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ABSTRACT

Synbiotics are increasingly used by the general population to boost immunity. However, there is
limited evidence concerning the immunomodulatory effects of synbiotics in healthy individuals.
Therefore, we conducted a double-blind, randomized, placebo-controlled study in 106 healthy
adults. Participants were randomly assigned to receive either synbiotics (containing Bifidobacterium
lactis HNO19 1.5 x 108 CFU/d, Lactobacillus rhamnosus HN0OO1 7.5 x 107 CFU/d, and fructooligosac-
charide 500 mg/d) or placebo for 8 weeks. Immune parameters and gut microbiota composition were
measured at baseline, mid, and end of the study. Compared to the placebo group, participants
receiving synbiotic supplementation exhibited greater reductions in plasma C-reactive protein (P =
0.088) and interferon-gamma (P = 0.008), along with larger increases in plasma interleukin (IL)-10 (P =
0.008) and stool secretory IgA (slgA) (P =0.014). Additionally, synbiotic supplementation led to an
enrichment of beneficial bacteria (Clostridium_sensu_stricto_1, Lactobacillus, Bifidobacterium, and
Collinsella) and several functional pathways related to amino acids and short-chain fatty acids
biosynthesis, whereas reduced potential pro-inflammatory Parabacteroides compared to baseline.
Importantly, alternations in anti-inflammatory markers (IL-10 and slgA) were significantly correlated
with microbial variations triggered by synbiotic supplementation. Stratification of participants into
two enterotypes based on pre-treatment Prevotella-to-Bacteroides (P/B) ratio revealed a more favor-
able effect of synbiotic supplements in individuals with a higher P/B ratio. In conclusion, this study
suggested the beneficial effects of synbiotic supplementation on immune parameters, which were
correlated with synbiotics-induced microbial changes and modified by microbial enterotypes. These
findings provided direct evidence supporting the personalized supplementation of synbiotics for
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Introduction

Gut microbiota constantly interacts with the
host immune system, maintaining the homeos-
tasis of normal physiology and function.! Due to
this dynamic bidirectional relationship, modify-
ing the gut microbiota may regulate immune
function and host susceptibility to infection.
Therefore, gut microbiota-targeted measures for
enhancing human immunity capacity gain grow-
ing attention.

Synbiotics, as a mixture of live microorganisms
(e.g., probiotics) and substrates (e.g., prebiotics) that

are selectively utilized by host microorganisms, have
emerged as potential modulators of gut microbiota
and immunity.” The synbiotic and its main ingredi-
ents, probiotics as well as prebiotics, have been
demonstrated to improve inflammation biomarkers
in individuals under pathological conditions.*” In
contrast, evidence regarding the immunity-
regulating effects of synbiotic products in healthy
individuals is limited and yields inconsistent
results.”® However, in recent years, the use of syn-
biotic products has increased in the general popula-

tion, particularly among individuals with self-
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rereported favorable health quality, as a means to
boost their immunity.” Therefore, investigating the
effects of synbiotics on immune parameters in
healthy individuals has significant implications.
Moreover, whether microbial alternation induced
by synbiotic supplementation contributes to its
immunomodulation properties is poorly under-
stood. Recent studies have revealed that individuals
with different enterotypes, identified based on the
ratio of Prevotella-to-Bacteroides (P/B), respond dif-
ferently to a specific diet for weight control.'*""?
Nevertheless, the potential influence of microbial
enterotypes on the immunomodulatory effects of
synbiotics remains unclear.

Species or strains from Lactobacillus and
Bifidobacterium are prominent probiotics possessing
immunomodulation properties.'? Notably,
Bifidobacterium lactis (B. lactis HNO019) and
Lactobacillus rhamnosus HNO001 (L. rhamnosus
HNO001) have demonstrated immunity-enhancing
properties, particularly when combined with oligosac-
charide-rich substrates, in both animal and human
models.'*'® Based on this knowledge, our study

Table 1. Baseline Characteristics.

aimed to conduct a double-blind, randomized, pla-
cebo-controlled trial to investigate the immunomo-
dulatory and microbial effects of a synbiotic
supplement (comprising B. lactis HNO19,
L. rhamnosus HNOO1, and fructooligosaccharide).
Specifically, we intended to address the following
three questions: (1) Could synbiotic supplementation
induce alternations in immune parameters among
healthy adults? (2) Were these alternations associated
with gut microbiota variations triggered by synbiotic
supplementation? (3) Were synbiotic effects affected
by microbial enterotypes, as inferred from the pre-
treatment P/B ratio?

Results

A total of 170 individuals were initially screened for
eligibility, of whom 106 subjects were eventually
enrolled. No one dropped out or was excluded for
noncompliance throughout the study (Figure S1 in
Supplementary material). There was no adverse
event reported during the intervention. Baseline
characteristics were well-balanced between the
two groups (Table 1). Physical activity, dietary

Synbiotic Placebo

Characteristics (n=53) (n=53)
Age, years 224+18 222+24
Sex, female, n (%) 35 (66.0) 36 (67.9)
Weight, kg 588+9.7 583+8.9
Body mass index, kg/m? 216+25 215+26
Waist-to-hip ratio 0.79 £ 0.05 0.79 £ 0.05
Body fat percent, % 257+74 260+7.6
Physical activity, n (%)

Low 9 (17.0) 11 (20.8)

Medium 29 (54.7) 30 (56.6)

High 15 (28.3) 12 (22.6)
Blood pressure

Systolic pressure, mmHg 1139 11311

Diastolic pressure, mmHg 74+ 10 73+8
Biochemical indicators

FPG, mmol/L 5.62+0.39 5.60£0.39

HDL-cholesterol, mmol/L 1.59+0.36 1.55+0.41

LDL- cholesterol, mmol/L 1.95+0.53 1.97 £ 0.60

Total cholesterol, mmol/L 534+0.73 5.39+0.69

Triglycerides, mmol/L 1.16 £ 0.46 1.20+0.37
Inflammatory markers

C-reactive protein, mg/L 0.24 (0.11, 0.51) 0.32 (0.13, 0.54)

Interferon gamma, pg/mL 7.22 (5.04, 9.70) 7.29 (5.88, 10.08)

Interleukins-6, pg/mL 0.43 (0.31, 0.70) 0.47 (0.39, 0.75)

Interleukins-8, pg/mL 2.21(1.78,2.71) 2.02 (1.65, 2.61)

Interleukins-10, pg/mL 0.24 (0.16, 0.30) 0.26 (0.18, 0.31)

TNF-a, pg/mL 0.82 (0.66, 0.94) 0.90 (0.80, 1.04)

Secretory IgA
Saliva secretory IgA, pg/mL
Stool secretory IgA, ug/mL

644 (506, 1022)
2769 (1509, 4815)

651 (479, 852)
3927 (1122, 6358)

"Data were presented as mean + SD for normally distributed continuous data, median (IQR)
for nonnormally distributed continuous data, and n (%) for categorical data.
Abbreviations: FPG, fasting plasma glucose; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; TNF-a, tumor necrosis factor-alpha.



intake, and healthy food diversity index'” remained
unchanged in both treatment groups (Table S1 in
Supplementary material).

Effects on immune parameters

As shown in Figure 1, an 8-week supplementa-
tion with synbiotic significantly reduced plasma
C-reactive protein (CRP) by 21% (P =.005) and
interferon-gamma (IFN-y) by 12% (P =.008)
compared to baseline. These reductions were
greater than those observed in the placebo
group (P=.088 for CRP, P=.008 for IFN-y).
Plasma interleukin (IL)-10 remained
unchanged in the synbiotic group but
decreased by 16% at week 8 in the placebo
group (P<.001). Consequently, there was
a statistically significant increase in IL-10 levels
in the synbiotic group compared to the placebo
(P =.008). Furthermore, the level of fecal secre-
tory IgA (sIgA) increased by 24% following the
8-week synbiotic intervention (P =.043), result-
ing in higher growth in the synbiotic group
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relative to placebo (P=.014). The plasma con-
centrations of IL-6, IL-8, and tumor necrosis
factor-alpha (TNF-a) as well as the saliva level
of sIgA varied similarly in both treatment
groups. Moreover, we observed that synbiotic
supplementation consistently led to greater
reductions in plasma CRP in men compared
to women (week 4: P=.040; week 8: P=.016).
Similarly, only male individuals exhibited
a significant down-regulation trend in plasma
IFN-y and an up-regulation trend in IL-10 and
fecal sIgA compared to placebo (Figure S2 in
Supplement material).

Minor within-group changes were observed in
the absolute counts of T lymphocytes,
B lymphocytes, and natural killer cells, but no sig-
nificant between-group difference was found
(Table 2). Physiological and biochemical markers,
including body weight, body mass index (BMI),
blood pressure, body fat percentage, and indicators
regarding glucose and lipid metabolism, did not
differ between the synbiotic group and placebo
group (Table S2 in Supplementary material).
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Figure 1. Alternations in systemic inflammation and mucosal immunity markers after synbiotic supplementation. The point indicated
adjusted mean fold changes of CRP (a), IFN-gamma (b), IL-6 (c), IL-8 (d), IL-10 (e), TNF-alpha (f), saliva slga (g) and stool slga (h) at week
4 or week 8 from baseline, which were the least square means estimated using generalized linear mixed models, with time (week 0,
4, 8), group (synbiotic, placebo), and group-by-time as fixed effects, subjects as a random effect, and baseline value as a covariate.
Error bars indicated 95% confidence intervals. Abbreviations: CRP, C-reactive protein; IFN, interferon; IL, interleukin; TNF, tumor

necrosis factor; slga, secretory IgA.
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Table 2. Alternations in the absolute count of immune population after synbiotic supplementation.

Synbiotic Placebo Adjusted between-group

Parameters (n=53) (n=53) difference (95 Cl %) P value
Leukocytes, cells/pL

Baseline 7834 £ 2098 7997 £ 2759

Change week 4 61 (—415, 536) —209 (-676, 257) 270 (—396, 936) 0.425

Change week 8 468 (-8, 943) 111 (=356, 577) 357 (=309, 1023) 0.292
T lymphocytes, cells/pL

Baseline 2038 £ 637 1960 + 547

Change week 4 172 (56, 287)* 102 (-12, 215) 70 (92, 232) 0.397

Change week 8 232 (116, 347)* 233 (120, 347)* -2 (-164, 161) 0.983
B lymphocytes, cells/uL

Baseline 337+148 322+ 165

Change week 4 40 (16, 64)* 21 (-4, 45) 19 (=15, 53) 0.265

Change week 8 54 (29, 78)* 50 (25, 74)* 4 (-30, 38) 0.820
Natural killer cells, cells/uL

Baseline 474+ 215 514 +295

Change week 4 —90 (—130, =51)* —94 (-131, -56)* 3 (-51, 58) 0.907

Change week 8 —125 (-165, —85)* —94 (-132, =57)* —31 (-85, 24) 0.270
Monocytes, cells/uL

Baseline 402 +153 402 + 164

Change week 4 -1 (=29, 28) 15 (=11, 42) —16 (—54, 23) 0.428

Change week 8 24 (-4, 52) 8 (=19, 35) 16 (=23, 55) 0.420

Values are adjusted mean change (95% Cls). Adjusted mean change at each follow-up visit was least square means estimated using generalized linear
models, with time (week 0, 4, 8), group (synbiotic, placebo), and group-by-time as fixed effects, subjects as a random effect, and baseline value as

a covariate. *P < .05.

Additionally, synbiotic supplementation did not
reduce the occurrence of upper respiratory tract
infection (URTI) episodes or affect the average
duration and severity of each URTI episode
(Table S3 in Supplementary material).

Effects on gut microbiota and their association with
immunological improvements

Amplicon sequencing was performed on 318 stool
samples, resulting in a total of 21,879,501 sequences.
The most abundant phylum was Firmicutes (72.2%),
followed by Bacteroidota (14.4%), Actinobacteriota
(9.2%), and Proteobacteria (3.8%). These four phyla
comprised approximately 99.6% of the gut
microbiota.

During the intervention, alpha indices and beta
diversity based on Euclidean and weighted UniFrac
distances did not differ between the synbiotic and
placebo group (Figure S3 in Supplementary material).
The composition characteristics of gut microbiota in
participants before and after the synbiotic supplemen-
tation were described in Figure 2. At the genus level,
synbiotic supplementation increased the relative abun-
dance of Collinsella (median fold change (FC) = 1.76,
P=.004, false discovery rate (FDR)-P=.034),
Bifidobacterium (median FC = 1.80, P < .001, FDR-P
=.004), Lactobacillus (median FC=2.67, P<.001,

FDR-P = .007), and Clostridium_sensu_stricto_1 (med-
ian FC=3.08, P = .019, FDR-P=.095), whereas
decreased the relative abundance of Parabacteroides
by 49% (P =.009, FDR-P = .063) compared to baseline
(Figure 3a). None of these microbial alternations were
found in the placebo group (Figure S4 in
Supplementary material). Compared to placebo, syn-
biotic  supplementation remarkably enriched
Lactobacillus (P for interaction =.001, Figure 3b).
Notably, our subgroup analysis demonstrated that the
administration of synbiotic supplements induced more
variations (including Collinsella, Bifidobacterium,
Lactobacillus, and so on) in female individuals, parti-
cularly at week 4 of the intervention (Figure S5 in
Supplementary material). At the zero-radius opera-
tional taxonomy unit (zOTU) level, zOUT103 within
L. rhamnosus, zOTU1158 as well as zOTU2973 within
B. lactis substantially increased in the synbiotic group
relative to the placebo (all P for interaction < 0.001,
Figure 3c—e). Moreover, our analysis of predicted func-
tional pathways identified eight pathways related to the
biosynthesis of several amino acids and short-chain
fatty acids (SCFAs) enriched in the synbiotic group
compared to the baseline (Figure 3f).

Spearman correlation analysis indicated
a significant negative correlation between the
decrease of Parabacteroides and the growth of
plasma IL-10 in the synbiotic group (r=-0.208,
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Figure 2. Composition characteristics of gut microbiota in participants before and after the synbiotic supplementation. (a) Phylum-
level and (b) genus-level gut microbiota composition in participants at baseline, week 4, and week 8.

P =.041). Moreover, the enrichments of several
pathways concerning the amino acids or SCFAs
biosynthesis were positively correlated with the
increase of anti-inflammatory markers (plasma
IL-10 or stool sIgA) (all P<.05) (Figure 4). There
was no measurable distinction in the modifications
of stool acetate, propionate, butyrate, or total
SCFAs between the two groups (Table S4 in
Supplementary material).

Synbiotic effects were modified by microbial
enterotypes

The log-transformed pre-treatment P/B ratio
exhibited a bimodal distribution (P =.006,

Figure S6 in Supplementary material).
Accordingly, all the subjects were stratified into
two microbial enterotypes, low P/B ratio (LP,

= 65) and high P/B ratio (HP, n=40), with
a cutoff value of 0.1. Throughout the interven-
tion period, no significant effect of synbiotic
products on the P/B ratio was observed. At
baseline, the HP group had a higher BMI
(P = .031) but lower plasma high-density lipo-
protein cholesterol (P=0.031), saliva sIgA
(P = 0.017), and stool sIgA (P<.001) than LP
(Table S5 in Supplementary material).

As depicted in Figure 5a, plasma CRP con-
tinuously declined in the synbiotic_HP group
(week 4: mean FC=0.69, P=.002; week 8:
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mean FC=0.61, P < .001). Moreover, the reduc-
tion was more pronounced in the synbiotic_HP
group than that in the placebo (P=.006) and
synbiotic_LP (P =.017). Similarly, synbiotic sup-
plementation induced a drop of 19% in plasma
IFN-y in the HP group (P=.010), which was
significantly different from the placebo (P
=.017, Figure 5b). Although no marked change
was observed in plasma IL-10 in the
synbiotic_HP group, it decreased by 17% in the
placebo group (P <.010). Consequently, there
was a rise in IL-10 (P=.002) in synbiotic_HP
compared to the placebo (Figure 5¢). At the end
of the intervention, stool sIgA increased by 67%
within synbiotic_HP (P=.007), resulting in
a greater increase in the synbiotic HP than
that in the placebo (P=.008, Figure 5d).
However, no detectable difference in immune
parameters was found between the synbiotic_LP
and placebo. Furthermore, we observed an
inverse correlation between CRP change and

the baseline P/B ratio in the synbiotic group (r
=-0.302, P=.003, Figure 5e).

There was no substantial difference in alpha
diversity before and after intervention in both
HP and LP groups. However, principal compo-
nent analysis of gut microbiota composition
revealed a divergence following synbiotic sup-
plementation in the HP group (week 4:
P = .042; week 8: P=.033), but not in the LP
group, suggesting a maladaptation of gut
microbiota in LP (Figure S7 in Supplementary
material). Furthermore, significant increases of
Clostridium_sensu_stricto_I, Lactobacillus, and
Collinsella observed in the whole synbiotic
group were only found in HP (Figure 5f).
Notably, Lactobacillus enhanced much more in
synbiotic_ HP than that in the placebo (FDR-
P = .011). None of these bacteria significantly
altered in both the synbiotic_LP group and the
placebo group. Besides, synbiotic supplementa-
tion tended to induce a higher growth of
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Figure 4. Synbiotic-induced improvements in immune parameters were associated with alternations in gut microbiota. Correlation
coefficients and significances were evaluated by Spearman correlation analysis between the alternations in immune markers and the
changes in microbial genera or functional pathways by treatment group. Abbreviations: IL, interleukin; slga, secretory IgA.

Bifidobacterium in HP than that in the LP or
placebo group, but their between-group differ-
ences were non-significant. No measurable dif-
ference was found in the functional capacity
among synbiotic_HP, synbiotic_LP, and the
whole placebo.

Discussion

In the current study, we found that daily supple-
mentation of synbiotic supplements for 8 weeks
altered systemic inflammation markers (plasma
CRP, IEN-y, and IL-10) and mucosal immunity
markers (stool sIgA) in healthy adults. We also
found that synbiotic supplementation increased
beneficial bacteria (Collinsella, Lactobacillus,
Bifidobacterium, and Clostridium_sensu_stricto_1)
as well as functional pathways related to the bio-
synthesis of amino acids or SCFAs, whereas
reduced certain potential pro-inflammation bac-
teria (Parabacteroides) compared to baseline.
Moreover, alternations in IL-10 and stool sIgA
were correlated with microbial variations induced
by synbiotic supplementation. Importantly, the

aforementioned synbiotic effects were more favor-
able in subjects with a higher pre-treatment P/
B ratio.

Our results showed that synbiotic supplementa-
tion decreased pro-inflammatory biomarkers (CRP
and IFN-y) and increased anti-inflammatory cyto-
kine (IL-10) among healthy adults. Existing evi-
dence regarding the impacts of synbiotics on
inflammatory markers in healthy populations is
limited and has yielded inconsistent results. Some
studies suggested that synbiotic supplementation
did not alter systemic CRP, IL-10, or IFN-y,'**°
while others found an improvement in CRP or IL-
10 following the synbiotic intervention.?' >
However, it should be noted that the synbiotic
formula used in the above-mentioned studies dif-
fers from the one applied in our study, and the
efficacy of its major ingredients (probiotics) has
been validated to be strain-specific. Previous evi-
dence supported the immunity-enhancing proper-
ties of L. rhamnosus HNOO1 and B. lactis HNO19,
which represented the main components of the
synbiotic used in our study. B. lactis HN019 has
been extensively reported to enhance systemic cel-
lular immunity, including T lymphocytes,
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polymorphonuclear cell phagocytosis, and NK cell
killing activity.'®** Likewise, L. rhamnosus HN001
has also been suggested to enhance natural and
acquired immunity in animal and human
experiments.'*** Additionally, we also observed
an increase in the concentration of fecal sIgA,
which was widely used as a marker of mucosal
immunity.26 In line with this, several clinical trials
have reported that daily supplementation of syn-
biotics increased fecal sIgA among healthy
infants,”” children,”® adults,” and the elder
population.”® Hence, our results provided a better
understanding of the ability of synbiotics to regu-
late systemic inflammation and mucosal immunity.

This study also found that synbiotic supplementa-
tion altered the gut microbiota composition and func-
tional potentials. Firstly, zOTUs within L. rhamnosus
or B. lactis dramatically increased in the synbiotic
group, indirectly indicating the successful survival of
the ingested B. lactis HNO19 and L. rhamnosus
HNO001. This finding is consistent with previous pro-
biotic intervention trials in infants’' or elderly
subjects.>” Secondly, the synbiotic intervention signif-
icantly increased several beneficial bacteria, including
Bifidobacterium, Lactobacillus, Collinsella, and
Clostridium_sensu_stricto_1. Bifidobacterium and
Lactobacillus were widely used as probiotics for their
perceived health-promoting effects,” including inhi-
biting pathogens, increasing the production of SCFA,
and optimizing colonic function.* Collinsella and
Clostridium_sensu_stricto_1 were SCFA-producing
bacteria,” and indirectly involved in the process of
immunoregulation.’>” Thirdly, synbiotic consump-
tion reduced Parabacteroides, which was associated
with pro-inflammatory responses in Crohn’s disease
and potentially involved in the pathogenesis of dia-
betes cardiovascular disease.”® Lastly, synbiotic sup-
plementation enriched metabolic pathways
facilitating the biosynthesis of L-methionine,
S-adenosyl-L-methionine, and SCFAs. These alterna-
tions were positively correlated with changes in anti-
inflammatory biomarkers such as IL-10 and sIgA.
Correspondingly, the microbial biosyntheses of
L-methionine and S-adenosyl-L-methionine were
involved in cognitive and metabolic health.”*
SCFAs, particularly butyrate, played a crucial role in
maintaining intestinal homeostasis through anti-
inflammatory actions.*"** Collectively, our results
highlighted the beneficial impacts of synbiotic
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supplementation on gut microbiota, with the
observed microbial variations being associated with
the immunoregulatory changes induced by synbiotic
supplementation.

Our results indicated a sex-specific response in
immune parameters and gut microbiota composi-
tion to the synbiotic intervention. Although sex
differences have been observed in immune
responses”™’ and gut microbiota,** there are limited
studies investigating the influence of gender on the
immunomodulatory effect of synbiotics or probio-
tics. In an animal study, the expression of TNF-a
was increased by a high-fat diet in male rats and
then decreased with medium concentration follow-
ing probiotic intervention.*> Furthermore, sex dif-
ferences have also been found in microbial effects
of pre- and probiotic treatments in animal
studies.*® However, in a double-blind, placebo-
controlled study involving patients with nonalco-
holic fatty liver disease, probiotic supplementation
reduced CRP levels, without any differences
between men and women.*” Notably, the sex-
specific difference in response to synbiotics/pro-
biotics might be attributed to sex hormones,
which are associated with microbiota differences
and systemic immunity.*® Therefore, there is
a need for more gender-focused research to gain
valuable insights into sex-specific responses and
comprehensively understand the underlying
mechanisms.

Although several immune parameters were
improved by synbiotic supplementation, the
response effects showed larger individual differ-
ences. As reported in previous studies, baseline
gut microbiota influenced the potential responsive-
ness to the same diet.*® In this context, we observed
that the synbiotic supplement exerted a more
favorable effect on immune parameters and gut
microbiota in individuals with a higher pre-
treatment P/B ratio. To date, there are few studies
investigating the effect of the pre-treatment P/
B ratio on responses to the synbiotic supplement.
Sandberg et al reported that individuals with
a higher P/B ratio displayed a lower insulin
response and a lower IL-6 concentration, indepen-
dently of the intervention.*” Song et al showed that
probiotics intervention exerted a better effect on
obesity-related biomarkers, which is associated
with chronic low-grade inflammation,” in the
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obese population with Prevotella-dominant
enterotype.”’ Some studies have proposed that
individuals with Prevotella enterotype mainly
depend on SCFA production to promote
health,”> while individuals with Bacteroides
enterotype are more likely to improve health via
bile acids modification.”* However, no remarkable
difference in fecal SCFA shifts was detected
between the synbiotics and placebo group in our
study. Additional studies with metagenomics ana-
lyses are warranted to comprehensively understand
the clinical relevance of the pre-treatment P/B ratio
and its implications on the response to synbiotic
supplementation.

There are several strengths of the present
study. Firstly, to the best of our knowledge,
this is the first study to find that the immunor-
egulatory and microbial effects of the synbiotic
supplements are modified by the pre-treatment
P/B ratio. Secondly, the participants were
instructed to maintain their routine diet and
physical activity. This was ensured by closely
monitoring their dietary intakes and levels of
physical exercise, thereby promoting stability in
these lifestyle factors. However, there are cer-
tain limitations to acknowledge in this study.
Firstly, although our results have demonstrated
the beneficial effects of an 8-week duration of
synbiotic supplementation, further investiga-
tions are required to assess the long-term
effects of this intervention. Secondly, the 16S
rRNA gene amplicon sequencing approach pro-
vided limited insights into the species or strain
levels. Although we observed microbial changes
at the zOTU level, additional comprehensive
metagenomic studies would be desirable to
gain insights into the gut microbiota dynamics.

In conclusion, an 8-week synbiotic supple-
mentation altered immune parameters and
modified gut microbiota in healthy adults.
Furthermore, changes in anti-inflammatory
markers (IL-10 and sIgA) were associated
with microbial variations triggered by the syn-
biotic supplementation. Moreover, the immu-
nomodulatory and microbial effects of
synbiotic supplements were modified by enter-
otypes based on the basal P/B ratio. These
findings provide evidence for the use of

synbiotics to improve the immune function of
healthy adults. The use of basal P/B ratio holds
great promise for personalized supplementa-
tion of synbiotics for immunomodulation, but
additional randomized controlled trials with
larger numbers of participants are needed to
confirm these findings.

Methods
Study participants

This study recruited 170 volunteers via advertise-
ments in Tongji Medical School of Huazhong
University of Science and Technology, Wuhan,
China in October 2020. Inclusion criteria were:
18-65years old, and BMI less than 35kg/m”.
Exclusion criteria were: known congenital or
acquired immune deficiency diseases, allergic dis-
eases, gastrointestinal disorders, and other acute or
chronic diseases requiring treatment; use of the
immunosuppressive drug, antibiotics, probiotics,
prebiotics, synbiotics, or drug active on gastroin-
testinal motility within the preceding month; vac-
cination against influenza within the last 12
months; pregnancy or lactation; more than 5%
weight change over the past three months; enroll-
ment or planned enrollment in other research.
After screening through a questionnaire regarding
medical history, drug use, and other information,
a total of 106 eligible participants were included in
the study.

The study was approved by the Medical Ethics
Committee of Tongji Medical School. Written
informed consent was obtained from all subjects
before enrollment. The clinical trial was registered
on clinicaltrials.gov as NCT04960878.

Study design

The present study was a randomized, double-
blind, placebo-controlled intervention study.
Eligible participants were equally and randomly
assigned into two groups using computer-
generated random numbers after stratification
by gender and BMI (<24 or >24 kg/m?®) without
a predetermined block size. Then, one group was
administered a sachet of synbiotic powder (1.5 g):
B. lactis HNO019 1.5x 10° CFU, L. rhamnosus



HNO001 7.5x 10" CFU, 500 mg fructooligosac-
charide, and a maltodextrin carrier, and the
other group was administered a sachet of placebo
powder (1.5g) containing maltodextrin. During
the intervention periods, participants were
instructed to take one sachet dissolved in warm
water (<37°C) before breakfast every day for 8
weeks. Participants and outcome assessors were
blind to trial allocation. To conceal allocation, all
the supplements were identical in appearance,
taste, and package.

Participants received a four-week dose of syn-
biotic or placebo at baseline and week 4, then
they were instructed to return unused sachets at
the next visit to evaluate compliance. If someone
missed more than 10% of the supplement dose,
he or she was defined as noncompliant and
excluded from the study. During the intervention
period, all subjects were required to maintain
their routine diet and physical activity, other
than restrict products containing prebiotics and/
or probiotics according to labeling. A three-day
24-h dietary record survey and an international
physical activity questionnaire (short form) were
completed at baseline, week 4, and week 8 to
confirm whether dietary intake and physical
activity were stable during the study.
Information on medications, supplement use,
and adverse events were self-reported by partici-
pants throughout the intervention. The primary
outcome of this study was the CRP change. In
addition, we evaluated changes in other immune
parameters and gut microbial alterations as sec-
ondary outcomes.

Assessments of clinical outcomes

Fasting blood samples, stool samples, and saliva
samples were collected at baseline (day 0), week 4
(day 28), and week 8 (day 56). More details were
described in the Supplementary material.

Plasma concentrations of CRP were determined
with commercial ELISAs kits (R&D System Inc.,
MN, USA). Plasma levels of IFN-y, IL-1p, IL-6, IL-
8, IL-10, and TNF-a were detected using the MSD
V-Plex Proinflammatory Panel 1 human Kits
(Meso Scale Discovery, Rockville, MD, USA) and
read using the MESO sector S 600 (Meso Scale
Discovery). The levels of sIgA in saliva and stool
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samples were measured utilizing ELISA Kits
(EAGLE BIOSCIENCES, INC., Nashua, NH)
according to the manufacturer’s instructions.

Flow cytometric analysis was performed to
assess the absolute counts of leukocyte subpopula-
tions. Firstly, 50 uL of each well-homogenized
whole blood sample was mixed with 20 uL of anti-
CD3-PercpCy5.5/anti-CD19-APC/anti-CD56-PE
/anti-CD14-FITC/anti-CD45-APC-Cy7 regent in
a TruCount Tube, which contained a lyophilized
pallet that released a known number of fluorescent
beads during sample preparation. All antibodies
were purchased from BD Biosciences (San Jose,
CA, USA). Secondly, the samples were incubated
for 15 min at room temperature in the dark after
being thoroughly vortexed. Thirdly, 450 pL of
FACS lysis solution was added to each tube, and
the tubes were incubated for 15 min at room tem-
perature in the dark. Finally, data were acquired on
a BD FACSCAria III flow cytometer (BD Life
Science, San Jose, CA, USA). The counts of total
white blood cells (CD45"), T cells (CD3"), B cells
(CD3-CD19"), natural killer (NK) cells
(CD37CD56%), and monocyte (CD14") were ana-
lyzed with Flow]Jo (Tree Star, Ashland, OR, USA).

The methodologies for assessing the occurrence,
duration, and severity of URTI episodes, physiolo-
gical and biochemical markers, and SCFAs were
detailed in the Supplementary material.

16S rRNA gene sequencing and microbial analysis

The fecal microbiota was measured using 16S
rRNA gene amplicon sequencing as previously
described.”” Briefly, fecal bacteria DNA was
extracted using a QIAamp Fast DNA Stool Mini
Kit (Qiagen, Valencia, CA, USA), and the V3-V4
region of the 16S rRNA gene was amplified with
barcode-indexed primers (338F and 806 R), then
sequencing was performed using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA).
Raw sequencing data can be available from NCBI
Sequence Read Archive (SRA) database under the
BioProject accession number PRJNA903962.
Sequencing data were processed using the
Quantitative Insights Into Microbiota Ecology plat-
form (QIIME, Boulder, CO, USA, V.1.9.1).°
Paired-end sequencing reads were merged,
trimmed of primers and distal bases, quality
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filtered, and chimeras were removed using
USEARCH V11.0.”” Then, reads were denoised
into zOTUs utilizing UNOISE3.”® Taxonomy was
assigned a taxonomical classification using the
SILVA database (version 138) with a cutoff of 0.8.
For significantly altered zOTUs during the study,
we further searched the sequences using BLAST
against the reference database from NCBI RefSeq
(Accession date: January 10, 2023), with more than
99% identity to determine their assigned species.
The zOTUs table was rarefied to the lowest read
number. Based on the rarefied zOTUs table, a-
diversity (the observed zOTUs and Shannon’s
index) and P-diversity quantified Euclidean or
Weighted UniFrac distances in each group were
calculated wusing the wvegan and phyloseq
R package. The function prediction was performed
using PICRUSt2>” and MetaCyc database at the
pathway level.

Statistical analysis

At a two-sided 0.05 significance level and with 80%
statistical power, sample size calculation was based
on a 0.1 difference in the CRP change with
a standard deviation (SD) of 0.17 in a repeated
measure design,”' using the degree of correlation
between successive measures of 0.8, and a sample
size of 88 was required. Due to potential dropouts
(20%), the number of enrolled subjects was
increased to 106.

Continuous baseline characteristics were
presented as mean = SD or median and inter-
quartile range (IQR) according to the normal-
ity, which was tested by the Shapiro-Wilk test
and Q-Q plots. Categorical characteristics were
summarized as numbers (percentages).
Treatment effects on immune parameters, phy-
siological and biochemical markers, and stool
SCFAs were assessed by generalized linear
mixed models, which included the change
from each follow-up visit to baseline as the
dependent variable, time (week 0, 4, 8), group
(synbiotic, placebo), and group-by-time as
fixed effects, subjects as a random effect, and
baseline value of each variable as a covariate.
Least square

means from group-by-time

interaction were adopted to estimate within-
group changes and between-group differences.
Due to more than 30% of samples being below
the detection limit, plasma IL-1B was excluded
from the following statistical analysis. For vari-
ables in skewed distribution, the In-
transformation was applied to alleviate the
skewed distributions, and results were
described as fold change from each follow-up
visit to baseline.

The variation in beta diversity was evaluated
using PERMANOVA with the adonis function in
the vegan package and visualized on principal coor-
dinates analysis using the phyloseq package. For
alpha diversity indices, microbiota taxa, and func-
tional pathways, treatment effects were calculated
using a linear mixed model with /me4 package, and
within-group differences were assessed utilizing
the Wilcoxon signed-rank test. The correlation
between significantly altered immune markers
and significantly modified microbiota taxa and
pathways was evaluated by Spearman’s rank test.
FDR was estimated using the Benjamini-Hochberg
method to control for multiple testing, and a cutoff
of 0.1 was considered to be statistically significant
unless stated otherwise.

The pre-treatment loglO-transformed P/B
ratio was calculated using the relative abun-
dance of Prevotella and Bacteroides genera.
According to the bimodal distribution of log;,
(P/B) ratio,’® all the participants were stratified
into two microbial enterotypes, low (LP) and
high P/B ratio (HP), with a cutoff value of 0.1.
One individual was excluded for no detectable
Bacteroides. The bimodal distribution of the
log1o (P/B) ratio was tested by the diptest pack-
age. Because LP and HP in the placebo did not
differ in variation in all clinical outcomes and
gut microbiota composition, we treated the
placebo group as a whole to avoid a small
sample size in each enterotype subgroup.
Differential responses to synbiotic supplemen-
tation in LP and HP were evaluated with gen-
eralized linear mixed models, with time,
subgroup (synbiotic_LP, synbiotic_HP, the
whole placebo), and subgroup-by-time as
a fixed effect. The statistical significance was
set at two-sided P[10.05. Statistical analyses



were performed with SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA) and R version
4.1.3 (The R Foundation for Statistical
Computing, Vienna, Austria).
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