17A" cell among the tested immune
cells after exposure to gut bacterial extracts. (H) FACS analysis of IL-17A expression in CD45*CD11b*S$100a9*Ly6G" neutrophils among splenocytes. Experiments were
repeated for three times. *P < 0.05, **P < 0.01, and ****P < 0.0001, by one-way ANOVA (mean * SD).

splenocytes (Fig. 5F). Nevertheless, no significant elevation of IL-17A
level in T cells, B cells, or macrophages was observed at 1 day (Fig. 5,
D to G). Itis noted that at 3 days after exposure to aCSVD-associated
gut bacterial extracts, expression of IL-17A was up-regulated in T cells
(fig. S6, A and B). Percentages of CD4" regulatory T cells (CD3"CD4"
FoxP3"), CD8" regulatory T cells (CD3"CD8"CD103"), cytotoxic T cells
(CD3*CD8"Granzyme" or CD3"CD8"Perforin*), B10 cells (CD19*IL10"),
NKB (natural killer B) cells (CD19*NK1.1%), M2 macrophages
(CD45'F4/80"CD206"), and N2 neutrophils (CD45"Ly6G"CD206")
among splenocytes after treatment with gut bacterial extracts or
vehicle controls (PBS) were stable (fig. S5C).

Bacterial extracts of patients with aCSVD elicit IL-17A
expression in neutrophils by activating RORyt signaling

We went on to investigate the molecular mechanisms of how the
gut microbiota affected IL-17A production in immune cells. As is
known, RORyt (regulator of reprogramming, isoform gamma-t) is

Caietal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

the main enhancer of IL-17A expression, while signal transducer
and activator of transcription 1 (STAT1) signaling suppresses IL-17A
production and directs naive T cells toward T helper cell 1 (Tyl)
phenotype (22, 23). Therefore, activation status of RORyt and
STAT1I signaling in immune cells were analyzed. We recorded that
aCSVD-associated gut bacterial extracts activated RORyt and STAT1
signaling simultaneously in splenocytes with Western blot (Fig. 6A)
and flow cytometric analysis (Fig. 6, B and C). Meanwhile, we found
that after exposure to aCSVD-associated gut bacterial extracts,
RORyt expression increased in neutrophils, while the level of phos-
phorylated STAT1 (pSTAT1) remained at low level (Fig. 6, D and E).
Inhibition of RORyt signaling with GSK2981278 (10 pM, MCE),
which specifically interfered binding of RORyt to the Il17a DNA,
reversed the effect of the bacterial extracts (Fig. 6F). The data indi-
cated that aCSVD-associated commensal microbiota elicited IL-17A
expression in neutrophil by activating RORyt signaling. In com-
parison, the aCSVD-associated bacterial extracts stimulated STAT1
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Fig. 6. RORYt signaling is activated in neutrophil after exposure to aCSVD-associated gut bacterial extracts. (A to F) Splenocytes were treated with gut bacterial
extracts (1 ug/ml) for 1 day. (A) Protein level of RORyt, phosphorylated STAT1 (pSTAT1), and STAT1 as assessed with Western blot. (B to E) RORyt (B) and pSTAT1 (C) expres-
sion in singlets, RORyt (D), and pSTATT1 (E) expression in Ly6G+ neutrophil measured with FACS. (F) Splenocytes were treated with gut bacterial extracts with or without

RORyt inhibitor GSK2981278 (RORyt™, 10 uM) for 1 day. L-17A* neutrophil was ¢

alculated. Experiments were repeated for three times. *P < 0.05, **P <0.01, and

***P < 0.001; by one-way ANOVA (mean + SD). DMSO, dimethyl sulfoxide. (G to J) Bone marrow-derived neutrophils were treated with gut bacterial extracts (1 ug/ml) for

12 hours. (G) Expression of RORyt, pSTAT1, and STAT1 assessed with Western blot. (H

to I) RT-PCR (H) and flow cytometric analysis (1) of IL-17A expression in neutrophils.

(J) Transcriptional profile in neutrophils after exposure to bacterial extracts with or without GSK2981278 (RORyt™, 10 uM) was assessed with RT-PCR array. Statistical re-
sults are displayed in fig. S7B. Experiments were repeated for three times. *P < 0.05, **P < 0.01, and ***P < 0.001; by one-way ANOVA (mean * SD).

signaling in T cells, which favored the Ty1 differentiation and sup-
pressed IL-17A production (fig. S6D). In the meantime, the Ty17-
associated RORyt signaling was activated in T cells, which antagonized
the effect of STAT1 signaling and preserved their IL-17A expression
(fig. S6C). When tipping the balance between the two signaling to-

Cai etal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

ward RORyt by administration of a low dose of SR0987 (2 uM, MCE),
an RORyt activator, IL-17A expression in T cells significantly in-
creased as soon as 1 day with the presence of aCSVD-associated
bacterial extracts (fig. S6E). On the other hand, when introducing brain
antigen in the system (10% in culture medium), IL-17A production

8of 14

2202 ‘8z |1dy uo 610'90us 195" MAMM//:Sd1Y W) pepeo umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

in T cells increased rapidly at 1 day after stimulation (fig. S6F). The
results indicated that aCSVD-associated microbiota and exposure
of brain antigen might synergistically activate RORyt signaling in
T cells, which resulted in Ty17 differentiation and IL-17A production
(fig. S6G). The presence of brain antigen showed little influence on
IL-17A production in neutrophils (fig. S7A).

To confirm the impact of aCSVD-associated commensal microbiota
on neutrophils, we isolated bone marrow-derived Ly6G" neutrophils
with magnetic sorting and exposed the neutrophils to fecal bacterial
extracts of patients with aCSVD or HCs for 12 hours due to the short
life of primary cultured neutrophils. With Western blot, we found
that RORyt expression increased in neutrophils, while STAT1 signal-
ing remained stable (Fig. 6G). RT-PCR (Fig. 6H) and flow cytometric
analysis (Fig. 6I) illustrated that exposure to gut bacterial extracts of
patient with aCSVD increased IL-17A production in neutrophils.
In the meantime, with RT-PCR array, we observed altered tran-
scriptional profile of neutrophils after exposure to aCSVD-associated
gut bacterial extracts (Fig. 6]; statistics shown in fig. S7B): (i) in-
creased expression of proinflammatory factors. In accordance with
the elevated IL-17A production, Il17r expression in neutrophils in-
creased after exposure to aCSVD-associated microbiota extracts.
Subsequently, mRNA level of multiple established IL-17A-associated
molecules was up-regulated, including Il12a, 1122, Ifny, and Tnfa
(24). Of particular interest, mRNA expression of /1 and II23 in-
creased, which facilitated Ty17 differentiation (24). (ii) Acquisition
of trafficking capacity: The mRNA level of Cxcrl (major modulator
of neutrophil trafficking), Ccr6 (chemokine receptor for Ty17 mi-
gration), and Ccr7 (involved in the migration of neutrophils to the
lymph node) increased in neutrophils after exposure to aCSVD-
associated bacterial extracts. Moreover, expression of vascular ad-
hesion molecules, including IcamI and Vcaml, was up-regulated,
indicating that neutrophils obtained the capability to infiltrate into
inflamed sites. (iii) Inclination of barrier breaking: We documented
that production of several MMPs elevated in neutrophils after exposure
to aCSVD-associated microbiota extracts, including Mmp8, Mmp9,
and Mmp13. Increased MMP production of neutrophils might be
associated with the initial BBB injury in aCSVD pathology. Note that
up-regulation of the aforementioned transcriptional profiles could
be reversed by treatment of the RORyt inhibitor GSK2981278 (10 uM,
MCE) (Fig. 6Jand fig. S7B). To evaluate whether leukocytes, majority
of whom were neutrophils, were involved in BBB damage and obtained
the capacity to infiltrate into the inflamed aCSVD lesion, we assessed
the mRNA levels of CXCR1, CCR6, CCR7, ICAM1, VCAM1, MMP8, and
MMP?9 in the circulating leukocytes of patients with aCSVD and HCs
with RT-PCR. Consistently, we observed that circulating leukocytes
of patients with aCSVD expressed higher levels of the mentioned
chemokine receptors, adhesion molecules, and BBB damage-associated
MMPs (fig. S7C). We thus inferred that aCSVD-associated gut micro-
biota activated RORyt signaling in neutrophils and endowed neutro-
phils with capabilities of activating the adaptive immune system,
trafficking toward and infiltrating the CNS (fig. S7D).

DISCUSSION

The current study describes a previously unidentified pathophysio-
logical mechanism for aCSVD that implicates the intestinal microbiota—
immune system-brain axis, supporting the idea that aCSVD is a
systemic disease rather than a focal disorder (5). The data suggest
that gut microbiota alteration in patients with aCSVD affects the

Caietal., Sci. Adv. 2021; 7 : eabe4827 22 January 2021

pace of inflammaging. In particular, aCSVD-associated microbiota
elicits IL-17A expression in neutrophils via activating RORyt signal-
ing. Activation of neutrophil and their increased production of
IL-17A might exacerbate the systemic inflammation in patients with
aCSVD.

Our study depicted altered gut microbiota composition in patients
with aCSVD. On the one hand, reduced abundance of beneficial
commensal microbes, such as the butyrate-producing g Coprococcus,
was observed in aCSVD-associated gut microbiota. Butyrate is one
of the predominant short-chain fatty acids (SCFAs) in the gut and
serves as an essential energetic source of gut epithelia (25). In colono-
cytes, SCFAs are absorbed and transported into mitochondria, where
they are converted into acetyl-coenzyme A (CoA) via B-oxidation
and facilitate adenosine triphosphate (ATP) production in tricarboxylic
acid cycle (25), thus maintaining intestinal homeostasis and protect-
ing the integrity of gut epithelium barrier (26). The remarkable re-
duction in butyrate-producing bacteria in patients with aCSVD might
lead to inadequate supply of butyrate from the gut microbiota, which
could subsequently result in imbalance of energetic metabolism in
gut epithelia and damage of intestinal barrier. On the other hand,
abundance of detrimental bacteria increased in aCSVD-associated
microbiota. Expansion of potential opportunistic pathogens, including
g Escherichia, g Klebsiella, and g_Streptococus, might provoke gut
inflammation and evoke systemic inflammation. As was recorded,
p_Proteobacteria, c_Gamfmaproteobacteria, o_Enterobacterales,
f Enterobacteriaceae, and g_Escherichia were correlated with total
aCSVD neuroimaging burdens. p_Proteobacteria is one of the major
trimethylamine (TMA) producers in the human gut (27). TMA is
the precursor of TMAO, which is an established proatherogenic
metabolite and a risk biomarker of cardio-cerebrovascular arterio-
sclerotic diseases (28, 29). In the meantime, f_ Enterobacteriaceae
has been reported to be associated with intestinal barrier dysfunc-
tion, which facilitates the entry of detrimental metabolites through
the gut (30, 31). Accumulation of proatherogenic metabolites and
exacerbated systemic inflammation could accelerate the development
of arteriolosclerosis in the pathophysiological process of aCSVD.
We speculate that modifying lifestyle through multiple aspects that
correct the imbalance gut microbiota composition could probably
delay the progression of aCSVD, which include transferring to a
fiber (butyrate)-enriched diet, as well as ensuring sufficient sleep
and adequate sports.

In accordance, we recorded detrimental systemic inflammatory
status in patients with aCSVD. Expression of inflammaging markers
significantly elevated in the circulating leukocytes. Among the tested
inflammaging mediators, IL-17A displayed the highest difference of
means between HCs and patients with aCSVD. As is reported, IL-17A
facilitates the production of various chemokines in the brain parenchyma,
which attract infiltration of cytotoxic immune cells and promote the
subsequent microvascular pathology in various neural vascular dis-
orders (32-34). According to our data, incorporating the mRNA
level of IL-17A in the ROC analysis for detrimental imageology
signs (aCSVD burden = 2 to 4) in addition to the epidemiological
parameters increased the AUC, which indicated that elevated IL-17A
production in circulating leukocytes could serve as an effective alarm
for poor aCSVD outcomes.

A new and unexpected finding in our study was that the most
predominant cellular contributor of the increased IL-17A production
in patients with aCSVD was neutrophils rather than T cells. The
prominent capacity of IL-17A production in T cells and its pathogenic
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role in neurovascular diseases such as ischemic stroke have been
well studied (32, 35). Nevertheless, we failed to document elevated
IL-17A production in circulating CD3* T cells of patient with aCSVD.
Moreover, aCSVD-associated bacterial extracts elicited IL-17A
production in neutrophils as soon as 12 hours after stimulation,
while IL-17A expression in T cells was not increased until 3 days.
Introducing brain antigen into the stimulatory system advanced the
IL-17A production in T cells, which indicated that antigen exposure
might play a vital role in the development of IL-17A-producing
T cells. It could be drainage lymph node or aCSVD lesion where
T cells are equipped with the capacity of IL-17A expression with help
from antigen-presenting cells. Therefore, although the frequency of
IL-17A" T cells was not increased in the peripheral blood of patients
with aCSVD, their pathogenic role in aCSVD could not be ruled
out. Moreover, Y3T cells represent another important source of IL-17A.
Contribution of y3T cells in aCSVD pathology should not be neglected.
On the other hand, we observed that gut bacterial extracts of pa-
tients with aCSVD activated STAT1 signaling in T cells, which was
responsible for Tyl differentiation. The findings resemble that in
multiple sclerosis (MS) pathophysiology (21). The observation supports
the notion that commonality of MS and aCSVD pathophysiology
exists (6). The intricate immune responses in aCSVD pathophysiology
are perplexing. Innate and adaptive immune systems influence each
other and synergistically contribute to aCSVD development. It is
noteworthy that aCSVD-associated bacterial extracts elicited IL-23
and IL-1B secretion in neutrophils, which were reported to promote
IL-17A production in T cells (24), indicating that neutrophils and
T cells could interact with each other in gut microbiota-associated
aCSVD pathophysiology.

Production of IL-17A by neutrophils and the detrimental impacts
have been reported (36, 37). Nevertheless, neutrophils and their ca-
pacity of IL-17A production failed to attract adequate attention in
the field of aCSVD study, neglecting the abundance of their quanti-
ty and rapid reaction when encountering stimulation. We recorded
that after being stimulated with gut bacterial extracts from patient
with aCSVD, neutrophils timely got activated and produced IL-17A
as early as 12 hours, which was independent of the presence of brain
antigen. The functional activities of neutrophils have decisive im-
pacts on the outcomes of CNS diseases. Skewing neutrophil polarity
toward the arginase 1-expressing “N2” phenotype promotes inflam-
matory resolution (38), while NETs impair revascularization and
exacerbate BBB damage in ischemic stroke (39). It has been reported
that NET's could bear IL-17A and display enhanced proinflamma-
tory property (40). In the pathophysiological process of aCSVD, BBB
leakage results in the appearance of CNS components in the periphery,
which leads to activation of peripheral immune cells when encoun-
tering the inexperienced antigen (10, 11). Nevertheless, the initial
step of primary BBB damage is largely unknown. IL-17A expression
in neutrophils has been reported to be associated with their migra-
tion capacity (41-43). Elevated MMP production and chemokine
receptor expression, which could also be elicited by aCSVD-associated
bacterial extracts, might further facilitate neutrophils to break down
the protecting barrier. With the aforementioned cues, we infer
that dysbiosis of gut microbiota enhances the proinflammatory
property of neutrophil independently, equipping neutrophil with
increased IL-17A-producing capacity, migration capability, and
barrier-breaking function, which play key roles in the initiation of
BBB injury during the development of aCSVD and the following
disease progression.
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It is of interest which bacteria are the dominating inducer of IL-17A
among the aCSVD-associated gut microbes. We notice that many
of the bacteria that enriched in the gut microbiota of patients with
aCSVD, including p_Proteobacteria (44, 45), p_Actinobacteria
(46), g_Escherichia (47), g_Collinsella (48), etc., have been reported
to potently induce IL-17A expression in immune cells, suggesting
that the bacteria could probably activate RORyt signaling. On the
other hand, our data indicated that the relative abundance of
c_Chlorobia, o_Streptophyta, and s_Collinsella aerofaciens was pos-
itively correlated with IL-17A mRNA level in patients’ leukocytes.
Therefore, we speculate that the abovementioned bacteria could
cooperate with each other and synergistically induce IL-17A ex-
pression in neutrophils of patients with aCSVD. Besides, our data
showed that the commensal bacteria interacted closely with each
other and functioned as a whole, which indicated that besides the
abovementioned bacteria, other species abnormally enriched in the
gut microbiota of patients with aCSVD might participate in the in-
duction of IL-17A production.

Multiple insurmountable difficulties existed during the research.
Because of the absence of a well-established animal model of aCSVD,
the current study failed to verify the detrimental impacts of neutro-
phils modified by aCSVD-associated gut microbiota in vivo. On the
other hand, because gut microbiota functions as a whole, we used
the active component extracted from the fecal samples of patients
with aCSVD and HCs. Nevertheless, the metabolite profile in gut
microbiota of patients with aCSVD is worth identifying, and fur-
ther study relying on the functioning metabolites of gut microbiota
should be pursued. Moreover, as a result of the short half-life of prima-
ry cultured neutrophils (12 hours), intervention of RORyt signaling
with small or short interfering RNA was impractical. We therefore
suppressed RORYt signaling with its specific inhibitor GSK2981278
(49, 50), while experiments with primary cultured neutrophil from
RORyt knockout or mutant mice should be accomplished in the
future. On the other hand, the pathogenic role of IL-17A-expressing
neutrophils should be evaluated. Further efforts to discover the
far-reaching pathological mechanisms and therapeutic research in
aCSVD are required.

In conclusion, multiple alterations in gut microbiota composition,
inflammaging status, and their association with aCSVD outcomes
have been recorded. Our findings shed new light on the implication
of the intestinal microbiota—-immune system-brain axis in aCSVD
development, indicating that lifestyle modification to reshape gut
microbiota could help to orchestrate inflammatory status, thus ben-
efitting aCSVD prevention or treatment.

MATERIALS AND METHODS

Study population

A cohort consisting of 55 patients with aCSVD was recruited to the
neurology clinics in the Third Affiliated Hospital of Sun Yat-sen
University from July 2018 to August 2019 consecutively. All patients
recruited in the study were eligible for the inclusion criteria below:
(i) with at least one arteriosclerotic risk factor, which include
age >55 years, smoking (=10 cigarettes per day for at least 10 year),
BMI >28, hypertension, diabetes mellitus, impaired glucose toler-
ance, impaired fasting glucose, coronary heart disease, hyperlipidemia,
hyperhomocysteinemia, symptomatic stroke history; (ii) with at least
one common CSVD symptom including cognitive decline, gait and
balance disturbance, parkinsonism, emotional or sleeping disorder,
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and urinary and fecal dysfunction; (iii) MRI neuroimaging met the
Standards for ReportIng Vascular changes on nEuroimaging
(STRIVE) for CSVD (51); (iv) no visible moderate-severe intracra-
nial arteriosclerotic stenosis in MR angiography; and (v) no ischemic
stroke attributed to large cerebral artery occlusion or cardiac embo-
lism. Patients with other CSVD etiologies secondary to genetic
inheritance, infection, autoimmune inflammation, neoplasm, trauma,
toxication, radiation, metabolic cerebropathy, and sporadic cere-
bral amyloid angiopathy were excluded. Laboratory tests and stan-
dard MRI were performed in all recruited patients for cardiovascular
risk factor screening and neuroimaging assessment, respectively.
A total of 62 age-matched healthy community dwellers were re-
cruited as HCs. HCs included were defined as elderly persons
without hypertension, diabetes mellitus, symptomatic stroke, or
any other neurological deficits common in CSVD symptomatol-
ogy and maintained normal performances in the activity of daily
living (ADL) scale and mini-mental state of examination (MMSE)
stratified according to educational level. Enrollment strategy is
illustrated in fig. S1.

MRI protocol and neuroimaging assessment

MRI was performed on a GE 3.0-Tesla scanner MR750 (General
Electric, Milwaukee, USA) with a standard eight-channel HRBRAIN
coil. The MRI protocol included (i) axial T1 FLAIR (fluid-attenuated
inversion recovery) weighted: repetition time (TR) = 1750 ms, echo
time (TE) = 24 ms, echo train length (ETL) = 10, bandwidth (BW) =
41.67 kHz, matrix = 320 x 224, filed of view (FOV) = 240 mm, slice
thickness = 5 mm, spacing = 1, and number of excitations (NEX) = 1;
(ii) axial T2-weighted FrFSE (fast recovery fast spin echo): TR =
5727 ms, TE =93 ms, ETL = 32, BW = 83.3 kHz, matrix =512 x 512,
FOV =240 mm, slice thickness = 5 mm, spacing = 1, and NEX = 1.5;
(iii) T2 FLAIR weighted: TR = 8400 ms, TE = 145 ms, inversion
time (TT) = 2100 ms, BW = 83.3 kHz, flip angle (FA) = 145°, matrix =
320 x 224, FOV = 240 mm, slice thickness = 5 mm, spacing = 1, and
NEX = 1; (iv) axial three-dimensional time-of-flight MR angiography
(3D-TOF MRA): TR =25 ms, TE = 3.4 ms, FA = 20°, BW = 41.67 kHz,
matrix size = 384 x 320, FOV = 200 mm, slice thickness = 0.8 mm,
and NEX = 1; (v) Axial T2*-weighted angiography (SWAN): TR =
77.3 ms, TE = 45 ms, BW = 62.5 kHz, FA = 15°, matrix = 384 x 320,
slice thickness = 1 mm, and NEX = 1. MRI DICOM (Digital Imaging
and Communications in Medicine) data were analyzed by an expe-
rienced neuroradiologist (X.C.) in ORS Visual (Montreal, Quebec,
Canada). Total aCSVD neuroimaging burden was assessed accord-
ing to an ordinal CSVD score (0 to 4) based on CSVD imaging prin-
cipal summarized in STRIVE recommendation (51). One score was
awarded when each of the following signs was presented: number of
lacunae >1; number of CMBs >1; moderate to severe enlargement
of BG-PVS (52); p-WMH Fazekas score 3 (extending into the deep
white matter) or d-WMH Fazekas score 2 to 3 (early confluent or
confluent). Cerebral atrophy was scored according to the global
cortex atrophy (GCA) rating scale from 0 to 3 (0 = absent, 1 = mild,
2 = moderate, 3 = severe) (53).

Fecal sample collection and DNA extraction

Fresh fecal samples (~500 mg) donated by recruited patients with
aCSVD or HCs were collected with genomic DNA protective solution
(Longsee Biomedical Corporation, Guangzhou, China) and stored
at —80°C for further high-throughput 16S ribosomal RNA gene am-
plicon sequencing.
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16S ribosomal RNA gene amplicon sequencing

Amplification of the V3-V4 hypervariable regions of the 168 ribo-
somal RNA (rRNA) gene was performed with a high-throughput
Ilumina MiSeq platform. Bacterial genomic DNA was extracted
from fecal samples using Fecal Microbial Genomic DNA Extraction
Kit (LS-R-N-015, Longsee Biomedical Corporation, Guangzhou, China)
according to the manufacturer’s instructions. The V3-V4 highly vari-
able region of 16S rRNA gene was amplified with sample-specific
barcoded primer-forward 5'-ACTCCTACGGGAGGCAGCA-3’ and
primer-reverse 5'-GGACTACHVGGGTWTCTAAT-3' in Bio-Rad
$1000 real-time fluorescence quantitative PCR system (Bio-Rad Lab-
oratories Inc., America). The PCR protocol was as follows: (i) initial
denaturation (95°C, 3 min); (ii) PCR amplification (25 cycles; 95°C,
305; 55°C, 30's; 72°C, 30 s); (iii) 72°C, 5 min. After purification of PCR
products, sequencing libraries were constructed on an Illumina MiSeq
platform following the Illumina-recommended procedures.

Bioinformatics and biostatistics

According to the overlap between two paired-end sequences, we
merged the paired-end sequences into tag and discriminated sam-
ples on the basis of the barcoded sequences. The quality of the raw
sequencing data was assessed using Fast V.0.11.2, followed by se-
quencing reads trimming and filtering with Trimmomatic v.0.32.
The sequencing adapters, three leading, three trailing bases (Phred
score <Q3), and low-quality bases (Phred score <Q20) were all trimmed.
Downstream sequence analysis was performed with Qualitative
Insights into Microbial Ecology (QIIME 2, v.2017.12). Paired-end
chimera free sequences were jointed and clustered into OTUs. Ex-
tracted representative sequences with a distance-based similarity of
99% against reference sequences in Greengenes 13_8 were assigned
to clustered OTU.

Alpha diversity was estimated by calculating the Chaol richness,
observed OTU, Pielou E value, Faith’s PD, Shannon-Wiener diver-
sity index, and Simpson diversity index from different perspectives,
which focus on the microbial community abundance and evenness.
Beta diversity evaluates divergence among microbial communities
based on measuring the distance matrix of dissimilarity. In this
study, principal components analysis was performed to access vari-
ance among different communities. The LEfSe pipeline was used to
differentially identify microbes that distinguish patients with aCSVD
from HCs. The significant taxa (from phylum to species) with LDA
score >2.0 indicative of dominant relative abundance are demon-
strated in a stack bar-chart plot.

Quantitative determination of mRNA expression

Total RNA from cells was extracted with a commercial kit (Tiagen,
China) according to the manufacturer’s instructions. A total of 1 ug
of RNA [OD260 nm/280 nm (Optical density at 260 nm/280 nm) =1.8 to
2.2] was applied to the first-strand complementary DNA (cDNA)
synthesis in a 40-pl system using PrimeScript RT reagent kit (Takara).
RT-PCR was performed on a QuantStudio 5 (ABI) quantitative
PCR machine using TB green Premix Ex Taq kit (Takara) with 1 ul
of the synthesized cDNA in each reaction with addition of ROX. The
following program was performed: 95°C for 30 s; 95°C for 5 s and
60°C for 34 s, repeated for 40 cycles; 95°C for 15 s, 60°C for 1 min,
and 95°C for 15 s (melt curve). Primers used in the study are listed
in table S3. In the data analysis of Fig. 3 and figs. S4 and S7C, delta
CT (compared with the CT value of B-ACTIN) was calculated. The
values of 20912 €T) yere normalized to the means of HCs and then
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subjected to log, transformation when nonconformity with normal
distribution existed (fold, log,). The mRNA expression level was
visualized with a heatmap and clustered with the software of R using
the “pheatmap” package. The function of “scale” was applied for value
normalization. In the data analysis in Fig. 6, delta CT log, (compared
with the CT value of GAPDH) was visualized with a heatmap and
clustered with the software of R using the pheatmap package. The
function of scale was applied for value normalization. In Fig. 6, delta
CT log; of each target was normalized to mRNA expression of the
PBS group (interpreted as fold change), and comparison between
groups was performed with one-way analysis of variance (ANOVA).

Mixed immune cell isolation from spleen

The spleen, the central immune organ, was separated from healthy
wild-type C57/Bl6 mouse (age = 6 to 8 weeks). After lysis of red
blood cells, the splenocytes were washed with PBS and seeded into
plates. The medium of RPMI 1640 + 10% fetal bovine serum (FBS)
was used in splenocyte culture.

Neutrophil isolation from bone marrow

Primary neutrophil-enriched cultures were prepared from bone mar-
row of healthy wild-type C57/Bl6 mouse (age = 6 to 8 weeks). Bone
marrow cells were labeled with anti-Ly6G-biotin-conjugated anti-
bodies (BioLegend) and then subjected to incubation with anti-biotin
microbeads (Miltenyi Biotec) in Hanks’ balanced salt solution ac-
cording to the manufacturer’s instructions. Neutrophils were then
isolated with a magnetic sorting machine (autoMACS, Miltenyi Biotec).
The medium of RPMI 1640 + 10% FBS was used in neutrophil culture.

Preparation of gut bacterial extracts

Gut bacterial extracts were prepared according to the methodology
described previously (21). Briefly, 0.5 mg of fecal sample was col-
lected from patients with aCSVD or HCs and suspended in 1.5 ml
of PBS. Suspension was passed through a 40-um strainer for three
times and washed with 1.5 ml of PBS twice with centrifugation
(8300g, 5 min). The sample was then resuspended with 200 pl of
PBS with protease inhibitor (Roche) and phosphatase inhibitor
(Roche). After incubation in a water bath (65°C, 1 hour) to inactivate
the bacteria, the sample was sonicated for 10 min. Protein concentra-
tion in the sample was then assessed. For immune cell stimulation,
bacterial extract (1 pg/ml) was applied to the culture system.

Preparation of brain antigen

Brain tissue was extracted from healthy wild-type C57/Bl6 mouse
(age = 6 to 8 weeks) after PBS perfusion. Brain tissue was then di-
gested with 1 ml of 0.25% trypsin-EDTA for 20 min. Digestion was
arrested with the addition of 2.5 ml of culture medium (RPMI
1650 + 10% FBS). Brain lysis was then subjected to centrifugation
(4000g, 30 min). Supernatant was collected and pressed through a
filter (pore size = 0.22 um). Brain antigen was applied to the culture
system with a ratio of antigen:culture medium = 1:9.

Flow cytometric analysis (FACS)

A total of 2 ml of peripheral blood was obtained from patients or
HCs with EDTA-coated tube. After red blood cell lysis, cell suspen-
sions were adjusted to a density of 1 x 10° cells in 100 ul of medium
(RPMI 1640 with 10% FBS) and stimulated with phorbol 12-myristate
13-acetate (PMA) and ionomycin with brefeldin A for 4 hours at
37°C. Cells were then stained with appropriate antibodies for sur-
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face markers (room temperature, 15 min). The following antibodies
were used for extracellular staining: CD66b (clone G10F5, 0.5 ng/ul),
CD14 (clone 63D3, 0.5 ng/ul), CD3 (clone HIT3a, 0.5 ng/pl), CD19
(clone 4G7, 0.5 ng/ul), and CD11c (clone 3.9, 0.5 ng/pl) from
BioLegend. For intracellular staining, cells were fixed and permea-
bilized using fixation and permeabilization buffers from Invitrogen
following the manufacturer’s instructions. Cells were then stained
with appropriated antibodies in permeabilization buffer overnight
(4°C). The following antibodies were used: IL-17A (BL168, 1 ng/ml).
For FACS in mouse splenocytes, cells were collected, stimulated, and
labeled with similar process detailed above. Mouse neutrophils were
not stimulated because of short half-life, while the labeling process
was similar. The following extracellular antibodies were used: Ly6G
(clone 1A8, 0.5 ng/ul), F4/80 (clone BMS8, 0.5 ng/ul), CD3 (clone 17A2,
0.5 ng/ul), and CD19 (clone 1D3/CD19, 0.5 ng/ul) from BioLegend.
The following intracellular antibodies were applied: IL-17A (clone
eBio17B7, 1 ng/ml), FoxP3 (clone FJK-168, 1 ng/ml), perforin (clone
eBioOMAK-D, 1 ng/ml), granzyme B (clone GB12, 1 ng/ml), RORyt
(clone AFKJS-9, 1 ng/ml), and phospho—STATl—Ser727 (clone
Stat1S727-C6, 1 ng/ml) from Invitrogen (eBioscience). Isotype con-
trols were used to establish compensation and gating parameters.
For staining of $100a9 (ProteinTech, polyclonal, from rabbit, 0.5 ng/ml),
first antibodies were stained overnight (4°C), followed by incubation
with the secondary antibodies of anti-rabbit BV421 (BioLegend,
1:1000) for 15 min. Cells were then washed and analyzed with a flow
cytometer (BD Biosciences), and the data were analyzed using the
software Flow]Jo 10.4 (with tSNE plugins). The tSNE analysis was per-
formed automatically by the Flow]Jo software with indicated parameters.

Western blot

Protein of splenocytes or neutrophils was extracted with radio-
immunoprecipitation assay lysis buffer (Sigma-Aldrich). A total
amount of 40 pg of protein of each sample was applied to Western
blot experiments. Western blot was performed with standard SDS-
polyacrylamide gel electrophoresis method and enhanced chemilu-
minescence detection reagents (Invitrogen). The following primary
antibodies were used: STAT1 (Cell Signaling Technology, clone:
D1K9Y, 1:500), phospho-STAT1 (Ser’”, Cell Signaling Technology,
clone: D3B7, 1:500), RORyt (Abcam, clone: EPR20006, 1:1000), IL-17A
(Abcam, polyclonal, 1:1000), and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Cell Signaling Technology, clone: D16H11,
1:3000). Immunoreactivity was assessed with Image] (National In-
stitutes of Health).

Statistical analysis

Test of normality was performed before the parametric analysis of
Student’s ¢ test and one-way ANOVA. Student’s ¢ test: Unpaired
parametric ¢ test (two-tailed) was performed in data comparison of
two groups in Prism?7. Error bar represents SD. One-way ANOVA:
No matching or pairing ANOVA was performed in data comparison
of three groups or more in Prism7. Result was corrected for multiple
comparisons using statistical hypothesis testing (Dunnett). Error bar
represents SD. ROC analysis: In the current study, ROC analysis has
been used to evaluate whether including relative abundance of gut
microbiota, and/or the level of inflammaging markers, in addition
to the usually used epidemiological characteristics parameters could
increase the distinguishing efficacy for alarming moderate-severe
aCSVD (burden = 2 to 4). Binary logistic regression was performed
with the dependent parameter of grouping (two groups, aCSVD
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burden = 0 to 1 as false positives, and aCSVD burden = 2 to 4 as true
positives) with the indicated covariates in SPSS. Probabilities
were calculated in SPSS and subjected to Prism7 for ROC curve
description. Spearman correlation: Correlation between every pair
of datasets was computed with Pearson correlation coefficients.
The value of r was visualized with heatmap in Prism7. Expression
level of mRNA was interpreted as delta CT log, in Spearman cor-
relation analysis.

Study approval

The clinical and the animal experimental studies were approved by
the Medical Ethics Committee of the Third Affiliated Hospital of
Sun Yat-sen University and the Animal Care and Use Committee of
Sun Yat-sen University, respectively. All participants had been given
the informed consent according to the principles illustrated in the
Declaration of Helsinki.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabe4827/DC1

View/request a protocol for this paper from Bio-protocol.
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