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Abstract

By constantly stimulating intestinal immunity, gut microbes play important regulatory roles, and
their possible involvement in human physical and mental disorders beyond intestinal diseases
suggests the importance of maintaining homeostasis in the gut microbiota. Both transplantation of
fecal microbiota and dietary interventions have been shown to restore microbial homeostasis in
recipients. In the current study with wild-type mice, we combined these two approaches to
determine if transplanting fecal material from mice fed black raspberries (BRB, 5%) altered
recipients’ immune system. The donors received a control or 5% BRB diet, and fecal
transplantation was performed every other day 15 times into recipients fed control diet. Afterward,
we used flow cytometry to analyze populations of CD3* T, CD4* T, CD8" T cells, and NK cells
among bone marrow cells, splenocytes, and peripheral blood mononuclear cells (PBMCs)
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collected from the recipients. We found that BRB-fecal material that contained both fecal
microbiota and their metabolites increased NK cell populations among bone marrow cells,
splenocytes, and PBMCs, and raised levels of CD8" T cells in splenocytes. Our findings suggest
that fecal transplantation can modulate the immune system and might therefore be valuable for
managing a range of physical and mental disorders.
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1| INTRODUCTION

The gut microbiota is a community of billions of commensal and transient microorganisms
—and potential pathogens—that colonize the intestinal epithelial surface and constantly
stimulate intestinal immunity (Quaranta, Sanguinetti, & Masucci, 2019). In mammals, such
as humans and mice, 5-20% of all lymphocytes reside in the gut, where they are crucial
regulators of the immune system (Ganusov & De Boer, 2007). Accordingly, it is not
surprising that the gut microbiota has been implicated in intestinal diseases (Nishida et al.,
2018; Rodifio-Janeiro, Vicario, Alonso-Cotoner, Pascua-Garcia, & Santos, 2018; D’Odorico
etal., 2018; Shen et al., 2018). In the last decades, however, there has been growing
recognition that it might also be involved in many other human physical and mental clinical
conditions, including cognition (Jiang, Li, Huang, Liu, & Zhao, 2017), neuropsychiatric
disorders (Evrensel & Ceylan, 2016), organ transplantation (Xiao et al., 2018), obesity
(Kang & Cai, 2017), cancer management (Chen, Wu, Jin, Wang, & Cao, 2019), autoimmune
diseases (De Luca & Shoenfeld, 2019), female reproductive tract diseases (Quaranta et al.,
2019), age-related pathological conditions (including atherosclerosis, type 2 diabetes, and
Parkinson’s disease) (Vaiserman, Koliada, & Marotta, 2017), autism and mood disorders
(Mangiola et al., 2016; Li, Han, Dy, & Hagerman, 2017; Choi & Cho, 2016; Yang, Tian, &
Yang, 2018), and chronic fatigue syndrome (Xu et al., 2015; Aroniadis & Brandt, 2013).

As stated above, lymphocytes reside in the mammalian gut (5-20%) and spleen (~10%),
bone marrow (~15%), and lymph nodes (~40%); these locales are large immune
compartments (Ganusov & De Boer, 2007). Only ~2% of all lymphocytes are found in blood
(Ganusov & De Boer, 2007). Natural killer (NK) cells are the effector lymphocytes of the
innate immune system. They combat tissue damage by limiting the spread of infectious
microbes and many types of tumor cells through the body. NK cells also play roles in
hematopoietic stem cell transplantation and in reproduction (Vivier, Tomasello, Baratin,
Walzer, & Ugolini, 2008). As regulatory cells, they interact with other immune cells, such as
dendritic cells, macrophages, T cells, and endothelial cells, to limit or exacerbate immune
responses (Vivier et al., 2008). In addition, T cells coordinate multiple aspects of adaptive
immunity, including responses to pathogens, allergens, and tumors. T cells also respond to
insults throughout the body and maintain immune homeostasis (Kumar, Connors, & Farber,
2018). In other words, T cells maintain immune responses, homeostasis, self-tolerance, and
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immunological memory. They function by expressing receptors that can recognize the wide
range of antigens presented by pathogens, tumors, and the environment (Kumar et al., 2018).

In healthy adults, levels of CD3* T cells, CD4* T cells, and CD8" T cells decrease with age
(>50 years old), but levels of NK cells do not (Kokuina, Breff-Fonseca, Villegas-Valverde, &
Mora-Diaz, 2019). Most studies of the functions of NK and T cells have focused on cancer,
and they have reported associations between higher levels of NK and CD8* T cells and
favorable outcomes—in colorectal cancer (Xu et al., 2018; Sun, Fan, Wang, & Xu, 2017;
Sconocchia et al., 2014), lung cancer (Soo et al., 2018), and ovarian cancer (Nelson, 2008),
for example.

Fecal microbiota transplantation is transfer of microbiota in the stool from a healthy
individual into the gastrointestinal tract of a person with a disease, such as infection with
Clostridium difficile, in an attempt to increase microbial diversity and richness as well as to
restore microbial homeostasis (Holleran et al., 2018). Dietary interventions (such as altering
fiber intake) that induce rapid changes in certain nutrients can also modify the gut
microbiota’s composition, richness, and diversity (Aron-Wisnewsky & Clément, 2016). It is
conceivable, therefore, that combining fecal microbiota transplantation with dietary
intervention could be an important strategy for rebalancing the gut microbiota and its
production of metabolites to maintain health and prevent or manage disease (Shen, 2017).
We have shown that black raspberries (BRBs) and their anthocyanin and fiber fractions
altered the composition and diversity of gut microbiota in F-344 rats (Pan et al., 2017) and
changed their metabolites in wild-type C57BL/6 (Pan et al., 2017) and ApcMin/+ mice (Pan
et al., 2015) as well as colorectal cancer patients (Pan et al., 2015). We further showed that
those metabolites were responsible for BRBs’ anticancer effects by modulating host
immunity (Pan et al., 2020; Pan et al., 2017; Pan et al., 2017; Pan et al., 2018; Pan et al.,
2018; Pan et al., 2019; Pan et al., 2018; Pan et al., 2017).

Our current study investigated the functional changes initiated by fecal material
transplantation from wild-type mice fed BRBs. We showed that recipient wild-type mice on
a control diet that received BRB fecal material had increased NK cell populations in bone
marrow, spleen, and PBMCs, and boosted those of CD8* T cells in spleen. Accordingly, our
results suggest that material containing the microbiota/metabolites of a donor fed BRBs can
modulate a recipient’s immune system. The possibility that this approach might be valuable
for managing various physical and mental disorders warrants future investigation.

MATERIALS AND METHODS

Animal experiments

All protocols were carried out in accordance with the institutional guidelines for animal care
dictated by the Medical College of Wisconsin Animal Care and Use Committee. C57BL/6
mice, aged 5-6 weeks, were purchased from the Jackson Laboratory. The donor mice to be
used for fecal transplantation were fed either the control AIN-76a diet or the control diet
supplemented with 5% BRBs for the entire duration of the study. Every other day, starting
from Day 0, feces from donor mice were freshly collected every 2 hr for 8 hr. They were
frozen immediately, and were dissolved in PBS, vortexed, and centrifuged the next day. The
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fecal supernatant was given to recipient mice via oral gavage. After 1 month of this fecal
material transplantation (15 doses), all the mice were euthanized. Splenocytes, bone marrow
cells, and PBMCs were collected and processed for flow cytometric analysis.

Isolation of murine splenocytes, bone marrow cells, and PBMCs

Mice were euthanized by CO, asphyxiation. Spleen was collected and placed into a wet 40
um cell strainer on top of a 50-mL centrifuge tube. Then the spleen was smashed in the cell
strainer, which was rinsed with 5 mL of medium. The cell suspension collected in the tube
was centrifuged at 1000 rpm for 5 min. The pellet was resuspended in 5 mL red blood cell
lysis buffer (containing 0.15 M NH,4CI, 0.01 M KHCOg3, and 0.1 Mm EDTA), and incubated
at 4°C for 5 min. Then the cell suspension was centrifuged and rinsed with PBS (containing
5% FBS). Splenocytes in the final pellet were suspended in RPM11640 medium containing
20% FBS for further application.

Bone marrow cells were flushed out from femurs and tibias with 5 mL DMEM. The cell
suspension collected in the tube was centrifuged at 1000 rpm for 5 min. The pellet was
resuspended in 5 mL red blood cell lysis buffer (containing 0.15 M NH4Cl, 0.01 M KHCp3,
and 0.1 Mm EDTA), and incubated at 4°C for 5 min. Then the cell suspension was
centrifuged and rinsed with PBS (containing 5% FBS). Bone marrow cells in the final pellet
were suspended in RPMI1640 medium containing 20% FBS for further application.

Circulating blood was collected using BD Vacutainer® spray-coated K2EDTA Tubes, and
centrifuged at 1500 rpm for 5 min to obtain plasma. The pellet was resuspended in 20 mL
red blood cell lysis buffer (containing 0.15 M NH4CI, 0.01 M KHCOg3, and 0.1 Mm EDTA),
and incubated at room temperature for 30 min with vortexing every 10 min. Then the cell
suspension was centrifuged and rinsed with PBS (containing 5% FBS). PBMC:s in the final
pellet were suspended in RPMI11640 medium containing 20% FBS for further application.

Flow cytometry

Splenocytes, bone marrow cells, and PBMCs were stained with surface-marker antibodies
(BD Biosciences, Franklin Lakes, NJ). The gating strategies for different immune cells were
as follows: CD3* T cells: CD45*CD3*; CD4* T cells: CD45*CD3*CD4*; CD8* T cells:
CD45*CD3*CD8*; NK cells: CD45*CD3"NKp46*. The samples were analyzed on an
LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ), and FlowJo (Tree Star,
Ashland, OR) was used to analyze the results. The data were presented as percentage of
positive cells.

Statistical analysis

GraphPad Prism was used to analyze populations of CD3* T cells, CD4* T cells, CD8* T
cells, and NK cells in bone marrow and among splenocytes and PBMCs (unpaired, two-
tailed #test). A Pvalue <.05 was considered statistically significant.
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RESULTS AND DISCUSSION

Because the gut microbiota has been implicated in many physical and mental clinical
conditions and is known to play crucial regulatory roles in the immune system (Chen et al.,
2019; Choi & Cho, 2016; Aroniadis & Brandt, 2013), restoring its hemeostasis to rebalance
the immune system could be an attractive approach to managing a range of clinical
conditions. Fecal microbiota transplantation (Chen et al., 2019; Choi & Cho, 2016;
Aroniadis & Brandt, 2013) and dietary interventions (Aron-Wisnewsky & Clément, 2016)
are among the most effective approaches that can restore homeostasis of the gut mictobiota.
In the current study, we combined these two approaches to investigate if transplantation of
fecal material from BRB-fed wild-type mice alters recipients’ immune systems. The
experimental design is shown in Figure 1. Recipient mice on the control diet received fecal
material from wild-type mice fed the control diet or the 5% BRB diet. Transplantations were
performed every other day 15 times. We found no significant differences in populations of
CD3* T cells and CD4* T cells in bone marrow (Figure 2), splenocytes (Figure 3), or
PBMCs (Figure 4) regardless of whether the donor mice had eaten the control diet or the
BRB diet. However, the recipients who received fecal transplantations from the BRB-fed
donors had significantly larger populations of CD8* T cells in their splenocytes (Figure 3)—
though not in their bone marrow (Figure 2) or among their PBMCs (Figure 4)—compared
with those who received transplantations from the donors on control diet. Interestingly,
populations of NK cells expanded in all three organs (Figures 2—4).

It has been shown that levels of CD8* T cells decrease in older people (>50 years old)
(Kokuina et al., 2019) and that higher levels of NK and CD8* T cells associate with
favorable outcomes in cancers such as colorectal (Xu et al., 2018; Sun et al., 2017;
Sconocchia et al., 2014), lung (Nishida et al., 2018), and ovarian (Nelson, 2008). Our results
suggest the possibility of boosting immunity by transplanting fecal material from healthy
individuals who have consumed BRBs.

In the current study, we decided not to treat the recipient mice with antibiotics to kill their
own bacteria before fecal material was transplanted, because one study had shown that
antibiotics induce mild inflammation in the gastrointestinal tract of wild-type mice (Rossen
et al., 2015). In addition, antibiotic treatment alone can suppress tumor development
(Goldin, Venditti, & Geran, 1985; Pushalkar et al., 2018). In contrast, antibiotic use
increases the risk of human colorectal cancer (Shen et al., 2018). Also, patients with
ulcerative colitis do not receive antibiotics to kill their own bacteria before fecal microbiota
transplantation (Paramsothy et al., 2017; Moayyedi et al., 2015; Rossen et al., 2015). In
human clinical trials, the donor feces can be transplanted by colonoscopy and enemas, and
upper gastrointestinal delivery routes such as duodenal or gastric tubes or orally ingested
frozen capsules (Imdad et al., 2018). Among them, the colonic route, colonoscopy and
enemas, is the most efficacious (Imdad et al., 2018). Interestingly, using oral gavage
approach, human or mouse fecal microbiota are able to stably colonized into mice
(\Vaiserman et al., 2017; Nagao-Kitamoto et al., 2016), suggesting that some of those
microbiota survive after passing through the stomach with gastric acid.
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We should point out that the fecal material we transplanted contained not only microbiota
but also microbial metabolites from the donor’s gut as well as intact BRB components.
Future studies are needed to investigate the gut microbiota that are changed by BRBs.
Indeed, our previous publication reported that feces from wild-type mice fed 5% BRBs had
significantly higher levels of amino acids, lipids, xenobiotics, cofactors, and vitamins than
feces from wild-type mice on a control diet (Pan et al., 2017). Dietary BRBs also increased
benzoate metabolites, such as 3-hydroxybenzoate and 3,4-dihydroxybenzoate, in feces of
those mice, serving as evidence that BRBs modulate the gut’s microbiota (Pan et al., 2017).
The benzoate metabolites could have been derived from the polyphenols and anthocyanins in
BRBs, which are absorbed by the large intestine and metabolized by the gut microbiota
(Talavéra et al., 2004). We suspect that transplanting the gut microbiota with its metabolites
would be more effective than transferring the microbiota alone, because gut microbes grow
better when fecal material contains substrates derived from BRBs. Indeed, using FMT
approach, consumption of ginger was shown to beneficially change gut microbiota that
prevented obesity in mice (Wang, Wang, Li, Hu, & Chen, 2020). Because dietary nutrients
have been suggested to alter gut microbiota (Li, Wang, Wang, Hu, & Chen, 2019), such
approach could well apply to many other commonly consumed foods (Li, Wang, Wang, Hu,
& Chen, 2016). Alternatively, if FMT in animal studies is not available, in vitro
gastrointestinal digestion can be considered as a useful approach to investigate the
interaction between gut microbiota and dietary nutrients (Danila et al., 2019; Zhang et al.,
2020).

CONCLUSIONS

Our experimental design mimics fecal microbiota transplantation in humans, as it does not
use antibiotics to first remove the recipients’ gut bacteria. Furthermore, instead of using
normal gut microbiota for transplantation, we used fecal material from wild-type mice fed
BRBs. This material contains both fecal microorganisms and their metabolites, a
combination that better maintains the gut microbiota and can favorably modulate the
immune system. We therefore propose transplantation of fecal material from BRB-fed
humans as an approach to managing certain physical or mental disorders and this approach
warrants further investigation.
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FIGURE 1.

Experimental protocol to determine if fecal material from BRB-fed wild-type mice alters
immune cell levels in wild-type mice. (A) Collection of donor feces. (B) Fecal material

transplantation (FMT) in the recipients
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FIGURE 2.
Populations of CD3* T, CD4* T, CD8" T, and NK cells among bone marrow cells from

recipient mice that received control stool or BRB fecal material. *£< .05

Food Front. Author manuscript; available in PMC 2021 July 23.

Ctrl 5% BRBs



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huang et al.

% of CD45*
in spleen

Page 12

CD3*T cells CD4* T cells CD8*T cells NK cells

*

»n
S

»N
S

1T =

a

T

in spleen
2

in spleen
~

o

% of CD45*CD3*
in spleen
% of CD45*CD3*

% of CD45*CD3-

Ctrl 5% BRBs Ctrl 5% BRBs Ctrl 5% BRBs Ctrl

FIGURE 3.
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Populations of CD3* T, CD4* T, CD8™ T, and NK cells among peripheral blood
mononuclear cells from recipient mice that received control stool or BRB fecal material. *P
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