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Host-microbiome interactions and regulation of the immune system
Abstract

by
CARLOS ALBERTO ALVAREZ CONTRERAS

Multifactorial diseases such as diabetes, allergy and asthma, inflammatory bowel
disease and neurodegenerative disorders have increased in recent years.
Genetic predisposition is unable to fully account for this sudden increase, yet our
environment is a factor that has seem similar dramatic changes even in the last
100 years. It has since become apparent that the gene pool of endogenous
microbes that populate our bodies might be more susceptible to these changes
due to their shorter life span and generation turnover. Thus, examination of the
microbiome has become a major focus in the hopes of identifying underlying
changes in the microbiome which may give rise to or be compounded due to
disease. Study of these interactions have revealed the involvement of the
microbiome in many functions ranging from processing of nutrients, neuronal and
iImmune system development.

The host immune interactions with gut commensal microbes have demonstrated
their importance in establishing tolerance and maintenance of homeostasis.
Here, we utilized the capsular polysaccharide PSA produced by the gut
commensal Bacteroides fragilis to better understand the impact on the host

immune system locally and systemically.
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Prior work established that PSA is endocytosed, processed and presented by
APCs to CD4* T cells via MHCII molecules. This exposure lead to the expansion
of a population of C45Rb'" effector memory (Tem) cells capable of protecting
from induction of inflammation. This protection was shown to be IL-10
dependent, the source of which was endogenous Tregs and not the PSA
expanded cells. Through in vitro co-culture experiments with regulatory T cells,
we demonstrated a novel T cell communication axis by which Tem cells secrete
IL-2 and IL-4 to synergistically stimulate IL-10 production by Tregs. Furthermore,
we demonstrated that PSA exposure results in potent interferon response, which
results in the upregulation of immune-regulatory markers. These markers were
primarily found in the gut associated lymphoid tissue, providing an example by
which commensal microbiota exposure can directly impact the immune cell
population.

Understanding how the host-microbiome interactions can impact the immune
response can help in the treatment development and therapeutics for multiple

inflammatory diseases.
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Chapter 1: The host-microbiome relationship and the impact on the

immune response
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1.1 Introduction to the microbiome

In the early 2000s, the completion of the human genome project allowed the
opportunity for scientists to dissect the all genes contained within the human
body. The data collected has been used to develop tools and technology for
diagnosing, treating and preventing human disease[1]. However, this has only
been accomplished by expanding our understanding beyond the genome of an
organism. Study of the proteome has helped to identify and categorize thousands
of proteins[2], while the epigenome has uncovered regulatory mechanism that
govern the accessibility and transcription of genes[3, 4]. An additional factor has
been recognized as crucial and dynamic in its ability to regulate human health,

the human microbiome.

Within our bodies there is exists a rich and diverse community of bacteria, fungi,
protozoans and viruses, and the metagenome of these microorganisms is
collectively referred to as the microbiome[5]. The microbiome has co-evolved
with the host’'s own genome, developing a delicate but profound symbiotic
relationship. These microbes colonize major intersection between our body and
our environment, namely the skin, oral cavity, airways, gastrointestinal tract,

urogenital and ocular surfaces[6-10].

Attempts aiming to classify the diversity of the healthy microbiome to establish a

conserved core set of microbial taxa to be used as a reference to then identify

unhealthy states, allowing them to be linked to disease[5]. Similar to reference
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genomes of the human genome project[11] , it was quickly discovered that no
conserved pattern throughout every single individual could be used as a clear
determinant of health or disease[12, 13]. There is inherent variation in taxonomic
composition depending on the location on the body, the surrounding
environment, dietary intake and even the interactions with other individuals.

The microbiome has been selected for function rather than composition,
discarding or replacing taxa as needed in order to better adapt to the current
environment and needs of the host[14, 15]. The composition of the skin microbial
community varies depending on the characteristics of the skin site. Hairy and
moist areas harbor different microbial communities compared to dry and smooth
regions[16]. Other areas remain elusive in terms of their microbial composition,
namely human breast milk which has been shown to provide nutrients and
bacteria for the initial seeding of a healthy microbiome in infants. The relatively
low biomass, inconsistencies and contamination during sample collection have

hindered the study of such a critical component of human biology[17-19].

The collection, culture and identification of the components of the microbiome
have undergone many changes over recent years. Out of all the components of
the microbiome, the bacterial components have been the most studied and best
understood. The introduction of advanced culturing techniques such as
anaerobic and selective media, along with the accessibility to 16s RNA and high
throughput sequencing technology have allowed for detailed identification of

bacterial, fungal and viral component present in the microbiome of different
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organs. These techniques have only served to highlight the inherent richness of
the microbiome, an example being the reclassification of the species that once
belonged to Bacteroides into 5 distinct genre: Alistipes, Prevotella,
Paraprevotella, Parabacteroides and Odoribacter [20]. Limitations in terms of
sample collection, purity, analysis and standard comparisons need to be
overcome to gain better understanding of the microbiome across all areas of the
body.

Several terms have surfaced in an attempt to accurately describe a healthy
microbiome. A “healthy core” incorporates the molecular functions provided by
the microbial population that otherwise are not provided by the host, while
maintaining vital transcription and translation functions needed for the microbial
community to survive. Additionally, the inclusion of mechanism necessary for
colonization are required if any stability is to be achieved[21]. This supports the
idea of favoring common pathways and molecular functions needed for survival
in the microbiome which might be fulfilled by a variety of microbes[15].
Carbohydrate processing and harvesting by oral microbes[22], release of
antimicrobial peptides and protection from invasive species in the skin[23],
fermentation and degradation of polysaccharides in the gut [13], and production
of organic acids and maintenance of pH in the vagina[9, 24] are examples of
some of the functions attributed to a healthy microbiome.

The stability of the microbiome over time, its ability to resist or recover from both
external and internal factors without developing disease phenotypes might be

used to characterize a healthy microbiome[25]. The richness or diversity of the
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human microbiome can also be as a determinant of health, although this could
be easily misinterpreted when comparing samples[26]. An incorporation of all
factors, and possibly others that have yet to be determined will continue to help
define the concept of a healthy microbiome and lead to development of

diagnostics and treatment for disease.

1.2 Immune system recognition of the microbiome

The relationship between the immune system and the microbiome is one of the
most influential mechanisms by which health can be maintained or disease can
arise.

Host and microbiome have co-evolved for mutual gain, developing regulatory and
feedback mechanisms needed to maintain homeostasis. Several studies have
shown innate and adaptive immune signaling is vital for surmounting an effective
response against pathogens and maintaining a healthy microbiome population.
Pattern recognition receptors such as TLRs play a crucial role in sensing
conserved molecular pattern such as LPS and peptidoglycan for the induction of
innate immunity against potential pathogens[27]. Alteration of these sensors
either by using TLR knockouts or removing key molecules involved in TLR
signaling like MyD88 results in dysregulation of commensal bacteria and
inflammation. It was determined that commensal bacteria in the gut are
recognized by TLRs and are vital for the maintenance of gut epithelial cell
homeostasis, protection from injury and proliferation of epithelial cells [28, 29].

The gut commensal Bacteroides fragilis requires TLR2 signaling for colonization,
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activation of CD4* T cells and immune-regulatory effects[21]. Similarly, NLRs
have been shown to be necessary for the induction of intestinal lymphoid follicles
and B cell recruitment, that when altered result in abnormal bacterial growth[30].
C-type lectins such as Dectin-1 have also been associated with regulation of the
microbiome. Dectin-1, which recognizes p1-3 glucans found in cell walls of most
fungi, was shown to be necessary for regulating the fungal population in the gut.
Dectin-1 deficiency resulted in pathogenic fungal infections and susceptibility to
colitis[31].

In the absence of B cells or IgA production, gut microbiota induce upregulation of
interferon inducible genes in epithelial cell as a compensatory mechanism,
shifting the microbial population. This in turn leads to lipid malabsorption and fat
loss[32]. T follicular helper cells with PD-1 deficiencies were shown dysregulate
the production of IgA necessary for regulation of gut microbiota[33].

Lastly, it was demonstrated that polysaccharide components of commensal
bacteria capsules are processed and presented via APC mediated MHCII
molecules to CD4*T cells, resulting in an expansion of immune-regulatory
cells[34, 35].

It is clear that a communication axis between tissue, microbiome and immune

system is necessary and tightly regulated for maintenance of homeostasis.

1.3 Microbiome and disease

First proposed by the hygiene hypothesis, exposure to bacteria early in life could

promote health and decrease incidence of disease later in life. Alternatively, a
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lack of exposure can lead to an increase in disease[36]. When first proposed, the
mechanism by which these microbes exerted their influence on the immune
system were poorly understood. Since then, several studies have examined the
factors that influence the establishment and maintenance of a healthy immune-
microbiome relationship.

Commonly defined as a compositional or functional alterations of the microbiome
relative to healthy individuals, dysbiosis became a focal point for understanding
the relationship between disease phenotypes and microbial compaosition.
Dysbiosis has been connected to obesity[37], diabetes[38], IBD[39], and
dermatitis[40] and multiple sclerosis[41] to name a few. Dysbiosis has been
consistently shown to be play major role in disease, yet the traditional definition
of dysbiosis offers a limited understanding of the underlying mechanisms.
Studies across varied geographical, nutritional and ethnic communities have
demonstrated the immense variability present in healthy individuals without any
disease phenotype[13, 42]. Selecting any one group of healthy individuals as a
“control population” might lead to false categorization of dysbiotic states. The
same concern over comparing animal studies across facilities that have a wide
range of living conditions, diets and maintenance has been the bane of modern
science in terms of rigor and reproducibility[43].

Additionally, a change in composition by the microbiome in order to adapt to a
change in environment might be a beneficial and necessary change compared to

a previous steady state. Only when a chronically persistent perturbation is
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maintained even when the environmental change is removed can it lead to
detrimental consequences[44, 45].

Clinical and animal model data have elucidated common features associated
with dysbiosis such as the bloom of pathobionts, opportunistic bacterial strains
that may give rise to inflammation and disease[46]. The loss of commensals and
overall diversity in the microbiome have been tied to dysbiosis, both of which
might arise from similar circumstances such as exposure to xenobiotics and
changes in diet, which in turn might lead to a bloom of opportunistic
pathobionts[47-49].

One of the most detrimental factors involved in dysbiosis is inflammation and the
loss of its regulation by the immune system. In mouse models of human diarrheal
pathogens and infection using Citrobacter rodentium, it was shown that the hosts
immune response resulted in the loss of endogenous commensal bacteria. In the
same study it was demonstrated that use of IL10 KO mice which were prone to
inflammation resulted in spontaneous colitis, and that it had impacted the growth
of endogenous bacteria in favor of recently introduced species[50]. In this way
the hosts own immune response designed to protect against pathogens results in

the promotion invasive growth and increase in inflammation[51].

1.4 Pleiotropic effects of the immune-microbiome response
The concept of pleiotropy in immunology has long caused controversy when new
roles for a studied molecule or process are discovered. Cytokine pleiotropy is

perhaps the most recognizable application of this concept, in which a single
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cytokine mediator can result in many different context dependent responses. Cell
type, tissue type, injury, and inflammation can have drastic effect on the type of
response. Similarly, the host-microbiome interaction can have many pleiotropic
effects.

Interferons are a broad family of cytokines that play vital roles in the innate and
adaptive response. Interferons are grouped into 3 different types, each with
shared functions, signaling molecules but distinct context dependent roles. Type |
IFNs compose a large group, but are generally responsible for surmounting
antiviral responses, increasing antigen presentation, chemokine release and
immune cell recruitment[52]. However, it has been shown that sustained IFN
production leads to induction of suppressive dendritic cell programing, increases
in PD-1 and IL-10 production, supporting viral infection while shutting down the
ongoing immune response[53-56].

It has now been that gut microbiota are able to induce production of type 1 IFNs
in order to establish activation thresholds for the immune system, important for
hematopoietic cell maintenance, autoimmunity and cancer[57, 58]. Similar
microbiota and IFN dependent effects have been shown to be important in
regulating epithelial cell hyper proliferation and tumor burden[59].

Understanding how the immune system responds to dysbiosis and disease can
lead to development of strategies to correct or compensate for these

mechanisms.
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1.5 Microbiome mediated immune modulation

Some studies have been able to delve into the mechanisms by which microbes
and their metabolites can exert immune modulatory effects.

When examining patients with Celiac disease, an imbalance between the full
length FoxP3 and its isoform were found that affected regulatory T cell’s ability to
downregulate RORyT and IL17A. Stimulation PBMCs with IFNy and microbial
derived butyrate a balance between both FoxP3 forms was attained, while
microbial derived lactate also increased expression of both versions of
FoxP3[60]. Gut bacteria are able to utilize soluble fibers to produce short chain
fatty acids, which have been shown to activate TNF-a secretion in M2
macrophages, promote the development of IL-10 secreting Tregs, Thl, Th2 and

Th17 with suppressive properties[61].

Bacteroides fragilis and its primary immunomodulatory metabolite polysaccharide
A(PSA) exemplify the pleiotropic nature of the immune-microbiome response.
Identified as the most common isolate in abscesses in human with bacteremia, it
was quickly discovered that immunization with its capsular polysaccharide
protected from abscess formation[62, 63]. Of the 8 capsular polysaccharides,
PSA has been studied to a large extent due to its potent immunomodulatory
effects. PSA is comprised of a tetrasaccharide repeating units which form an
extended right handed helix with positive one positively charged amine and one
negatively charged carboxylate [64]. It is this zwitterionic motif that was shown to

be crucial for the interaction with MHCII and subsequent presentation to CD4* T
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cells. Both B. fragilis and purified PSA have been shown to protect against IBD,
EAE and asthma induction[35, 65-67]. PSA exposure has since been shown to
expand a population of T effector memory cells capable of inducing IL-10
secretion on endogenous regulatory T cells, protecting from induction of
inflammation[35, 68].

By studying the impact of commensals and their derived metabolites, a better
understanding of the host-immune-microbiome relationship can be attained and

manipulated for the treatment of disease.
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Chapter 2: Purification of Capsular Polysaccharide Complex from Gram

Negative

*Work featured in this chapter was published in Bacterial Polysaccharides:
Methods and Protocols (Alvarez, C. A. and Cobb, B. A., 2019, pp 25-35 (ref #

122))
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2.1 Abstract

Capsular polysaccharides are a dominant class of antigens from bacteria, both
pathogenic and symbiotic or commensal. With the rise of awareness for the
influence of the microbiota over immune system development and immune
homeostasis, analysis of the antigens is more important than ever. Here we
describe a method for the isolation of capsular polysaccharide from gram
negative bacteria, with the purification of polysaccharide from the commensal
bacterium Bacteroides fragilis serving as an example. The method efficiently
removes all detectable endotoxin and other lipid components, proteins, and
nucleic acids, providing a source of capsular polysaccharide for immunologic

study.

2.2 Introduction

A wide range of microorganisms, each occupying a specific niche and role,
populates the human body and is collectively known as the microbiome. Over the
last couple of decades, it has become clear that the composition of the
microbiome plays a critical role in the maintenance of homeostasis. The
mechanisms underlying this homeostatic function are quite diverse, ranging from
nutrient metabolism and niche competition to immunologic development [69-72].
From an immune perspective, the microbiota produces many immunogens and
antigens that have been shown to drive immune system development and bias

the host against deleterious inflammatory responses common to autoimmune

29



and allergic diseases [67, 73-76]. These include proteins, lipoproteins, nucleic
acids, endotoxin (lipopolysaccharide; LPS) and capsular polysaccharides.
Capsular polysaccharides represent the outermost surface of encapsulated
bacteria, such as Bacteroides fragilis, making these molecules the first point of
contact with the immune system. Of the eight different capsular polysaccharides
found on B. fragilis [77], polysaccharide A (PSA) and B (PSB) are zwitterionic,
possessing both positive and negative charges in their repeating units [78]. This
property has been shown to enable their ability to activate CD4* T cells through
major histocompatibility complex class ll-mediated presentation [34, 79], which
leads to immune inhibition and resistance to inflammatory disease [67, 73].
However, it is critical to separate the capsular polysaccharide from underlying

LPS, protein and nucleic acid for immunologic evaluation and study.

Here, we describe the purification of capsular polysaccharide from gram negative
bacteria, which is based on previously reported methods [78, 80] and our
experience with B. fragilis and PSA [34, 81, 82]. The procedure begins with a hot
phenol extraction, which breaks down the bacteria and leads to the precipitation
of nucleic acids and proteins, leaving the lipid and carbohydrate fractions in the
aqueous phase. Residual phenol is removed from the aqueous phase by ethyl
ether extraction followed by evaporation of residual ethyl ether using a rotary
evaporator. The extracted lipids/LPS and polysaccharides are then treated with
DNase, RNase, and proteinase K to digest any remaining traces of nucleic acids
and proteins respectively. The resulting LPS and capsular polysaccharide

mixture is separated by size exclusion chromatography in deoxycholate, which
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disaggregates the LPS so that it runs as a relatively small molecule compared to
the very large (>300 kDa) polysaccharides. LPS-free polysaccharide is pooled
and deoxycholate removed through dialysis to yield between 100 and 400 mg of

polysaccharide from 20 L of log-phase liquid culture.

2.3 Materials

In this method, the bacterial growth step is skipped, since culture conditions can
vary wildly, depending on the bacterial species/strain. The extraction is suitable
for any capsular polysaccharide from a gram-negative bacterium. Thus, the
starting material for this purification is pelleted bacteria from 20 L of log-phase
growth culture. The large scale is due to the relative expense and time required
for the preparation, making repeated preparations needlessly inefficient.
Moreover, all solutions are made with ultrapure (18 MQ/cm) water, and

hazardous waste disposal is done according to the appropriate local regulations.

2.3.1 Solutions, Reagents and Supplies
1. 1.0 M Tris, pH 7.5: 1.0 M solutions of both Tris-HCI (157.60 g in 1 L water;
do not adjust pH) and Tris-base (121.14 g in 1 L water, do not adjust pH).
Titrate 500 mL Tris-base with Tris-HCl in a 1 L beaker with stirring until the
pH reaches 7.5. Filter sterilize and store at room temperature.
2. 1.0 M MgClz: Dissolve 95.21 g MgClz in 1 L of water. Filter sterilize and

store at room temperature.
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3. 1.0 M CacClz: Dissolve 110.98 g CaClz in 1 L of water. Filter sterilize and
store at room temperature.

4. 1.0 M EDTA, pH 8.0: Dissolve 146.12 g anhydrous
ethylenediaminetetraacetic acid (EDTA) in 250 mL water. Adjust pH to 8.0
with NaOH under constant stirring. The EDTA will not completely go into
solution until near neutral pH is reached. Dilute to 500 mL, filter sterilize
and store at room temperature.

5. 5L sterile water stored at room temperature.

6. 2 M NaCl: Dissolve 116.8 g NaCl in 1 L of water. Filter sterilize and store
at room temperature.

7. Approximately 4 L of 95% ethanol: Store at room temperature until
indicated otherwise.

8. Phosphate buffered saline (PBS): Dissolve 8 g NaCl (137 mM), 0.2 g KCI
(2.7 mM), 1.44 g Na2HPO4 (10 mM), and 0.24 g KH2PO4 (1.8 mM) in 800
mL water. Adjust pH to 7.4 with HCI. Bring to 1 L with water, filter sterilize
and store at room temperature.

9. 2L Ethyl ether. Store at room temperature.

10.Glacial acetic acid. Store at room temperature.

11.500 g phenol (see Note 1). Store at room temperature.

12.1.0 g Pronase (Millipore Sigma Catalog #53702). Store at -20 °C.

13.500 mg Ribonuclease A (Worthington Biochemical Corp. Catalog #

LS005650). Store at -20 °C.
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14.100 mg Deoxyribonuclease Type | (Worthington Biochemical Corp.
Catalog # LS002007). Store at -20 °C.

15.Column running buffer: Dissolve 60 g deoxycholic acid, ultrapure grade
(30 g/L), 7.5 g glycine (50 mM), and 7.44 g EDTA (10 mM) into 1.5 L water
(see Note 2). Adjust pH to 9.8 with NaOH. Bring to 2 L with water. Do not
filter and store at room temperature.

16.Pro-Q Emerald 300 lipopolysaccharide Gel Stain Kit (ThermoFisher).
Store components as instructed by the manufacturer.

17.Sephacryl S-400 column (100 cm x 5 cm) fitted to a peristaltic pump and
fraction collector.

18. Dialysis membrane tubing (3 in. diameter; 12-14 kDa MWCO) (see Note
3).

19.Glass pipettes (25 mL).

2.3.2 Special Equipment
1. Heavy-duty stir plate.
2. Glass beads (~5 mm diameter).
3. Six 250 mL phenol/chemical resistant centrifuge bottles with gaskets.
4. Stand mixer.
5. Separatory funnel (2 L) with large ring stand.
6. Rotary evaporator with 1 L sample flask.
7. Lyophilizer.

8. Peristaltic pump and fraction collector
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2.4 Methods

2.4.1 Harvest and Phenol Extraction

1.

Setup extraction equipment in a fume hood, including a water bath pre-
warmed to 68 °C and a stand mixer (Fig. 1).

Warm 1 L of water and the 500 g bottle of solid phenol to 68 °C in the
water bath until all of the phenol is melted.

Once up to temperature, add 167 ml of pre-warmed water to the phenol to
make it 75 %.

Resuspend the frozen bacterial pellet in 667 ml of 68 °C water, making
sure that no chunks of bacterial pellet remain.

Transfer the resuspended bacteria into a 4 L glass beaker, and place into
the 68 °C water bath.

Add about 250 mL equivalent volume of glass beads to the sample.

Place the mixer blades into the sample so that the blades are just above
the bottom of the beaker (Fig. 1), and turn on at a speed fast enough that
the glass beads are well agitated.

Add all of the 75 % pre-warmed phenol to the sample mixture and allow
robust mixing for 30 minutes (see Note 4).

Remove the stand mixer and add a large stir bar to the sample, cover with
several layers of Parafilm and aluminum foil, and stir overnight on a heavy

duty stir plate at 4 °C. Be sure to use secondary containment.
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10.Using the chemically-resistant 250 mL centrifuge bottles, centrifuge the

sample at 10,000 x g for 20 minutes at 4 °C.

11.Very carefully (see Note 5) decant the top aqueous layer using a glass

pipet, placing the extract into a clean 1 L glass bottle.

12.Repeat the centrifugation until the entire sample has been centrifuged,

combining the top aqueous phase in the 1 L glass bottle, and the waste in

the waste vessel.

2.4.2 Ether Extraction

1.

Prepare a 2 L separatory funnel by applying stopcock grease to the
fittings.

Add approximately 400 ml of sample and an equal volume of ethyl ether to
remove dissolved phenol.

Close the funnel and shake vigorously for 5 minutes (CAUTION, see Note
6).

Allow the mix to separate into two layers (top, ethyl ether; bottom,
aqueous) for about 20 minutes by placing the funnel on a ring stand.
Slowly allow the bottom aqueous phase, which contains the lipids and
carbohydrates, out of the funnel into a clean 1 L glass bottle (see Note 7).
Discard the top layer into an appropriate waste vessel for ethyl ether
disposal.

Repeat until the entire phenol extract has been extracted with ethyl ether,

combining the bottom phase into one or more 1 L glass bottles.
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7. Repeat the ethyl ether extraction on the entire sample once more.

8. Setup a rotary evaporator in a fume hood, circulating cool water through
the condenser and pre-warming the water bath to 60 °C.

9. Place approximately 500 mL of the ether-extracted sample into the sample
flask, and evaporate the residual ethyl ether and concentrate the sample
for approximately 1 hour, being careful to guard against boiling bumps in
the first 10 minutes.

10.Remove the sample, saving itin a fresh 1 L glass bottle.

11.Repeat the evaporation until all of the sample is complete, combining the
final product together.

12.Place the sample in pre-hydrated dialysis tubing (see Note 3), and dialyze
against water supplemented with 0.05% sodium azide at 4 °C (see Note

8).

2.4.3 Digestion and Precipitation
1. Remove the sample from dialysis using aseptic technique into sterile 1 L

bottle(s).
2. Measure the approximate volume of the sample and calculate 6.5 % of
this value.
3. Ina 50 mL conical tube, add calculated volume of 1.0 M Tris, pH 7.5.
4. Add 1.0 M MgClz and 1.0 M CaClz to make the Tris solution contain 20

mM each.
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5. Add RNase A and DNase Type | to the Tris solution such that the final
concentration in the sample will be 0.33 mg/mL and 0.07 mg/mL
respectively (see Note 9).

6. Filter sterilize the enzyme mixture, then add to the sample.

7. Cover/close the bottle and incubate overnight at 37 °C.

8. Re-adjust the pH of the sample to 7.5 with 1.0 M NaOH if necessary (see
Note 10).

9. Weigh enough Proteinase K to achieve a final concentration of 0.33
mg/mL, dissolve itin 5 mL 1.0 M Tris, pH 7.5, filter sterilize the enzyme
solution, and add it to the sample.

10.Incubate overnight at 37 °C.

11.Place several liters of 95 % ethanol in the -20 °C freezer overnight.

12.Repeat the Proteinase K digest with fresh enzyme prepared as before.

13.Incubate 2 hours 37 °C.

14.Add enough 1.0 M EDTA, pH 8.0 to the sample to make the final
concentration 50 mM EDTA.

15.Add a sterile stir bar and stir for 30 minutes at 4 °C.

16.Add 11 % of the sample volume of 2 M NaCl (200 mM final concentration).

17.Precipitate the LPS and capsular polysaccharide by dividing the sample
into 200 mL aliquots in as many 1 L glass bottles as necessary. Add 800
mL ice cold (-20 °C) ethanol, close and mix well (see Note 11).

18.Incubate overnight at -20 °C.
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19.Collect precipitate by centrifugation of the samples at 10,000 x g at 4 °C
for 1 hour (see Note 12). It is okay to use the same centrifuge bottles over
and over, stacking the sample in the pellet.

20.Decant the ethanol/water and dry the pellets by inversion for 2 hours.

21.Resuspend all of the pellets in a total of no more than 30 mL Column

Running Buffer (see Note 13).

2.4.4 Chromatography

1. Wash the S-400 column with 600 mL of 0.1 M NaOH at 1.5 mL/min.

2. Equilibrate the column with 2 L Column Running Buffer at 1.5 mL/min.

3. Load the equilibrated column with no more than 30 mL of sample. If the
sample is in greater volume, separate the sample into multiple column
runs.

4. Run the column with 2 L Column Running Buffer, collecting 20 mL
fractions between 500 mL and 1500 mL elution volume.

5. Regenerate the column by repeating the 600 mL 0.1 M NaOH wash and
re-equilibration in steps 1 and 2 before running another sample to prevent

LPS contamination.

2.4.5 Fraction Analysis and Sample Pooling
1. Using standard SDS-PAGE techniques and sample loading buffer, run 15
uL of each fraction on a 10 % continuous polyacrylamide gel (see Note

14) until the blue loading dye has just exited the bottom of the gel.
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Stain the gel using the Pro-Q Emerald 300 lipopolysaccharide Gel Stain
Kit according to the manufacturer’s protocol. This kit actually stains
carbohydrates and will detect both LPS and capsular polysaccharide with
very high sensitivity (Fig. 2).

Pool clean capsular polysaccharide fractions that lack detectable LPS.
Place the entire sample into dialysis against continuous running water
(see Note 15) for at least 1 week to remove the deoxycholate.

Collect and freeze dry the final sample using a lyophilizer.

Collect and measure the dry weight on an analytical balance.

2.4.6 Quality Check

1.

2.

Make a 1 mg/mL solution of capsular polysaccharide in water.

Perform a wavelength absorbance scan between 200 and 350 nminal
cm path length cuvette. The absorbance at 260 and 280 nm should be
less than 0.1.

Run 20 pg of sample on SDS-PAGE as before, staining with Pro-Q. No
detectable LPS should be visible.

For PSA from Bacteroides fragilis, H: NMR is performed for the known

spectrum and a lack of non-PSA resonant peaks.

2.4.7 Storage

1.

2.

Dissolve the entire sample in water.

Make 1 and 5 mg aliquots in small glass vials and freeze dry.
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3. Seal the tubes and store the dried polysaccharide at -80 °C.

2.5 Notes

1. Phenol should be purchased as a single bottle of 500 g of solid phenol. The
entire 500 g will be used in liquid phase, thus eliminating the need to measure
the solid and increasing safety. Upon use, the glass bottle the phenol is
supplied in can become the waste container for hazardous waste disposal.

2. Use caution when making this buffer. Begin by dissolving the glycine and
EDTA. Then add the deoxycholate. Powered deoxycholate is very light and
will disperse into the air with the slightest agitation. As a result, use slow and
careful movements when weighing and dispensing the deoxycholate to
minimize this effect. Use goggles and a respirator, as the dispersed
deoxycholate is very irritating to mucous membranes. Use of a fume hood is
incompatible with this procedure due to the air flow. Finally, deoxycholate will
not dissolve in water until the pH is at least 8.5. Thus, NaOH must be added
with constant mixing and pH monitoring as the deoxycholate is added. It can
take 30 minutes or more for all deoxycholate to enter solution. Adjust the pH
to 9.8 with NaOH, then bring the final volume to 2 L with water.

3. In order to prepare the dialysis tubing, cut the desired length, allowing for at
least 50 % sample swelling, boil in 5 mM EDTA, pH 8.0 for 10 minutes, rinse
twice with room temperature water and store at 4°C in 20 % ethanol until use.

Do not allow the membrane to dry out once re-hydrated.
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. Addition of 75 % phenol to the resuspended bacteria will cause an immediate
lysis of the bacteria. The resulting solution will have a viscous chocolate milk
appearance.

. If things are going well, after the spin you should see a large viscous and
sticky tan-colored pellet and a relatively small amount of a tan/greenish-
colored liquid on the top, which is the desired fraction. The pellet is very
loose, thus caution is required in removing the top layer. In addition, it is
better to get some of the pellet in the sample to get all the top aqueous
phase, but if this happens, a repeat spin in clean bottles will be necessary to
remove the bottom layer. Finally, the bottom layer is mostly phenol and must
be discarded appropriately.

. Itis critically important to vent the separatory funnel often. Gas is released
upon the first several shakes, and will build up in the funnel. This could lead
to glass failure if not vented. Use a face shield in addition to goggles and
other standard chemical and laboratory safety personal protective gear.

. Itis best to get all of the bottom phase in the first extraction, even if some of
the top phase is collected. Upon the second ethyl ether extraction, the
separation will be clearer and easier to prevent top layer contamination.

. The sample is large at this point, thus splitting the sample into two parts is
often easiest. Dialysis should have a sample: water ratio of at least 1:10,
changing the water 6 times after at least 4 hours has passed with stirring

each time.
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9. The amount of RNase A and DNase Type | is based on the sample volume,
not the 1.0 M Tris volume calculated in step 2, section 3.3.

10.Use a sterile pipet tip and drop sample onto pH paper to estimate the pH. Do
not contaminate the sample by using a pH probe.

11.The ethanol must be very cold for optimal precipitation. The sample will
become milky white immediately upon addition of the ethanol.

12.This will take more than 1 spin to collect the large volume of sample. It is okay
to use the same centrifuge bottles over and over, stacking the sample in the
pellet. Also, much of the precipitate will stick to the walls of the original 1 L
glass bottles. This is normal and desirable. Once all liquid has been removed
for centrifugation, dry the stuck precipitate by inverting the bottles on paper
towels for at least 2 hours.

13.The Column Running Buffer contains a high concentration of detergent, and
is therefore soapy. Avoid making bubbles. Also, all pellets and glass bottle
precipitates should be combined into a single 30 mL sample. The final sample
will have a brown tone, but should be free of visible particulates.

14.The SDS-PAGE gel does not need a stacking gel, and the samples do not
need to be boiled before loading. The LPS will run just above the dye front,
while the capsular polysaccharide will run high, just inside the wells at the top
(Fig. 2).

15.A large plastic bucket from a hardware store, cleaned to laboratory standards,
can be used for this purpose, making sure there are no sharp edges or

imperfections before use. Place the bucket in a sink, fill with dH20, add the
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sample in a dialysis bag, and allow the water to continuously flow, slowly. Do

this at 4 °C.
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Stand
Mixer

Glass
Beads

Sample

4 L Glass
Beaker

Fig. 1 Phenol extraction assembly for the initial extraction of LPS and
capsular polysaccharide from intact gram negative bacteria.

Resuspended bacteria are combined with 75 % phenol in a 4 L beaker at 68
°C in a water bath. Glass beads are placed in the beaker and agitated with
a stand mixer. The extraction should be performed within a fume hood.
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Fig. 2 Pro-Q Emerald stained SDS-PAGE gels from the purification of PSA
from B. fragilis. (A) In the first lane, 2 yL of the sample loaded onto the column
was run as the input control. All other lanes contain 20 pL of the fraction
indicated, with each collected fraction being 20 mL. “Clean” PSA was pooled
from fractions 30 to 50, giving a final PSA sample volume of 420 mL
containing approximately 300 mg of PSA. (B) The final PSA sample after
pooling and dialysis, showing the lack of detectable LPS.
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Chapter 3: CD45Rb-Low Effector T cells Require IL-4 to Induce IL-10in

FoxP3 Tregs and to Protect Mice from Inflammation

*Work featured in this chapter was published in PLOS One(Jones, M. B.,
Alvarez, C. A., Johnson, J. L., Zhou, J. Y., Morris, N., & Cobb, B. A. , 2019,

14(5), €0216893 (ref # 118))
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3.1 Abstract

CD4* effector/memory T cells (Tem) represent a leading edge of the adaptive
iImmune system responsible for protecting the body from infection, cancer, and
other damaging processes. However, a subset of Tem cells with low expression
of CD45Rb (Rb-°Tem) has been shown to suppress inflammation despite their
effector surface phenotype and the lack of FoxP3 expression, the canonical
transcription factor found in most regulatory T cells. In this report, we show that
Rb°Tem cells can suppress inflammation by influencing Treg behavior. Co-
culturing activated Rb~°Tem and Tregs induced high expression of IL-10 in vitro,
and conditioned media from Rb-°Tem cells induced IL-10 expression in FoxP3*
Tregs in vitro and in vivo, indicating that Rb'-°Tem cells communicate with Tregs
in a cell-contact independent fashion. Transcriptomic and multi-analyte Luminex
data identified both IL-2 and IL-4 as potential mediators of Rb-°Tem-Treg
communication, and antibody-mediated neutralization of either IL-4 or CD124 (IL-
4Ra) prevented IL-10 induction in Tregs. Moreover, isolated Tregs cultured with
recombinant IL-2 and IL-4 strongly induced IL-10 production. Using house dust
mite (HDM)-induced airway inflammation as a model, we confirmed that the in
vivo suppressive activity of Rb-°Tem cells was lost in IL-4-ablated Rb-°Tem cells.
These data support a model in which Rb°Tem cells communicate with Tregs
using a combination of IL-2 and IL-4 to induce robust expression of IL-10 and

suppression of inflammation.
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*Work featured in this chapter was published in PLOS One(Jones, M. B.,
Alvarez, C. A., Johnson, J. L., Zhou, J. Y., Morris, N., & Cobb, B. A., 2019,

14(5), €0216893 (ref # 118))

3.2 Introduction

Regulatory T cells (Tregs) are critical for the maintenance of immune
homeostasis. The most widely recognized and studied subset of Tregs express
the transcription factor FoxP3 and can be induced peripherally or develop directly
in the thymus [83-85]; however, FoxP3" type 1 regulatory cells (Trl) are also well-
characterized [86, 87]. Another CD4* T cell subset known to have
regulatory/suppressive properties are those lacking FoxP3 while expressing low
concentrations of the activation marker CD45Rb (Rb°) at the cell surface. These
Rb° T cells inhibit the induction of wasting disease in SCID mice [88], type 1
diabetes [89], a plant antigen-based model of asthma [90], and the formation of
adhesions [91]. In agreement with these reports, we recently found that the
polysaccharide antigen PSA from Bacteroides fragilis significantly decreased
susceptibility to the development of pulmonary inflammation through activation
and expansion of CD4*FoxP3'CD45Rb"° effector-memory (CD62L-CD44*) T cells
(Rb-°Tem)[67, 68, 92].

Rbt°Tem cells are known to depend upon IL-10 for their protective efficacy [93,
94]. Consistent with this, we found that the suppressive activity of Rb-°Tem cells
required IL-10 in both humans in vitro [95] and mice in vivo [67, 68]. In an in vivo

model in which all cells lacked IL-10, the Rb'°Tem cells failed to protect the
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animals from pulmonary inflammation [67]. However, reciprocal adoptive transfer
experiments in which activated wild type (WT) or IL-10-deficient (IL-107)
Rb°Tem cells were given to WT or IL-107 recipients, we discovered that IL-10
was dispensable in the Rb-°Tem cells but not in the recipient [68]. Moreover,
adoptive transfer of IL-107- Rb'-°Tem cells induced IL-10 expression in
CD4*FoxP3* Tregs in the lung [68], suggesting a model in which Rb-°Tem cells
suppress inflammation by the selective induction of IL-10 in FoxP3* Tregs in vivo
through an unknown mechanism.

In this study, we report the discovery of a mechanism by which Rb°Tem cells
communicate with and drive suppressive activity of FoxP3* Tregs to regulate
inflammation. Consistent with our in vivo studies [68], co-cultured Rb-°Tem cells
induced FoxP3" Tregs to secrete high concentrations of IL-10 in vitro.
Conditioned media from activated Rb'-°Tem cells also induced IL-10 in FoxP3*
Tregs both in vivo and in vitro, demonstrating cell-contact independence in the
communication pathway between these cells. Deep sequencing transcriptomics
of activated Rb*°Tem cells versus CD45Rb" T naive cells identified potential
soluble mediators, and antibody-mediated neutralization experiments suggested
that both IL-2 and IL-4 were necessary for IL-10 induction in Tregs.
Supplementation of Treg media with recombinant IL-2 and IL-4 confirmed this in
vitro, while the use of IL-4-deficient Rb-°Tem cells showed a lack of protective
efficacy in a model of pulmonary inflammation when compared to WT cells.
These results reveal an intrinsic IL-2 and IL-4-dependent T cell crosstalk network

connecting the suppressive capacity of Rb-°Tem cells with canonical FoxP3*
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Tregs, which could potentially be harnessed for the treatment of inflammation-

mediated diseases.

3.3 Methods

3.3.1 Mice.

C57BL/6 (Stock #000664), IL-10-eGFP (B6.129S6-1110™FV/J, Stock #008379),
IL-10-null (B6.129P2-1110™M1C9"/J, Stock #002251), FoxP3-RFP (C57BL/6-
FoxP3™M1FV/J), and IL-4-knockout (B6.129P2-114™1Cd"/J) mice, all on the C57BL/6
background, were purchased from the Jackson Laboratory (Bar Harbor, ME).
FoxP3-eGFP animals were a kind gift of Drs. Rudensky and Letterio. Mice were
fed standard chow (Purina 5010) on a 12-hour light/dark cycle in a specific
pathogen free facility. Enrichment and privacy provided in mating cages by ‘love
shacks’ (Bio Serv 53352-400). Mouse studies, and all animal housing at Case
Western Reserve University were approved by and performed according to the
guidelines established by the Institutional Animal Care and Use Committee of

CWRU.

3.3.2 Primary splenic T cells.
Primary splenocytes were isolated from freshly harvested spleens, and reduced
to a single cell suspension by passing them through a sterile 200uM nylon mesh

cell strainer (Fisher Scientific, Hampton, NH). For splenic T cell enrichment,
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single cell suspensions were labeled with anti-mouse CD4 magnetic microbeads,
or alternatively negatively selected to yield untouched CD4 cells, and positively
selected for CD25 by a mouse regulatory T cell isolation kit (Miltenyi Biotec, San
Diego, CA), and separated with an AutoMACS Pro Separator (Miltenyi Biotec,

San Diego, CA), per manufacturer’s instructions.

3.3.3 Pulmonary inflammation and adoptive transfer.

HDM Model: Mice were challenged with house dust mite antigen (HDM, D.
Farinae, GREER, Lenoir, NC) by intranasal delivery of 20ug HDM/dose in PBS
on days 0-4 and 7-11 and sacrificed on day 14 [96]. For adoptive transfer, 60,000
Rb°Tem cells were harvested by FACS from FoxP3-eGFP reporter mice and i.v.
injected on day 6. Animals were anesthetized with 3% isoflurane (Baxter) with an
anesthesia system (VetEquip, Livermore, CA) for intranasal administration.
Euthanasia, BALf recovery, and lung tissue preparation was performed as
previously reported [67, 68]. BALf automated differentials were acquired by a

HemaVet 950 Hematology Analyzer.

3.3.4 Flow cytometry and cell sorting.

For splenic T cell sorting, magnetic bead-mediated positively selected CD4* cells
were stained with combinations of antibodies (0.5pug/mL per) to CD62L-PE
(BioLegend, San Diego, CA) or CD62L-BB515 (BD Bioscience), CD44-APC
(BioLegend, San Diego, CA), CD45Rb-APC/Cy7 (BioLegend, San Diego, CA),

CD124 (1ug/mL, BD Biosciences, San Jose, CA), and CD25-BVv421 (BD

51



Biosciences, San Jose, CA). For Tregs, FoxP3-RFP reporter signal was used for
FACS. Cells were washed twice in MACS buffer (Miltenyi Biotec, San Diego, CA)
before sterile cell sorting using a FACSAria (BD Biosciences, San Jose, CA) with
the support of the Cytometry & Imaging Microscopy Core Facility of the Case
Comprehensive Cancer Center. Analysis of all FACS data was performed using

FlowJo v10 (Tree Star, Inc., Ashland, OR).

3.3.5 Cell culture.

After flow sorting, cells were cultured in 96-well plates (Corning, Corning, NY) at
50,000 cells per type per well in advanced RPMI (Gibco/Fisher Scientific,
Waltham, MA) supplemented with 5% Australian-produced heat-inactivated fetal
bovine serum, 55uM B-mercaptoethanol, 100U/mL and 100pg/mL
Penicillin/Streptomycin, and 0.2mM L-glutamine (Gibco/Fisher Scientific,
Waltham, MA) at 5% CO2, 37°C. For activating conditions, wells were coated
with aCD3¢ (eBioscience, San Diego, CA) at 2.5ug/mL in PBS then incubated at
37°C for 4 hours followed by two washes with PBS before receiving cells. For
fixation studies, indicated cell types were resuspended in 2% paraformaldehyde
in PBS for 10 minutes on ice. Cells were washed twice in PBS before being co-
cultured with live CD4*FoxP3* cells. All co-culture experiments were performed
at 1:1 cell ratio, except for the experiments in Fig 3C, which were performed by
maintaining constant Tconv cell numbers (50k) and altering the number of Tregs

relative to the 50k Tconv, as indicated.
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3.3.6 ELISA, blocking, supplementation and Luminex.

Cytokine levels were analyzed by standard sandwich ELISA performed as per
manufacturer’s instructions (BioLegend, San Diego, CA), modified to utilize
europium-conjugated streptavidin (Perkin-Elmer), and detected with a Victor V3
plate reader (Perkin Elmer, San Jose, CA). Blocking experiments utilized
antibodies to IFNy (10pg/mL, BioLegend, San Diego, CA), IL-21 (10pg/mL,
eBioscience, San Diego, CA), IL-22 (10ug/mL, eBioscience), CSF2 (10ug/mL,
eBioscience), IL-9 (1ug/mL, eBioscience), IL-13 (2ug/mL, eBioscience), IL-4
(1pg/mL, eBioscience), IL-24 (2ug/mL, eBioscience), IL-3 (1ug/mL, eBioscience),
Neuropilin-1 (1pg/mL, R&D Systems, Minneapolis, MN), CD124 (1ug/mL, BD
Biosciences, San Jose, CA), and corresponding isotype controls IgG1 and IgG2a
(BioLegend, San Diego, CA). For CD124 blocking experiments, indicated cell
types were incubated with 1ug/mL aCD124 at 4°C for 15 minutes, washed twice
with PBS, then combined into co-culture. Supplementation assays were
performed with recombinant mouse IL-2 and IL-4 (R&D Systems, Minneapolis,
MN) at the indicated concentrations. For Luminex assays, media from indicated
cultured populations were snap frozen in liquid nitrogen and sent to Eve
Technologies (Calgary, Ontario, Canada) for mouse 32-plex and TGF-3 3-plex

analysis.

3.3.7 RNAseq and analysis.

For RNA quantitation, CD4*FoxP3* (Treg), CD4*FoxP3 -CD45Rb"'CD62"CD44%°

(Rb"Tn), CD4*FoxP3-CD45Rb-°CD62L-°CD44M (Rb-°Tem) cells were flow
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sorted as above, pelleted and snap frozen in liquid nitrogen. RNA extraction and
RNAseq was performed at Ambry Genetics. Initial processing of the data was
performed by using the trimmomatic [97] program to trim the poor-quality reads,
and fastQC to investigate read quality. TopHat [98] was used to align the reads
to the “mm10” genome guided by the Gencode vm4 [99] annotations. To count
the number of reads aligning to each feature in Gencode vm4, we used htseq-
count [100]. RPKM values were calculated in R, and the differential expression
analysis between “Hi” and “Lo” samples was performed using the negative

binomial test implemented in DEseq2 [101].

3.3.8 Histology and microscopy.

Tissues were blocked, sectioned, and stained with H&E by the Case Western
Reserve University Tissue Procurement and Histology Core Facility, and at AML
Laboratories, Inc. (Jacksonville, FL). Unstained sections were stained with rat-
anti-EpCAM-AF488 (eBioscience, San Diego, CA) or rat-anti-EpCAM-AF594
(BioLegend, San Diego, CA) at 6ug/mL, and rabbit-anti-myeloperoxidase (1:100,
Abcam, Cambridge, MA) then either anti-rabbit-APC (Thermo/Fisher, Waltham,
MA) or anti-rabbit-AF488 (Jackson ImmunoResearch, West Grove, PA) at
1:1000. Confocal analysis and imaging were performed on a Leica SP5 confocal

microscope; H&E images were acquired with a Leica DM IL LED.

3.3.9 Clinical Scoring.
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Scoring of H&E-stained lung tissues was performed by Dr. Cobb in a blinded
fashion based on the rubric shown in Table 1, with a maximum score of 9
characterized by severe airway epithelial hyperplasia and large numbers of
infiltrating cells disseminated throughout the tissue. H&E stained lung sections
were scored for epithelial cell hyperplasia, infiltration of immune cells, and
localization of immune cells on a zero to 3 scale for each parameter. Final clinical

scores were the sum of each parameter for each tissue.

3.3.10 Data analyses.

All data are represented by mean + SEM from at least 3 independent
experiments, with the exception of the RNAseq, which was performed in
duplicate for each subset. Pulmonary inflammation data sets include a minimum
of four, but more commonly six animals per group per experiment. Data and
statistical measurements were generated with GraphPad Prism (v5.0). For
comparisons between two groups, Student’s t-test was used; comparisons

between multiple groups utilized analysis of variance.

3.3.11 Data availability.

Raw and processed data files for all RNA deep sequencing have been deposited

in the NCBI Gene Expression Omnibus under accession number GSE89241.

3.4 Results
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3.4.1 Rb°Tem cells induce IL-10 in FoxP3* Tregs

Our previous studies revealed that conventional CD4* T cells activated by the
polysaccharide PSA from the capsule of Bacteroides fragilis can influence
FoxP3* Tregs to produce IL-10 through an unknown pathway [67, 68]. Here, we
investigated the ability of CD4* T cells to influence Tregs and their production of
IL-10 in the absence of PSA. CD4*CD25* Tregs and CD4*CD25" Tconv cells
were isolated from WT mice using either magnetic beads (M) or sterile flow
sorting (FI), and stimulated with anti-CD3¢ antibody alone or in co-culture for
different amounts of time. Despite having not been previously exposed to PSA,
we found that when cultured together, Tregs and Tconv cells synergistically
produced IL-10 at 72 hours, while IFNy production was simply additive (Figs 3A-
B). Moreover, variations of the ratio of Treg:Tconv demonstrates that the amount
of IL-10 is proportional to the number of Tregs, not the number of Tconv cells
(Fig 3C).

PSA exposure expands a CD4*FoxP3 -CD45Rb T cell population in both
humans [95] and mice [67, 92], and this population was found to induce IL-10
production by lung-localized FoxP3* Tregs [68]. We therefore isolated
CD4*FoxP3-CD45Rb"° (FoxP3'Rb), CD4*FoxP3-CD45Rb" (FoxP3-Rb"), and
CD4*FoxP3* Tregs (FoxP3*) from PSA-naive FoxP3-eGFP reporter mice and
stimulated them as before with anti-CD3¢e. We found that while the FoxP3-Rb'°
subset produced some IL-10 alone, the IL-10 concentration was increased over
2-fold in co-culture with FoxP3* cells on day 3 (Fig 3D). IFNy trended down but

was not significant while IL-2 was significantly reduced in co-culture (Fig 3D).
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Importantly, the FoxP3-Rb"' population, despite their ability to produce IL-2, did
not induce significant IL-10 secretion in vitro.

To further clarify the identification of T cells responsible for communicating with
FoxP3* Tregs, CD4*FoxP3* Tregs with or without CD25, CD4* naive (Tn;
CD62L*CD44), effector memory (Tem; CD62L"CD44%) and central memory
(Tcm; CD62L*CD44%) T cells from FoxP3-eGFP mice were isolated and
stimulated as before in various combinations. Tem cells were the only subset to
produce IL-10 alone, and the only ones to synergistically induce IL-10 in co-
culture with Tregs (Figs 3E-F), suggesting that the T cell subset responsible for
the Treg IL-10 effect is antigen experienced and are most likely CD4*FoxP3-
CD62L-CD44*CD45Rb'° (Rb°Tem) cells. The presence (Fig 3E) or absence (Fig
3F) of the IL-2Ra (CD25) on the Treg population (see Fig 10 for the gating
strategy) did not have an impact on the synergistic interaction between these
cells. Finally, we isolated Rb-°Tem and CD4*FoxP3-CD62L*CD44 -CD45Rb"!
(Rb™Tn) T cells (see Fig 11 for the gating strategy) and compared their ability to
induce IL-10 synergy with FoxP3* Tregs. Only the Rb-°Tem cells produced IL-10
alone and synergistically with FoxP3* Tregs (Fig 3G). These findings align the
identity of the cells capable of stimulating IL-10 production in Tregs with those
which are selectively expanded by PSA [67, 68, 92]. More importantly, the data
demonstrate that Rb-°Tem cell communication with Tregs is independent of PSA,

and is therefore an intrinsic property of this regulatory T cell subset.

3.4.2 IL-10 synergy is unigue among common cytokines
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Although IL-10 is necessary for Rb-°Tem cell-mediated immune suppression [67,
68], we performed multiplex Luminex analysis in order to identify other important
cytokines and chemokines. We found that IL-10 was the only cytokine tested that
displayed synergistic increases when Rb-°Tem and FoxP3* Tregs were in co-
culture (Fig 4A). Two other cytokines closely aligned with immune regulation,
TGF-B1 and TGF-B2, were significantly down-regulated in co-culture compared
to the combined production of each cell population in isolation (Fig 4A). All other
cytokines and chemokines fell into two categories — reduced in co-culture (Fig
4B) or unchanged in co-culture (Fig 4C). Notable molecules with robust
decreases included IL-5, IL-6, IL-13, TNFa, and GM-CSF (Fig 4B), while a

notable unchanged molecule was IL-4 (Fig 4C).

3.4.3 IL-10 synergy depends on a soluble mediator

Our data suggested that Rb-°Tem cells communicate with FoxP3* Tregs to
synergistically produce IL-10 (Figs 3-4). To confirm that the increase in IL-10
originated from FoxP3* Tregs in these experiments, we cultured Tregs and
Rb°Tem cells alone or together as before, only using Rb-°Tem cells from IL-10-
knockout (IL-10ko) mice. ELISA of IL-10 showed that FoxP3* Tregs produce
almost no IL-10 when cultured alone, but the inclusion of IL-10ko Rb-°Tem cells
dramatically increased IL-10 concentration (Fig 5A). These data show that the
Rb°Tem cells induce FoxP3* Tregs to produce IL-10.

In order to determine the contact dependence of this communication, we

measured FoxP3* Treg IL-10 output in vitro after co-culturing with either
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paraformaldehyde-fixed Rb-°Tem or Rb™Tn cells, or by supplementation of
FoxP3* Treg media with conditioned media from stimulated Rb*°Tem or RbHTn
cells. We found that fixation of the Rb-°Tem cells eliminated the synergy (Fig 5B),
while Rb-°Tem-conditioned media was able to robustly induce IL-10 production in
live FoxP3* Tregs (Fig 5C). In addition, neutralizing antibody blockade of the
Sema4-Neuropilin cell contact pathway reported to promote Treg activity [102]
also did not reduce the synergistic production of IL-10 (Fig 12). These data
suggest that Rb-°Tem cells communicate with Tregs via a soluble mediator(s).
To confirm that conditioned media from Rb-°Tem cells also lead to IL-10
production in vivo, we induced pulmonary inflammation in IL-10-GFP reporter
mice using lung house dust mite antigen (HDM) challenges and then intranasally
administered conditioned media from either Rb-°Tem or RbHTn cells, with
untreated HDM mice and resting mice as controls. As seen in vitro (Fig 5C), we
found that Rb“°Tem but not Rb"Tn conditioned media significantly increased the
percentage of IL-10-producing CD4* T cells in the airway compared to untreated
HDM-inflamed mice (Figs 5D-E). Although resting mice had too few CD4* T cells
for robust analysis of their IL-10 expression pattern, there was no difference in
the total number of CD4* T cells in all HDM-challenged mice (Fig 5E). Thus, a
soluble mediator(s) produced by Rb-°Tem but not Rb"Tn cells can induce IL-10
in FoxP3* Tregs in vitro and in recipient lung CD4* T cells in vivo.

Treg suppressive activity was measured in co-cultures of WT FoxP3* Tregs and
WT Rb°Tem cells for 4 days with anti-CD3¢ antibody stimulation. The presence

of FoxP3* Tregs significantly reduced the activation state of the Rb-°Tem cells,

59



as measured by IFNy ELISA, supporting the conclusion that the Tregs are active

and suppressive (Fig 5F).

3.4.4 The Rb°Tem transcriptome

In order to identify the mediator(s), we compared the transcriptomes of anti-CD3¢
activated Rb°Tem and Rb"Tn cells by mRNA deep sequencing (RNAseq). We
arranged the change in copy number by the ratio of Rb-°Tem to RbHTn RPKM
values because we predicted that the mediator must be significantly up-regulated
in the Rb"°Tem population relative to the Rb™Tn population. Lead candidates
were robustly transcribed (RPKM > 2), at least 16-fold greater in Rb-°Tem over
RbHTn cells, and known to be secreted (i.e., non-membrane proteins; not found
in the nucleus or cytoplasm). This analysis revealed a list of highly up-regulated
genes which might account for the activity of these cells, including IFNy, IL-4, IL-

22 and others (Fig 6).

3.4.5 Neutralization of IL-4 eliminates IL-10 synergy

In order to identify the molecules mediating T cell synergy, we performed
antibody neutralization experiments during co-culture of FoxP3* Treg and
Rbt°Tem cells based on the transcriptomic data (Fig 6). We found that
neutralization of IL-4 eliminated the synergistic production of IL-10 (Fig 7A). In
repeat experiments comparing neutralization of IL-4 to neutralization of IL-4Ra

(CD124), which inhibits both type | and type Il IL-4 receptor complexes, we found
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a corresponding elimination of IL-10 synergy (Fig 7B). To identify which cell the
IL-4 was impacting, we neutralized CD124 on only the Rb-°Tem cells by pre-
incubation with the antibody, washing away unbounded antibody, then co-
culturing the CD124-blocked Rb-°Tem cells with fresh FoxP3* Tregs. We found
no difference in IL-10 synergy (Fig 7C). However, the inverse experiment in
which the FoxP3* Tregs were pre-blocked with anti-CD124 revealed robust
inhibition of synergy (Fig 7D). Moreover, we tested the impact of IL-4
neutralization in FoxP3* Treg mono-cultures using conditioned media from
Rbt°Tem cells. Once again, we found that blockade of IL-4 eliminated the IL-10
response (Fig 7E).

In order to determine whether IL-4 was necessary and/or sufficient to induce IL-
10 in Tregs, we cultured FoxP3* Tregs with fresh media supplemented with
recombinant IL-4 (rIL-4) and IL-2 (rIL-2) together and independently. Although
our data already demonstrated that IL-2 was not the primary driver of IL-10
production (Figs 3D & 3F), IL-2 was used because IL-2 concentrations robustly
decrease in co-culture (Fig 3D), suggesting that it may play the well-documented
pro-survival role for Tregs [103]. We found that rIL-4 induced IL-10 in mono-
cultured FoxP3* Tregs, but that the addition of IL-2 greatly enhanced this
response despite the failure of IL-2 to robustly induce IL-10 in the absence of IL-4
(Fig 7F). This effect was dependent upon CD124, since neutralizing antibody
completely reversed the impact of rIL-4 supplementation (Fig 7F). Cytokine
titration experiments with isolated FoxP3* Tregs and varied concentrations of rlL-

2 (Fig 7G) and rIL-4 (Fig 7H) further demonstrated the dose-response nature of
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IL-10 production downstream of exposure to these cytokines. We also found that
the expression of CD124 in FoxP3* Tregs was dependent upon prior stimulation
with aCD3¢ antibody, and this expression was not impacted by the presence of
Rb°Tem cells (Fig 71-7J).

3.4.6 Rb-°Tem cells require IL-4 to protect mice from pulmonary inflammation
The in vitro experiments implicate Rb°Tem cells as a key population of T cells
capable of inducing IL-10 release by FoxP3* Tregs, while transcriptomic and
antibody-mediated neutralization experiments implicated a dependence upon IL-
4 to promote this response. In order to test the Rb-°Tem protective activity and
their dependence on IL-4 in vivo, we performed an adoptive transfer experiment
into a house dust mite (HDM)-induced acute asthma model. Rb-°Tem cells were
isolated as before (Fig 11) from either WT or IL-4 knockout (IL-4ko) mice,
stimulated in vitro for 48 hours with anti-CD3¢ antibody, then transferred via the
tail vein into recipient WT mice on day 7 of HDM challenges. Robust immune
suppression, as measured by the total number of airway-infiltrating leukocytes
(Fig 8A), overall clinical score (Fig 8B; Table 1), neutrophils, lymphocytes,
macrophages and eosinophils (Fig 8C) recovered in bronchoalveolar lavage fluid
(BALT), was achieved with a single transfer of 60,000 WT cells. Moreover, tissue
pathology measured by confocal microscopy for activated leukocytes (Fig 8D)
and hematoxylin and eosin staining (H&E; Fig 9) was returned to baseline in
mice receiving WT Rb-°Tem cells, while TriChrome and periodic acid-Schiff
(PAS) staining revealed a reversal of collagen deposition (i.e. tissue remodeling)

and mucus production, respectively (Fig 9). Importantly, this potent ability to
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reverse lung inflammation was lost when the Rb-°Tem cells lacked IL-4 (Figs 8-

9), confirming the central role for IL-4 in Rb-°Tem-mediated immune suppression.

Parameter Score Description

0 None

Not more than 2 bronchi with mild to moderate epithelial
Hyperplasia hyperplasia

Many bronchi with moderate hyperplasia

Most bronchi with moderate to severe hyperplasia

—

o|lw|N

None

Small numbers of infiltrating immune cells
Infiltration (undifferentiated)

Moderate numbers of infiltrating immune cells
High numbers of infiltrating immune cells

—

Infiltrating cells limited to one or two bronchi

Infiltrating cells seen around a plurality of bronchi
Localization Infiltrating cells seen around all bronchi and some
dissemination in the alveolar space

Infiltrating cells throughout the tissue

2Ol W|N

Wl N

Table 1. Lung inflammation clinical score rubric.

H&E stained lung sections were scored for epithelial cell hyperplasia,
infiltration of immune cells, and localization of immune cells on a zero to 3
scale for each parameter. Final clinical scores were the sum of each
parameter for each tissue
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Figure 3. IL-10 production by Tregs is synergistically enhanced by
CD4 FoxP3'CD45Rb "CD44'CD62L" T cells. Tregs and various CD4™ T cell subsets were
cultured in vitro with plate-bound anti-CD3¢ antibody for 3 days, unless otherwise specified, to measure their
cytokine responses by ELISA. (A) Comparison of mono- and co-cultures of magnetic bead purified (M) CD4+
Tconv and CD4+CD25+ Tr cells vs. flow sorted (Fl) CD4+CD25+ Tr cells. (B) Time course of cytokine production
from co-cultures of flow-sorted Tconv and CD25 Tregs. (C) Co-cultures of flow-sorted 50k Tconv and varied
Tregs at indicated ratios. (D) 1:1 Cultures of flow sorted CD4 FoxP3’ Tregs and CD4+F0xP3-CD45RbHI/LO cells,
showing IL-10, IFNy, and IL-2 production by ELISA. (E) 1:1 cultures of CD4+CD25+FoxP3+ Tregs and CD4+CD25_
FoxP3 CD62L CD44 (Tcm), CD4 CD25 FoxP3 CD62L CD44 (Tem), and CD4 CD25 FoxP3 CD62L CD44 (Tn)
cells. (F) 1:1 cultures of CD4+CD257F0><F>3+ Tregs and Tcm, Tem, or Tn cells. (G) 1:1 cultures of CD4+Fox_P3+

Tregs and CD4 FoxP3 CD45Rb 'CD62L CD44™ (Rb Tem) or CD4 FoxP3 CD45Rb CD62L CD44 (Rb' Tn)
cells. * = p<0.05; # = p>0.05. P value calculated from Student’s T-Test. Error bars show mean with SEM. For A-
B and D-F, n=3 experiments. For C, n=6 experiments. For G, n=4 experiments.
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Figure 4. Cytokine synergy of Rb™°Tem and FoxP3" Tregs is limited to IL-10.

Rb"™Tem and Rb"Tn cells were stimulated alone or in co-culture as before for 3 days
to determine cytokine and chemokine secretion in relation to the mRNA transcriptomes
using multiple Luminex. Statistical comparisons were made based on differences

between the sum of the FoxP3" Treg and Rb°Tem individual responses and the
corresponding co-culture. Shown are immune regulation-associated proteins with
significant change in co-culture (A), other cytokine and chemokines with statistically
significant differences in co-culture (B), and molecules not significantly different in co-
culture (C). * = p<0.05; # = p>0.05. P value calculated from Student’s T-Test. Error bars
show mean with SEM. n=3 experiments for all panels.
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Figure 5. T cell synergy is mediated by a soluble factor. Cells were flow sorted,
stimulated with anti-CD3¢ antibody for 3 days, and treated as indicated. ELISA

measurements of IL-10 concentration in culture supernatant from FoxP3" Tregs co-
cultured with IL-10-knockout Rb Tem (A), fixed Rb °Tem or Rb"'Tn cells (B) or the
change in IL-10 in the supernatant from cultured FoxP3" Tregs supplemented with
conditioned media from RbLoTem, RbHiTn or FoxP3" Tregs stimulated previously for

3 days as before (C). Conditioned media from activated Rb ™ °Tem or Rb"'Tn cells
were administered to HDM-challenged IL-10-GFP reporter mice intranasally and
compared to resting and HDM-challenged mice without conditioned media. Mice
were sacrificed and the BALf was analyzed by flow cytometry, showing percent IL-

10 among CD4" cells in representative histograms (D) as well as replicates and the
total CD4" cell counts (E). ELISA measurements of IFNy concentration in culture

supernatants from FoxP3’ Tregs, WT RbLoTem, or both cells in co-culture with anti-
CD3¢ stimulation for 4 days (F). * = p<0.05; # = p>0.05. P value calculated from
Student’s T-Test. Error bars show mean with SEM. For A-C, n=3 to 6 experiments.
For E-F, n=3 experiments.
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Figure 6. Rb™Tem and Rb"Tn transcriptomes reveal potential crosstalk

mediators. Rb™"Tem and Rb"'Tn cells were stimulated alone as before for 3 days,
and RNA was isolated for deep sequencing and whole transcriptome analysis.

Genes were arranged according to the log2 of the Rb™Tem to Rb"Tn ratio of
expression, using the calculated RPKM values. Candidates were narrowed by
excluding all membrane proteins, proteins known to exist only in the nucleus or

cytoplasm, and those showing at least 16-fold increase in Rb °Tem cells compared
to Rb"'Tn cells. n=2 per cell type.
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Figure 7. IL-4 and FoxP3" Treg IL-4Ra (CD124) mediates Treg IL-10 production. FoxP3"

Tregs and Rb"°Tem were stimulated in co-culture as before for 3 days with the addition of
cytokine (A) or receptor (B) neutralizing antibodies to identify the mediator of IL-10 synergy.

(C) To determine whether IL-4 was acting on Rb"°Tem cells or FoxP3" Tregs, (C) Rb ™ Tem
cells were incubated with CD124 neutralizing antibody, washed, then co-cultured with fresh

FoxP3" Tregs as before (C); and then compared to pre-incubating FoxP3’ Tregs with CD124
antibody followed by co-culture with Rb"°Tem cells (D). FoxP3' Tregs were stimulated as

before in monoculture supplemented with either conditioned media from stimulated Rb °Tem
cells (E) or various concentrations, denoted in ng/mL, of recombinant IL-2 or IL-4 (F-H) with

and without neutralizing IL-4 or CD124 antibodies (E-H). (I-J) FoxP3" Tregs were cultured with

and without aCD3¢ stimulation, as well as with and without Rb °Tem cells. At day 3, cells were
harvested and stained for CD124 expression, and analyzed by geometric mean fluorescence

intensity (I) and the percent CD124 positive among FoxP3" Tregs (J). * = p<0.05; # = p>0.05.
P value calculated from Student’s T-Test, with comparisons to control unless specified. Error
bars show mean with SEM. For A-H, n=3 to 6 experiments. For I-J, n=6 experiments.
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Figure 8. Rb"°Tem cells reverse lung inflammation in an IL-4-dependent fashion. Mice

were given 60,000 of anti-CD3¢g-stimulated WT or IL-4ko Rb °Tem cells on day 7 of acute
HDM-induced asthma to test their ability to reverse inflammatory pathology. The total number
of infiltrating cells (A), the clinical score (see Table 1) (B), normalized cellular differentials
from BALT harvests (C), and tissue pathology (D) by immunofluorescence staining for EpCAM
(green) and MPO (red) from representative sections of pulmonary tissue are shown. * =
p<0.05; # = p>0.05. P value calculated from an unpaired Student’s T-Test. Error bars show
mean with SEM. n=6 to 14 individual mice total per group, across two asthma trials, as
indicated on the White Blood Cell counts in panel C.
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Figure 9. Lung inflammation, remodeling and mucus production is
reversed by Rb™ Tem cells in an IL-4-dependent fashion.
Representative lung sections from n=6 mice at 4x and 10x magnification
from the mice described in Fig 6 were stained with H&E (top), TriChrome
(middle) and PAS (bottom) to assess cellular infiltration, tissue
remodeling/collagen deposition and mucus production respectively in
HDM-challenged mice receiving 60,000 activated WT or IL-4ko Rb“Tem
cells.
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mice.

71



Lymphocyte Gate Single Cell Gate FoxP3°" Gates

254 254 254
5 201 5 201 = 201
Z 45+ =15 X 154
- <
S 10-
w
—\2_
I [ [ R R T T T T T N . T T TI ------- l"_
5 10 15 20 25 5 10 15 20 25 10° 10° 10*[10° 10°
FSC-A (x10) SSC-H (x10) FoxP3
I '
I CD45Rb Gates Naive/Memory Gates | CD4'FP3"
10 10
10°- 10"
= - —» ( CD4'FP3'CD45Rb"Tn
& 10° §10"
3. a
S10'- o O 10* .
10 = ey —» (CD4'FP3CD45Rb"“Tem
T T T T T - S Y 'T" T,
5 10 15 20 25 10° 10° 10° 10° 10°
FSC-A (x10) cD44
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Figure 12. Blocking neuropilinl does not engage IL-10
production in Tregs. ELISA measurements of IL-10 in

mono- and co-culture supernatants after 72h from FoxP3"

Tregs or CD4 CD45Rb "’ and CD4 CD45Rb"" cells from IL-
10n animals. Cells were grown with or without stimulus
from plate-bound aCD3e and supplementation with a
blocking aNeuropilin1 antibody. Error bars show mean
with SEM.
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Chapter 4: Characterization of Polysaccharide A Response Reveals
Interferon Responsive Gene Signature and Immunomodulatory Marker

Expression
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4.1 Abstract

Polysaccharide A (PSA), a capsular carbohydrate from the commensal gut
bacteria Bacteroides fragilis, has been shown to possess both potent T cell-
dependent pro- and anti-inflammatory properties. PSA is able to induce abscess
and adhesion formation in sepsis models, but can also inhibit asthma,
inflammatory bowel disease (IBD) and experimental autoimmune
encephalomyelitis (EAE) through MHCII-dependent activation of CD4* T cells.
Yet, despite decades of study, the ability of PSA to balance both these pro- and
anti-inflammatory responses remains poorly understood. Here we utilized an
unbiased systems immunology approach consisting of RNAseq transcriptomics,
high-throughput flow cytometry and Luminex analysis to characterize the full
impact of PSA-mediated stimulation of CD4* T cells. We found that exposure to
PSA resulted in the upregulation and secretion of IFNy, TNFa, IL-6 and CXCL10,
consistent with an interferon responsive gene (IRG) signature. Importantly, PSA
stimulation also led to expression of immune checkpoint markers Lag3, Tim3 and
especially PD1, which were also enriched and sustained in the gut associated
lymphoid tissue of PSA-exposed mice. Taken together, PSA responding cells
display an unusual mixture of pro-inflammatory cytokines and anti-inflammatory
surface receptors, consistent with the ability to both cause and inhibit

inflammatory disease.
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4.2 Introduction

Humans have evolved a complex relationship with colonizing bacteria in which
the bacteria and their components play a key role in establishing tolerance and
maintaining homeostasis. Indeed, dysbiosis of the gut microbiome is linked to
autoimmunity [104, 105], hyper responsive disorders [106] and cancer
development [107, 108], while use of commensal bacteria or their components
can reduce disease burden [109-112].

Bacteroides fragilis is a gram negative and naturally occurring member of the
normal human microbiota, and has been robustly demonstrated to have both pro-
[113] and anti-inflammatory [67, 68, 110] effects in rodents. This activity is
mediated primarily by its capsular carbohydrate polysaccharide A (PSA) through
its ability to elicit a strong T cell response [76] following processing via TLR2-
stimulated nitric oxide production [114] and subsequent presentation by
canonical class Il MHC (MHCII) in a glycosylation-dependent fashion [34, 115].
Interestingly, B. fragilis was originally identified and characterized as the most
common anaerobic isolate from intra-abdominal abscesses [62], with the
capsular complex being the key T cell stimulator required for this inflammatory
and fibrotic response [76]. However, it was later discovered that PSA could also
prevent those same abscesses if the animal was expose to purified PSA prior to
abscess induction [116]. This initial discovery of an anti-inflammatory role has
now been expanded to include the ability to protect against inflammatory models

such as adhesion formation [117], asthma [67], IBD [74], and EAE [110].
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Research focused upon the PSA-responsive T cell population has established
that PSA exposure leads to the clonal expansion [35] of a subset of
CD4*CD45Rb'"“CD62L-CD44*FoxP3" T effector/memory (Rb-°Tem) cells [68,
118]. These cells suppress asthmatic inflammation in an IL-10-dependent fashion
in cooperation with tissue-resident regulatory T cells (Tregs), whereby Tregs are
selectively induced to release IL-10 when Rb-°Tem cells are present [68, 118];
however, the PSA-stimulated Rb-°Tem cells are also strong producers of IFNy,
the canonical pro-inflammatory cytokine of T helper type 1 cells (Th1)[119].
Given the acknowledged importance of the microbiota in the maintenance of
homeostasis, and the potent and complex T cell stimulatory properties of PSA,
we sought to generate a more complete characterization of the T cells activated
and expanded by PSA through a combination of deep RNA sequencing
transcriptomics, high throughput flow cytometric quantitation of surface proteins,
and multianalyte Luminex analyses of secreted cytokines and chemokines.

We found that PSA induces the upregulation and expression of numerous
immunological genes and molecules associated with an interferon responsive
gene (IRG) signature, as well as transcription factors such as T-bet, signal
transducer and activator of transcription (STAT) 1, and STAT4 which are
associated with a Th1l phenotype [119, 120]. Interestingly, T cell surface marker
examination revealed the upregulation of immune-regulatory markers such as
Tim3, Lag3, and especially PD1 in response to PSA, collectively pointing towards
a regulatory phenotype. Together with in vivo validation of these changes within

the gut-associated lymphoid tissue (GALT) of orally PSA-exposed mice, these
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results show the PSA response is primarily driven by interferon but is
phenotypically both anti- and pro-inflammatory, suggesting that the overall
immunologic outcome of PSA exposure is highly context dependent. These data
help to better understand the true nature of our relationship with the glycome of
commensal microbes like B. fragilis which are known to provide strong systemic
immunologic benefit under homeostatic circumstances [67, 110, 112, 116, 118,
121], while causing inflammation if they breach the normal gut compartment [62,

109, 113].

4.3 Methods

4.3.1 Mice.

C57BL/6J (Stock #000664), FoxP3 RFP (C57BL/6-FoxP3 tm1Flv /J, Stock
#008374 mice, all on the C57BL/6 background were purchased from the Jackson
Laboratory (Bar Harbor, ME). Mice were housed in a 12 hr light/dark cycle
specific pathogen free facility and fed standard chow (Purina 5010) ad libitum.
Enrichment and privacy were provided in mating cages by ‘breeding huts’ (Bio-
Serv S3352-400). Mouse studies and all animal housing at Case Western
Reserve University were approved by and performed according to the guidelines

established by the Institutional Animal Care and Use Committee of CWRU.
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4.3.2 PSA Purification

PSA was isolated from 20L of log-phase B. fragilis culture, using the NCTC9343
B. fragilis-derived A44 strain expressing only PSA [77] exactly as previously
described [122]. Purity was determined by SDS-PAGE, BCA assay for protein,

and absorbance scans for protein and nucleic acid.

4.3.3 Primary Splenic, Peyer’s Patch and Mesenteric Lymph Node T Cells
Primary splenocytes were isolated from freshly harvested spleens, Peyer's
patches or mesenteric lymph nodes and reduced to a single cell suspension by
passing them through a sterile 100uM nylon mesh cell strainer (Fisher Scientific,
Hampton, NH). For splenic T cell sorting, single cell suspension were labeled
with anti-mouse CD4 magnetic microbeads (Miltenyi Biotec, San Diego, CA), and
separated with an autoMACS Pro Separator (Miltenyi Biotec, San Diego, CA),

per manufacturer’s instructions.

4.3.4 Flow Cytometry and Cell Sorting

For splenic, Peyer’s patch or mesenteric lymph node T cell flow cytometry,
positively selected CD4* cells were stained with combinations of antibodies
(0.5pg/mL per) to Tim3-APC (BioLegend, San Diego, CA) or Lag3-APC (BD
Bioscience), PD1-APC (BioLegend, San Diego, CA), CTLA4-APC (BioLegend,
San Diego, CA), Ly6A/E-APC (BD Biosciences, San Jose, CA) and GITR-APC
(BD Biosciences, San Jose, CA). Cells were washed twice in MACS buffer

(Miltenyi Biotec, San Diego, CA) before analysis using Attune NxT
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(ThermoFisher, Waltham, MA) with the support of the Cytometry & Imaging
Microscopy Core Facility of the Case Comprehensive Cancer Center. Analysis of

all FACS data was performed using FlowJo vX (Tree Star, Inc., Ashland, OR).

4.3.5 Cell Culture

After flow sorting, cells were cultured in 96-well plates (Corning, Corning, NY) at
50,000 cells per type per well in advanced RPMI (Gibco/Fisher Scientific,
Waltham, MA) supplemented with 5% Australian-produced heat-inactivated fetal
bovine serum, 55uM B-mercaptoethanol, 100U/mL and 100pg/mL
Penicillin/Streptomycin, and 0.2mM L-glutamine (Gibco/Fisher Scientific,

Waltham, MA) at 5% CO2, 37°C.

4.3.6 ELISA, Blocking, Supplementation and Luminex

Cytokine levels were analyzed by standard sandwich ELISA performed by
manufacturer’s instructions (BioLegend, San Diego, CA), modified to utilize
europium-conjugated streptavidin (Perkin-Elmer) detected with a Victor V3 plate
reader (Perkin Elmer, San Jose, CA). Blocking experiments utilized antibodies to
IFN-y (10pg/mL, BioLegend, San Diego, CA). For IFN-y blocking experiments,
indicated cell types were incubated with 10ug/mL alFN-y at 4°C for 15 minutes,
washed twice with PBS, then combined into co-culture. Supplementation assays
were performed with recombinant mouse IFN-y (BioLegend, San Diego, CA). For

Luminex assays, media from indicated cultured populations were snap frozen in
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liquid nitrogen and sent to Eve Technologies (Calgary, Ontario, Canada) for

mouse 32-plex and TGF-B 3-plex analysis.

4.3.7 RNAseq and Analysis

For RNA sequencing, cells were harvested and washed twice in PBS. Pelleted
cells were snap-frozen in liquid nitrogen and shipped to LC Sciences, LLC. for
extraction, RNA purification and quality check, library creation and high-
throughput sequencing (lllumina). Differential expression analysis and gene
ontology was done using EdgeR v3.12.1 by LC Sciences, LLC. Genes showing
significant differences (FDR >0.05 and log2CPM >0) were selected for
enrichment analysis using GAGE v2.20.1 by LC Sciences, LLC. We
acknowledge our use of the gene set enrichment analysis, GSEA software, and

Molecular Signature Database (MSigDB) [123] (http://www.broad.mit.edu/gsea/)

4.3.8 Data Analyses

All data are represented by mean + SEM. Data and statistical measurements
were generated with GraphPad Prism (v5.0). For comparisons between two
groups, Student’s t-test was used; comparisons between multiple groups utilized

analysis of variance.

4.4 Results

4.4.1 PSA-activated T cells show transcriptomic changes consistent with clonal

expansion
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We chose to examine the transcriptomic profile of PSA exposed murine CD4* T
cell splenocytes co-cultured with antigen presenting cells for 7 days in vitro (n= 3
per group). Using the least stringent analyses allowing for any significant
(p<0.05) non-zero (>0 fold log2CPM) change incorporating a false discovery rate
(FDR) of <0.05, we identified over 16,000 differentially expressed genes (DEGS)
relative to resting and unstimulated controls. Focusing upon the top 500 DEGs
reveals clear groups of genes that are either up or down-regulated in response to
PSA (Figure 13A). Using a multi-dimensional scaling plot (MDS) to provide a
global view of gene expression, we found a remarkably high degree of similarity
between PSA-exposed replicates (Figure 13B), reflecting the clonal expansion
and transcriptomic programming of T cells responding to PSA. In contrast,
resting and unstimulated CD4* T cells showed a much higher degree of
heterogeneity, as expected (Figure 13B). We also performed gene ontology (GO)
analysis, where we found that the most enriched terms were mitotic cell cycle
process (G0O:1903047, Biological Process; Figure 13C), pyrophosphatase activity
(G0:0016462, Molecular Function; Figure 13D), and mitochondrial part
(G0O:0044429, Cellular Component; Figure 13E), collectively pointing to a
metabolically active proliferative state.

Closer examination of GO terms revealed an enrichment of immunological
functions such as the cellular response to IFNy (GO:0071346), response to IFNf3
(G0:0035458), cytokine activity (GO:0005125) and chemokine receptor binding
(G0O:0042379) (Figure 14A). Gene set enrichment analysis (GSEA) using the

Hallmark gene sets [123, 124] and an FDR of <0.25 showed 27 enriched sets
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upon activation with PSA compared to control cells (Figure 14B). In parallel with
the GO data, amongst the most highly enriched were interferon-a, interferon-y
and inflammatory response gene sets. (Figure 14C). When compared to the
immunological signature c7 gene set from the Broad Institute [123, 124], there
was strong enrichment in sets associated with tumor necrosis factor receptor
(TNFR) and TNFR super family binding as well as IL-2 and STATS5 signaling
pathways (Figure 14D). Moreover, the DEG profile favors iTreg (Figure 14E, left)

over both nTreg and T conventional (Tc) cell profiles (Figure 14E).

4.4.2 PSA-responding T cells show an Interferon Responsive Gene (IRG)
signature

GO and GSEA analysis showed a consistent enrichment in immunologic and
interferon signaling, whether as a direct or indirect result of exposure to interferon
molecules [119, 125, 126]. IRGs can be grouped depending on the type of
interferon stimulation that induces their expression, including type 1 interferons
(i.e. IFNa and IFNB) which can be produced by almost any cell upon viral
infection [127], type 2 interferon (IFNy), which is secreted by a number of
leukocytes to combat infectious agents or cancer [119], and type 3 interferon (i.e.
IFNA), which is secreted by both leukocytes and epithelial cells [128]. In order to
better categorize the PSA T cell response in terms of the apparent interferon
response, we assembled of list of IRGs, including relevant cytokines, signaling
molecules and markers associated with each type of interferon. We found 128 of
the 215 IRGs were differentially expressed between PSA-activated T cells and

control T cells (Figure 15A-15B ). Dividing the list into its associated IFN types
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further revealed clusters of upregulated and downregulated genes, although only
IFNy gene expression by RNA was observed (Figure 15C). This commonality in
IRGs is likely due to the sharing of signaling machinery, such as Jak1/2, STATL1,

and other IFNy induced molecules, between the interferon types [126].

4.4.3 PSA-responding T cells show Thl-skewed signaling molecule and
transcription factor expression

Next, we examined signaling molecules such as transcription factors,
chemokines and cytokines to identify the nature of PSA-mediated T cell skewing.
Focusing on T cell lineage-associated transcription factors, we found T-bet and
FoxP3, commonly associated with Th1l and Treg populations respectively, were
upregulated (Figure 16A). Conversely, RORa, RORAt and GATA-3 were not
enriched in PSA-responding cells.

Examination of STAT molecules showed a selective upregulation of STAT1 and
STAT4, both of which are closely associated with IFNy signaling (Figure
16B)[120, 126] . Similarly, the transcriptional expression of IFN inducible
chemokines and receptors such as CXCR3, CCL5 and CCL2 (Figure 16C),
combined with the upregulation of LIF, IL-1, and IL-6 (Figure 16D) are all

consistent with the IRG signature of PSA.

4.4.4: Protein levels in PSA-responding T cells are consistent with an IRG
signature
Thus far, our analyses have relied solely upon transcript levels measured by

RNAseq; however, it is well known that the correlation between gene
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transcription and protein concentration can be as little as 40%, depending on the
system [129]. This is driven by differences in mMRNA transcription rate and
accessibility, translational control, intracellular trafficking and metabolism [129].
As a result, we first employed multianalyte Luminex analyses on secreted
proteins from PSA-activated T cells and compared the result to the RNAseq data.
As before, T cell and APC co-cultures were setup with or without PSA for 7 days.
Culture media from these co-cultures were used to quantify 32 cytokines,
chemokines and growth factors. A comparison of canonical cytokines associated
with specific T helper lineages (Figure 17A) showed robust IFNy release that was
mirrored in the level of IFNy transcript from RNAseq, further supporting a Th1-
skewed phenotype. Interestingly, IL-4 protein (Th2-associated) was reduced with
PSA exposure at day 7, although transcript levels were increased, possibly
suggesting that IL-4 is being released, but is being taken up by neighboring cells
[118]. For IL-9 (Th9) and IL-17 (Th17), both genes were not induced by PSA,
while IL-10 (Treg) was reduced. Beyond these classical cytokines, we also found
a number of other cytokines increased at the protein level, including IL-1, IL-6, IL-
12 and CXCL10, although the mRNA transcript levels did not always reflect this
increase (Figure 17B). Likewise, several cytokines were decreased in response
to PSA at the protein level, including IL-2, IL-5 and IL-13 (Figure 17C), while still
others did not change (Figure 18). As with IL-4, several molecules (i.e. IL-2, IL-5,
IL-13, LIF, and CXCL5) were all increased at the mRNA level despite reductions

in protein concentration.
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For broad coverage of cell surface molecules, we employed the LegendScreen
platform (Biolegend) to quantify 255 target proteins by flow cytometry after 1 or 7
days of PSA-mediated activation. The global profile of all markers on CD4* T
cells at day 0, 1 and 7 calculated from the geometric mean fluorescence
(GeoMFI) shows a distinctive pattern of expression at both days 1 and 7 (Figure
19A). Examination of the top increased (Figure 19B) and decreased (Figure 19C)
proteins revealed an increase in proliferation and activation markers such as
CD44, Ly6A/E and CD255 [130-132], and decrease in other activation markers
such as CD100 and CD27 [133, 134]. Interestingly, the data revealed six
regulatory receptors (co-regulatory receptors) not previously associated with the

PSA response, including Tim3, Lag3, and PD-1 (Figure 19D).

4.4.5: PSA-associated co-regulatory receptors are IRGs

The expression of PD-1 is strongly associated with suppression of the immune
response, a phenomenon exploited by several cancers [135, 136]. Likewise,
Tim3 and Lag3 have been shown to have important roles in immune
suppression, usually in supportive roles of PD-1, leading to a synergistic
upregulation of all three molecules [137, 138]. Given the strong IRG signature of
the PSA T cell response, we sought to determine whether IFNy would induce the
expression of these co-regulatory receptors in PSA-naive T cells. CD4* T cells, or
flow sorted CD4* FoxP3 T cells were cultured in the presence of anti-CD3¢
stimulation and supplemented with either recombinant IFNy or anti-IFNy

neutralizing antibody for 3 days. We found that Tim3, Lag3, and PD-1 were all
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increased in response to IFNy, and this increase was ablated in the presence of
IFNy-neutralizing antibody (Figure 20A-B). Moreover, this was true for Lag3 and
PD-1 in both bulk CD4* splenocytes (Figure 20A-B) and cultures lacking Tregs
(Figure 20C-D). Tim3 increases were lost in T cell populations lacking Tregs.
This suggests that changes in Lag3 and PD-1 are primarily in Tc cells, while
Tim3 is primarily in Tregs. Reduced IFNy in these experiments demonstrated the

efficacy of the neutralizing antibody (Figure 20B and 20D).

4.4.6: Co-regulatory receptors are increased within the GALT of PSA-exposed
mice

All of the previous analyses indicate that exposure to PSA will lead to expression
and production of [IFNy and a host of IFNy-stimulated molecules, including co-
regulatory receptors associated with immune suppression but not previously
associated with PSA. In order to both validate the increased expression of these
molecules, and to determine where they accumulate in vivo, CD4" cells from
mice orally exposed to PSA to mimic colonization with its source bacterium B.
fragilis were harvested directly after the last PSA gavage (D17), 2 weeks after
the last gavage (D31) or 5 weeks after the last gavage (D52). We found that our
in vitro data was replicated in vivo in that the expression of activation markers
Ly6A/E and GITR were increased on D31 in the gastrointestinal tract-associated
lymphoid tissue (GALT), including both Peyer’s patches (PP) and mesenteric
lymph nodes (MLN) (Figure 21A). This trend was also seen for PD-1, CTLAA4,

Tim3 and Lag3 expression, with increased expression in the GALT on D31,
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compared to any other time point (Figure 22B). Changes in the spleen were mild
and generally failed to reach statistical significance, reflecting the potent local
response to PSA when administered orally and validating the extensive in vitro

analyses herein.
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Figure 13. Gene enrichment and ontology analysis in response to PSA
exposure. Gene ontology was conducted on differentially expressed genes

(FDR>0.05 and log2CPM>0). A) Heat map of top 500 differentially expressed
(DE) genes on D7 compared to DO. B) Multidimensional scaling plot of all DE
genes, showing scatter of D7 and DO samples (each dot is a replicate sample).
Top 20 significantly increased (red) or decreased (blue) gene ontology terms by
C) Biological process D) Molecular Function and E) Cellular component. (values

shown are -log, , of p value)
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Figure 14. Gene set enrichment analysis of inflammatory and interferon related
genes. Gene ontology and gene set enrichment analysis were conducted on
differentially expressed genes (FDR>0.05 and log2CPM>0) A) Gene ontology
analysis of differentially expressed genes increased (red) and decreased (blue) with

PSA exposure in CD4" T cells. GO terms with immunological relevance were
extracted (44 terms). Gene ontology terms significantly associated (P< 0.05) were
plotted as —log10 version. B) Hallmark gene set enrichment analysis of PSA
stimulated cells. Gene sets significantly associated (P< 0.05) were plotted as —1010 of
g value. GSEA analysis showing enrichment in C) IFN-y, IFN-a and inflammatory
response gene sets, D) TNF superfamily members and receptors, E) and gene sets
associated with Treg functionality.
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Figure 15. Gene expression IRG signature of PSA exposed cells. A) Heat map
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cells. Values are row z-score. B) Multidimensional scatterplot of IRG data
comparison of PSA exposed and non-exposed cells (D7 in orange, DO in purple).
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Figure 16. Transcription factor and signaling molecule profile of PSA
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Figure 19. Cell surface marker expression of PSA exposed CD4" T cells
identifies immunomodulatory markers. High throughput flow cytometry was
used to obtain the cell surface marker expression of 255 markers using
LEGENDScreen Mouse PE kit. APC and T cells were co-cultured with PSA and

collected at DO, D1 and D7. Data shown is geometric MFI from CD4" T cells.
Data is row z-scores. A) Summary heat map of all 255 markers on DO, D1 and
D7. B) Top 20 markers most increased and C) decreased on D7 compared to DO.
D) Markers previously used to identify PSA responsive T cells in human and
murine experiments. E) Activation and immunomodulatory markers upregulated
with PSA exposure.
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Figure 20. IFN-y influence on immunomodulatory marker expression. Bulk or

FP3 CD4 T cell were cultured in vitro for 3 days with a CD3 stimulation. Cells were
supplemented with 10ng/ml of recombinant mouse IFN-y or with 10 pug/ml of a-IFN-y
blocking antibody. Marker expression assays with flow cytometry and culture
supernatants were used for ELISA. Tim3, Lag3 and PD1 expression of A) Bulk or C)

FP3 CD4 T cells with or without IFN or antibody blockade. ELISA data of culture
supernatants from B) Bulk or D) FP3 CD4 T cell cultures. (significance of P<0.05 = *)
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Figure 21. Gut associated
lymphoid tissue enrichment of
PSA induced markers. Mice
were orally gavaged with 100ug
of PSA dissolved in PBS every
72hrs, 5 gavages total. Peyer’'s
patches, mesenteric lymph
nodes and spleens were
collected on D17, D31 or D52
after initial gavage. Data is
geometric MFI. A) In vivo
activation marker expression
across organs and time points.
B) Expression profile of
immunomodulatory markers
across organs and time points.
(n=3 mice per group, significance
of P<0.05 =%)



Chapter 5 : Discussion and future directions
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In the work presented in Chapter 3, we discovered a novel pathway of immune
suppression mediated by the Rb"-°Tem subset of regulatory T cells. We found that
FoxP3:CD4*CD62L° CD44*CD45Rb'° effector/memory T cells (Rb'°Tem)
coordinate a regulatory circuit in which they communicate with FoxP3* Tregs to
synergistically enhance IL-10 production, leading to the suppression of IFNy and
other cytokines in vitro and pulmonary inflammation in vivo. This pathway is
mediated by a combination of IL-2 and IL-4 secreted by Rb-°Tem cells, leading to
ligation of IL-4Ra (CD124) on aCD3¢-activated FoxP3* Tregs and subsequent IL-
10 production. The discovery of a novel T-effector cell-driven regulatory pathway
and its underlying mechanism could have a major impact on how we understand
the resolution of inflammation, the maintenance of homeostasis throughout the
body, Treg behavior, and possibly how to control a variety of inflammatory
diseases.

The collaboration between T cell subsets to favor a particular response is not a
new concept. A recent example is the interaction between neuropilin-1 (Nrpl) and
semaphorin-4a (Sema4a)[102]. Association of surface Sema4a on Tconv cells
with Nrp1 on Tregs increased Treg survival and function in vitro and was found to
be required for the in vivo suppression of inflammatory bowel disease. We found
that the direct cell-to-cell contact via the Sema4a-Nrpl axis does not account for
the suppressive influence of Rb'-°Tem cells on Tregs, as neutralization of Nrp1 with
an antibody had no impact on in vitro IL-10 synergy. The data strongly support a
contact-independent mechanism which relies upon soluble mediators, IL-2 and IL-

4.
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Since the establishment of the Tul/Tu2 paradigm [139-141], it has been widely
recognized that Tul responses oppose Th2 responses, and vice versa, and that
this is driven by key Twl or Tu2-associated cytokines. IL-4 has long been
characterized as a central inducer of Tu2 cell development [142], a characteristic
cytokine made by Tu2 cells [139-141], and a critical factor leading to the
suppression of THl cell differentiation [142-144]. Tu2 responses were originally
described as including IL-4, IL-5, IL-6, and IL-10 [139-141]. As sophistication in the
laboratory setting increased, IL-6 and IL-10 were removed from this general list,
but it is pertinent to recall that IL-4 has been well documented to induce IL-10
production in T cells [145]. IL-4 has been linked to anti-inflammatory activity as far
back as 1989 [146]. Human trials demonstrated that subcutaneous injection of
psoriatic lesions with human IL-4 significantly reduced clinical scores [147], while
IL-4 expression from a viral vector was able to prevent chondrocyte death and
reduce cartilage erosion in a murine model of collagen-induced arthritis [148]. In
EAE, gene delivery of IL-4 into mice selectively recruited FoxP3*CD25" Tregs
which eliminated the disease pathology [149]. IL-4 has also been implicated in the
regulatory mechanisms required for the anti-inflammatory effects of intravenous
immunoglobulin [150], and is known to be a robust driver of the wound healing
phenotype of many macrophages, which includes IL-10 and TGF-f release [151,
152]. Indeed, IL-4 was previously shown to increase the suppressive capacity of
CD25* Tregs in vitro [153]. Although it is unclear why IL-4 was not depleted in our
experiments (Fig 2) like IL-2 (Fig 1), it may be explained by differences in the

relative rates of cytokine release by Rb'°Tem cells and consumption by Tregs,
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these findings not only show that IL-4 is a highly pleiotropic cytokine with a robust
history of immune suppression, but they also strongly support the notion that
Rb°Tem cells could use IL-4 as a key driver of IL-10 and immune suppression

under at least some inflammatory conditions.

In the work presented in Chapter 4, we used unbiased and complementary
approaches to comprehensively characterize the T cell response to PSA in mice.
Based on gene ontology analyses and in agreement with historical data on T cell
proliferation in PSA responses [35], we found that PSA-responding T cells were
highly metabolically active and proliferative through the upregulation of proteins
involved in cell division and other key metabolic pathways. These T cells were
dominated by an interferon-mediated expression profile, which matched the
increased expression of Thl-associated transcription factors such as T-bet,
STAT1 and STAT4. Increased secretion of TNFaq, IL-6, and CXCL-10 are also
consistent with a pro-inflammatory interferon-driven response.

Due to previous observations on the suppressive capacity of these cells, we
sought potential mechanisms of immune inhibition. GSEA analyses revealed that
PSA-responding T cells overall trend towards similarity with iTregs rather than
conventional T cells. The genes that promote such a correlation included the
regulatory T cell-associated transcription factor FoxP3. While our previously
published data showed that this T cell communication to be dependent upon the
release of IL-2 and IL-4 [118],we found that both IL-2 and IL-4 are upregulated

transcriptionally, but are actually reduced in culture. One possibility is that these
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cytokines are being removed from the media to support Tregs present within the
bulk CD4* T cell population used for these studies, similar to our prior findings
[118]. This could explain both the divergence between mRNA and protein levels
of IL-2 and IL-4 as well as the expansion of FoOxP3 in these cultures, thereby
supporting one model of PSA-mediated immune suppression where PSA-T cells
directly support local Treg survival through cytokine release.

The PSA-responding T cells also expressed a host of co-regulatory receptors
such as Tim3, Lag3 and PD-1. These molecules, also called immune
checkpoints, have gained much attention due to their role in immune suppression
in cancer. The expression of these inhibitory molecules both in vitro and within
the GALT of PSA-exposed mice suggest that PSA-T cells also have a direct cell-
to-cell mechanism of immune inhibition. These molecules also fit into an
interferon-skewed response since we found that all three were increased at the
cell surface of IFNy-stimulated T cells.

We reveal the duality of the response through the characterization of an
interferon-dominated expression profile, expression and use of Treg-supportive
cytokines like IL-2 and IL-4, and the selective deployment of co-regulatory

checkpoint receptors within the gut environment of PSA-exposed mice.

The work presented here has provided insight into the T cell based

communication and profile after PSA exposure. Yet further work is required to

validate and expand on the role of the molecules highlighted in Chapter 4.
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This can be done by flow sorting PSA exposed cells using the immune
checkpoints mentioned previously and test their efficacy in terms of suppressing
or activating immune cells either by direct cell contact or by the secreted
molecules they produce described above. Additionally, testing the role these PSA
induced molecules play when interacting with Tregs. In cancer, it is well known
that expression of immune checkpoints such as CTLA4 and PD-1 or their ligands
is a tactic employed to effectively suppress the immune response and promote
tumor survival. It is also known that tumors recruit Tregs for further
protection[154]. Immune checkpoint blockade therapy also seems to interfere
with tumor associated Tregs due to high expression of PD-1 and CTLA-4.
Furthermore, some have reported a crucial role for PD-1 in the generation of
peripheral Tregs[155]. So, it is possible that the expression of regulatory
molecules via exposure to PSA is part of a recruitment and training mechanism

for the maintenance of Tregs.

Yet there still remains the question concerning the antigen presenting cells
responsible for the endocytosis and presentation of PSA to T cells. While the
original presentation of PSA to T cells was demonstrated using DCs, it is
possible that any MHCII* cell is capable presenting PSA for T cell activation[34].
It has yet to be determined how the APCs change in response to PSA. One
possibility is that APCs might playa supportive role by expressing complementary
ligands to the immune checkpoints found on T cells in response to PSA. It has

been demonstrated that regulatory DCs are able to upregulate expression of
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immune checkpoints such as PD-1, increase expression of immunomodulatory
cytokines TGF- and IL-10, as well as generation of Tregs[156, 157]. The
possibility remains that even though the T cell response might be the main
mediator of the protection observed, perhaps the responding APCs might also
play an important supportive role for the long term efficacy of the PSA response.
Lastly, while the main focus of Chapter 4 centered around the strong IFN driven
response and the molecules upregulated downstream, there is almost a
guarantee that it is not the only mechanism engaged by PSA. There are still
many avenues yet to be explored, in terms of prominent cytokines produced such
as TNFa or IL-1a, or expressed molecules not considered. Gene ontology
highlighted a slew of categories that increased associated with B cell activation
and chemotaxis which could be relevant in terms of the humoral response
associated with PSA of which little is known. Similarly, we focused mainly on
genes and markers that increased as a result of PSA, yet many cytokines and
genes are downregulated as a direct response to PSA. This could also provide
insight into what pathways need to be shut down in order for proper PSA
activation to take place.

Overall, the work presented here illustrates a mechanism by which the
microbiome is able to modulate the immune response by a commensal bacteria.
The host-microbiome relationship has continued to evolve revealing its impacts in
nearly all facets of human biology from nutrition to disease.

The upregulation of important immune regulatory markers and cytokines and

expansion of Tem cells and in response to PSA is just one of the mechanisms
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employed by the microbiome. Further work is necessary to understand the
changes that occur not only in other immune cells such as APCs, but also in the
tissue in which the microbes reside which has been shown to be important for
proper colonization.

While more work is needed to understand the full impact of the microbiome, the
work presented here gives a potential mechanism by which commensal bacteria

native to the gut are able to support homeostasis locally and systemically.
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