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Abstract

In the immune system, regulatory T cells (Treg cells) are one of the crucial
players contributing to the maintenance of immunological tolerance and homeostasis. A
delicate balance is achieved between the activation of conventional T cells (Tcon cells)
and the suppression by Treg cells to support a healthy and functional immune system.
Previous studies demonstrated that the tyrosine phosphatase SHP-1, a negative regulator
of TCR signaling, modulates Tcon cell resistance to Treg-mediated suppression, thereby
shaping this activation-suppression balance. However, the role of SHP-1 in Treg cells is
still not fully understood.

In this work, we revealed how SHP-1 affects the functional phenotype of Treg
cells and modulates Treg suppressive function. At the intracellular signaling level, SHP-1
attenuates Treg Akt phosphorylation, and loss of SHP-1 drives Treg cells towards a
glycolysis pathway. At the functional Treg cell level, SHP-1 limits the in vivo
accumulation of CD44"CD62L' T cells with the CD8+ and CD4+ Tcon cell populations
under steady state condition. Interestingly under challenge, SHP-1-deficient Treg cells
are less efficient in suppressing inflammation in vivo, once transferred, they may not
survive or migrate to peripheral inflammation sites.

In addition, this study investigates the role of SHP-1 in Treg cells in aged mice.
Incidental observations suggest that FOXP3+ Treg cell specific SHP-1 deficient mice
may develop splenomegaly. Instead, preliminary results suggest a trend of FOXP3+ Treg
loss and down regulation of ICOS expression in the aged mice.

Overall, this work identifies SHP-1 as a critical player in mediating the balance

between T cell activation and suppression. Therefore, SHP-1 could potentially become a



promising therapeutic target for fine-tuning the balance between Treg-mediated

suppression and Tcon activation/resistance to suppression.
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The Immune System

Our immune system relies on multiple levels of control to balance its response to
danger while maintaining self-tolerance. The evolution of the immune system has been
driven by the need to protect organisms from a wide variety of pathogens, including
viruses, bacteria, fungi, and parasites. Pathogens have evolved in parallel to evade the
immune system’s surveillance, leading to a constant race between the immune system

and pathogens.

The immune system has evolved alongside the first evidence of organisms 3.5
billion years ago (1) and has proven to help the host adapt to changes in the environment
and the emergence of new pathogens. In early unicellular organisms such as bacteria and
archaea, prokaryotes utilize the clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas (CRISPR-associated system) to generate resistance against invading
foreign DNA (1). The evolutionary history of the immune system can be traced back to
the earliest multicellular organisms, such as sponges and cnidarians (2), which possess a
primitive innate immune system. Innate immunity is the first line of the host defense
system and includes mainly short-lived myeloid cells, such as monocytes, mast cells,
macrophages, neutrophils, basophils, and eosinophils, as well as some lymphoid cells,
such as natural killer (NK) cells and innate lymphoid cells (ILCs) (3,4,5). The majority of
these cells (except ILCs) express pattern recognition receptors (PRRs) that can identify
pathogen-associated molecular patterns (PAMPs) from various pathogens, including viral
materials and bacterial and fungal components (5). This allows them to quickly identify

and upregulate inflammatory mechanisms in response to numerous invading pathogens.
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The emergence of adaptive immunity during chordate evolution about 500 million
years ago added a new level of complexity to immune defenses (1,6). The expression of
somatically diversified antigen receptors, a key component providing an additional layer
of defense specificity, appears in all vertebrate animals (6,7,8). The unique development
of the major cellular effectors, lymphocytes, in adaptive immunity allows the recognition
of antigens triggering the activation of the immune response (7). Each lymphocyte has a
unique antigen recognition receptor that is generated combinatorially, resulting in a
highly diverse receptor repertoire (3,8). This enables vertebrate hosts to recognize and

respond to a vast range of potential pathogens or toxins in an antigen-specific manner.

B cells and T cells are the two major lymphocyte lineages shared by the adaptive
immune system in all vertebrate animals (7,8). After sensing dangerous signals, such as
microbes with PRRs, the players in the innate immune system instruct the activation of T
cells and B cells in the immune response (9). These two types of lymphocytes are highly
specific in recognizing and combating pathogens with the help of the innate immune
system. T cells express T cell receptors (TCR) that recognize foreign and self-antigens
bound to major histocompatibility complex molecules (MHC) on host cells leading to
various effector functions (see below), while B cells express immunoglobulin (Ig)
receptors that recognize intact antigens. Upon activation and maturation, B cells secrete
antibodies that facilitate the clearance of pathogens by blocking their access to cells and
aiding in their recognition and clearance by phagocytes. The T and B cell arms of the
adaptive immune responses share common features, including V(D)J recombination of
antigen receptors and the establishment of immune memory, which differentiate them

from the innate immune response (4,10). During V(D)J recombination, one V (variable)



17

gene segment joins to one J (joining) gene segment. In the case of BCR heavy chains or
certain TCR chains, such as alpha chains, a D (diversity) gene segment is also included
(11,12). The TCR and BCR recombination processes both involve the RAG1/2 enzymes
and the recognition and cleavage of RSS sequences flanking the gene segments. This
process happens in the thymus for T cells, while B cell development occurs in the bone
marrow (4,12). The end result is the generation of a diverse repertoire of antigen
receptors that allows T and B cells to recognize and respond to a wide range of foreign
antigens.

In addition to recognizing a diverse range of antigens, immune memory is also a
critical component of the adaptive immune system, enabling a more rapid and efficient
response upon re-exposure to a pathogen. T and B cells undergo clonal expansion and
differentiate into effector cells, which can directly combat the pathogen. Memory B cells
are produced after the initial contact of the naive B cells with antigen-specific T follicular
helper (TFH) cells, which stimulate the formation of germinal centers in the pre-GC
phase. During the germinal center reaction, B cells undergo multiple rounds of B cell
receptor (BCR) diversification, clonal expansion, and class-switch recombination (GC
phase), resulting in the selection of high-affinity GC B cell variants that contribute to the
memory B cell compartment (12).

Naive T cells become activated when they encounter cognate antigens presented
by antigen-presenting cells (APCs) (13). This results in the T cells undergoing clonal
expansion and differentiation into effector T cells, which then travel to the site of
infection. Once the infection is cleared, a small proportion of the effector T cells

differentiate into central memory T cells, which can be found in the circulation and
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lymphoid organs, and effector memory T cells, which are localized in peripheral tissues
and circulate in the blood throughout the host body (9,14). However, not all lymphocytes
actively migrate throughout the system. These so-called “tissue-resident” T cells, which
include conventional T cells (Tcon), regulatory T cells (Treg), or “innate-like” T cells,
such as MAIT cells, yo T cells, and iNKT cells (15), have been found to permanently
reside in the skin, gut, liver, lung, brain and other tissues in the body (14,16,17)

T cells

T cells are one of the major participants in the adaptive immune system and were
named after their discovery in the thymus, a primary lymphoid organ (10,18). The
thymus is an ancient and anatomically homogenous lymphoid organ, evolutionarily
specialized in normal T cell development and selection (7). Both the thymus in jawed
vertebrates and the thymoid tissue in lamprey larvae express FOXN1 (19,20), which
likely further regulates the expression of chemokines, such as CXCL12 in lampre, or
CXCL12, CCL25, and CCL21 in mouse embryos (19,20) to attract hematopoietic
progenitor cells to the thymic rudiment. Within the thymus, Delta-like 4 (DLL4) is
expressed on local epithelial cells and functions as the ligand for NOTCHL, the T cell
lineage-specification molecule, to activate the NOTCH signaling pathway (7,21).

T cell composition changes throughout the lifespan of a host. In early life, naive T
cells and thymic derived regulatory T cells, which will be discussed in a later section of
this introduction, are produced from the thymus and spread across significant lymphoid
and mucosal areas of the body. In contrast to the adult tissues, where memory T cells are
the dominant population due to repeated antigen exposure and infections experienced by

the host system, during the first two years of life, the pediatric tissues and blood are
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mainly populated by naive T cells recently emigrated out from the thymus. In these
young and immunologically naive hosts, memory T cells predominantly accumulate in
mucosal sites like the small intestine and lungs (22,23). As an individual ages, memory T
cells increase in frequency throughout the body, including secondary lymphoid organs,
and this accumulation is even more pronounced at mucosal and barrier sites (24, 25)

The helper T cells (Th) and cytotoxic T cells (Tc) are two major types of effector
T cells. Helper T cells are characterized by the expression of CD4 and activate and
coordinate immune responses by recognizing and binding to specific antigens presented
by MHC class Il molecules on the surface of APCs (25,26). Upon activation, T cells
undergo clonal expansion and exhibit various effector functions, as described below.
TCR signaling, together with signaling pathways from other molecules such as cytokines,
costimulatory molecules, chemokines, integrins, and metabolites, drives the
differentiation of activated CD4+ T helper cells into specific subtypes (Figure 1.1), such
as Thl (28), Th2 (29), Th17 (29), follicular helper T (30), and Treg cells (26, 27). Each
of these subtypes of Th cells produces a specific panel of cytokines that define their
subtype and activate other immune cells, such as B cells, cytotoxic T cells, and
macrophages, and help them to differentiate and function more effectively (26, 27). For
example, Thl cells are skewed by IL-12 and interferon-y (IFN-y) and secrete IFN-y,
which helps fight intracellular viruses and pathogens (31). Th2 cells, skewed by IL-25,
IL-33, and IL-4 in vivo, produce IL-4, IL-5, and IL-13 cytokines to help fight
extracellular bacteria and parasitic pathogens and promote antibody production (32). Th9

cells generate 1L-9 cytokine and have a controversial role in both parasitic infections and
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driving cytokines. Each differentiated T cell subset produces a distinct set of signature

cytokines. Figure adapted from (225).
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cancer settings (33-35). Th17 cells, induced by IL-6, IL-21, IL-23 and TGF-p, produce
IL-17A, IL-17F, and IL-22 cytokines for bacterial pathogen control (36). Different
transcriptional master regulators are expressed following the skewing of naive CD4 cells
by respective cytokines, and each transcriptional master regulator is critical for Th cell
differentiation, cytokine production, and lineage commitment. Th1 cell differentiation is
regulated by the T-box transcription factor T-bet (37). Th2 cell differentiation is
regulated by GATA-binding protein 3 (GATAZ3) (38). Th17 cells are defined by
expression of the master transcription factor RORyt (39). Tth cells play an important role
in modulating B cell maturation and are defined by B cell lymphoma 6 (BCL-6), which
induces CXCR5 and ICOS expression and promotes the migration of Tfh cells to the B
cell follicle (40,41). The master transcription factor for Treg cells is forkhead box P3
(FOXP3) (42,43). Interestingly, certain subsets of T cells, such as Th17 and Treg cells,
are not permanently committed to one subtype and can be transformed into other lineages
when exposed to specific stimuli or in the presence of inflammatory disease conditions
(44-46). For example, BCL-6 can maintain a low level of background expression in the
Th1 cell population despite high T-bet expression (71,72) during conditions such as
Listeria monocytogenes infection, which allows for the quick alteration between Th1l and

Tfh populations and provides more flexibility for responsive Th 1 and Tth cells (46).

In contrast to CD4+ Th cells, Tc cells express CD8 and recognize the cognate
peptide presented by MHC | molecules. Upon activation, CD8 T cells directly attack and
kill infected cells through the release of lytic granules that contain cytotoxic substances
such as serglycin, perforin and granzymes, leading to the induction of apoptosis in the

infected cells (25, 47-49). In addition to the lytic granules, Tc cells can also initiate
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killing by delivering extracellular vehicles (EVs) containing Fas ligand (FasL) (50, 51) or
by contacting target cells with Fas ligand on their plasma membrane during
immunological synapse formation (51, 52). This process exploits the Fas receptor
expressed on the target cells and triggers a signaling cascade that leads to the activation
of a caspase-dependent cell death pathway, together with the release of APO2
ligand/TRAIL also in EVs (53). Recently, supramolecular attack particles (SMAPS) were
identified as another Tc killing pathway (51, 54, 55), which has a longer half-life (52, 54)

and can deliver killing autonomously.

After acute infection or vaccination, most effector CD8 T cells (Teff) undergo
apoptosis following antigen clearance, but a small population of memory precursor T
cells remains, which can further differentiate into memory CD8 T cells (56). These
memory T cells are distributed throughout the body to provide immune protection, and
some of them become tissue-resident memory T cells, which are maintained in tissues
and epithelial regions and are poised to respond to secondary antigen exposure (57-59).
These memory CD8 T cells downregulate their cytotoxic effector function and alter their
cytokine profile, coinciding with the upregulation of transcription factors Eomes and Tcf-
1. Additionally, they acquire the ability to self-renew in response to IL-7 and IL-15 (27,
56, 57). Some memory CD8 T cells remain in local tissues to become resident memory
CD8 T cells (Trm) and express high levels of CD69 and CD103 and low levels of CD127
(56). However, during chronic infections or tumor conditions where the antigens persist,
failure in the memory T cell development can lead to so-called CD8 exhaustion (56, 60).
Exhausted T cells lose their effector functions and exhibit elevated and sustained

expression of inhibitory receptors (IRs). They also have unique metabolism and display
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epigenetic and transcriptional characteristics that distinguish them from Teff and memory

T cells (60-62)

Thymic T cell differentiation

Early T cell programming begins with the migration of multipotent hematopoietic
progenitor cells to the thymus, where they receive NOTCH pathway signals from the
thymic microenvironment and start to proliferate (63,64). T cell development starts with
double-negative (DN) cell form that lacks expression of both CD4 and CD8 (65). These
cells then progress through a double negative 1 (DN1) stage and become early thymic
progenitor (ETP) cells, which are characterized as KIT+CD44+CD25— cells (65,66). The
ETP cells then transition through DN2a, DN2b, DN3a, DN3b, and DN4 stages and lose
the ability to become non-T lymphocytes even if removed to a non-NOTCH signaling
environment (66,67). The differentiation of fate-committed T cells is driven by NOTCH
1 signaling, along with other transcription factors, such as TCF1, GATA-3, RUNX
proteins, E-box proteins, and potentially BCL-11B (26, 63, 68,69). The different DN
stages: DN2a, DN2b, DN3a, DN3b, DN4 are defined by the presence or absence of
growth factor receptor CD117 Kit, CD127, CD44, and CD25 expression on the cells
(66,67). During the DN3 stage of T cell development, a complex of pre-TCRa and
mature 3 chains appears in the plasma membrane. The mature 3 chain is generated by

somatic DNA rearrangement via RAG 1 or RAG 2 (73- 75).

Positive selection:

Positive selection of T cells with a functional pre-TCR occurs through B selection,

leading to massive proliferation and TCRa gene rearrangement (68, 76). The DN pro T
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cells acquire CD4 and CD8 expression to become double-positive (DP) cells (68), which
will eventually differentiate into mature CD4 or CD8 single-positive (SP) cells. The
affinity of each TCR for encountered MHC-peptide complexes becomes crucial for the
fate of the thymocyte from this point on. Thymocytes whose TCRs do not bind to the
MHC-peptide complex will not receive survival signals and die quickly due to neglect,
while those expressing TCRs with low affinity for MHC-peptide will be positively

selected (26, 63).

Negative selection:

After TCR rearrangement, immature CD4+CD8+ DP thymocytes undergo
selection and maturation processes in the thymic cortex and medulla (80, 81). DP T cells
interact with cortical thymic epithelial cells (cTECs) and bone marrow-derived antigen-
presenting cells, such as dendritic cells (DCs) (82). DP T cells that recognize high-
affinity self-peptide-MHC complexes undergo clonal deletion, a process of programmed
cell death (4, 68). DP T cells that express TCRs with lower affinity for self-peptide-MHC
complexes are positively selected (as described above) and differentiate into CD4+ or
CD8+ single-positive (SP) cells as they migrate from the cortex to the medulla (4,81). In
the medulla, SP cells continue to sample antigens presented by medullary thymic
epithelial cells (mTECs) and DCs. In contrast to the cTECs, which play a critical role in
the positive selection of T cells in the outer cortex region, the mTECs are responsible for
inducing negative selection at the inner medulla area (83). mTECs express the
transcription factor AIRE, promoting the expression of tissue-specific antigens (TSAS)
(4, 82, 83, 84). Lack of AIRE in host mTECs has been shown to be associated with

autoimmune diseases affecting multiple organs, including type 1 autoimmune
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polyglandular syndrome (APS-1), or autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) syndrome, which results in underactive parathyroid
gland and dysfunction in the gastrointestinal tract, and Sjogren’s syndrome, which
disrupts the normal function of lacrimal and salivary gland (85,86, 87). Recent findings
suggest that the transcriptional regulator, FEZ family zinc finger 2(Fezf2), may
compensate for AIRE function (83, 85). This process is known as promiscuous gene
expression and is essential for generating self-tolerance and removing self-reacting T
cells (83). While most aff T cells differentiate into CD4+ T cells restricted by MHC class
Il or CD8+ Tc cells restricted by MHC class | molecules (68), a few T cell subsets, such
as invariant natural killer T cells are selected by lipid-bound MHC class I-like CD1d

molecules presented in the medullary microenvironments (88-90).

Regulatory T cell

Regulatory T (Treg) cells are one of the crucial participants in controlling various
immune responses (91), including allergy, autoimmunity, anti-tumor immunity,
metabolic regulation, and tissue repair (92-96). Treg cells are primarily recognized for
their suppressive function that keeps excessive inflammatory responses under control.
However, emerging data suggest additional roles of Treg cells in non-immune settings
during tissue regeneration, such as in stimulating hair follicle regeneration (97) and

muscle repairment (98).

Since the initial identification of FOXP3 as a Treg master transcription factor (42-
43, 99-102), additional types of regulatory T cells have been discovered (103). In

humans, FOXP3 can also be upregulated in activated effector conventional T cells (Tcon)
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without any associated suppressive activities (80, 103-105). However, in mice, FOXP3 is

still considered the exclusive master transcription factor of Treg cells (106).

The term “regulatory T cells” can refer to different T cells exhibiting suppressive
activities (107), including the most widely recognized CD4+CD25+FOXP3+ suppressive
Th cells (42, 106), CD4+FOXP3-IL10+ T regulatory type 1 cells (108,109), and the CD8
+FOXP3+ cells (110-112). In this study, we focus primarily on the CD4+ FOXP3+
CD25+ Treg cells, which are characterized by constitutive expression of nuclear Foxp3
and the surface proteins CD25, CD45R0O, GITR, CD122, HLA-DR, CCR4, and CTLA-4
in human (101) and CD25, CD45RBlow, CTLA-4, and GITR in mice (43). Treg cells can
either be derived from the thymus as part of thymic T cell development or differentiated
from naive conventional CD4+ T cells in the periphery. Moreover, Treg cells can also be

artificially induced ex vivo in therapeutic or experimental settings (113, 81).

Regulatory T cell differentiation

Although the thymic exposure of the developing T cells to high-affinity self-
antigens has been shown to induce clonal deletion of T cells (68), in the current
prevailing perspective of the Treg cell differentiation model, a higher TCR affinity
interaction with self-antigen and the resulting stronger TCR signaling strength also favor
thymic-derived regulatory T (tTreg) differentiation. This affinity hypothesis proposes that
stronger TCR signaling engaging with precursor cells induces CD4+ SP cells to
preferentially differentiate into tTreg cells, as opposed to the negative selection or Tcon
cell differentiation (82, 114). Some studies suggest that the TCR signaling strength
required for Treg development appears to be lower than that for clonal deletion during the

negative selection (114,115). While FOXP3 is considered the “master regulator” of Treg
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cells, their fate in the thymus may be determined far prior before the FOXP3 expression
(116). For instance, some Treg cell signature genes, such as Tnfrsf18 encoding for GITR
(117) and 1kzf2 encoding for Helios (116) are upregulated in human thymic Treg
precursor cells long before FOXP3 expression (118). In CD25—Foxp3— CD4+ SP
thymocytes, strong agonist antigen binding to the TCR induces the upregulation of IL-
2Ra (CD25), leading to the IL-2 dependent CD25+Foxp3— type of Treg precursor cells
(119, 120). In this “two-step” model of Treg precursor cell to Treg cell differentiation,
CD25+Foxp3— Treg precursor cells do not require further TCR-driven stimulation but are
induced by the IL-2-STATS5 signaling pathway, eventually leading to stable FOXP3

expression both in vivo and in vitro (116, 120, 121).

In the periphery, the majority of Treg cells are thymic-derived (t) Treg cells (116).
Another type of Treg, known as peripheral (p) Treg cells, can be derived from naive CD4
T cells in many peripheral organs. Following thymic differentiation, naive CD4+ SP
Tcon cells migrate out of the thymus and enter the peripheral lymphoid tissues (82). In
order to differentiate into the pTreg cells, these naive CD4 Tcon cells encounter high-
affinity agonist antigens at a sub-immunogenic concentration (82) in the presence of a
Treg-inducing environment such as cytokines and/or metabolic products (116) (Figure
1.2). For instance, in the peripheral intestinal mucosa, DCs attract naive T cells by
controlling the expression of homing receptors (122). Upon reaching the site, naive T
cells encounter the tolerance-inducing cytokine IL-10, which is constitutively produced
by various immune cell types, including macrophages, T cells, neutrophils, mast cells,

and DCs (25,122), and also bind to regular food antigens presented by DCs in the
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Figure 1.2: Schematic representation of thymic Treg cell development. DN:
double negative T cells; DP: double positive T cells; Immature CD4SP: immature
CD4 single positive cells; Treg precursor: FOXP3+ CD25- and CD25+ FOXP3- Treg
precursor cells; tTreg: thymic derived Treg cells; pTreg: peripheral derived Treg cells.
Thymus produces both tTreg and Tcon cells. Naive CD4 Tcon cells encounter IL-2,
TGF-p and/or certain tolerogenic antigens and metabolites in the periphery and

differentiate into pTreg cells.
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mesenteric lymph nodes (mLN) (123) leading to their differentiation into pTreg cells.
Commensal bacteria in the gut also produce metabolites that promote pTreg
differentiation. For instance, the secondary bile acid 3B-hydroxydeoxycholic acid
(isoDCA) signals through DCs to downregulate farnesoid X receptor (FXR) and skew the
DCs to an anti-inflammatory phenotype, which facilitates Treg cell accumulation in the
colon (125). In experimental settings, Treg cells can be induced from CD4 Tcon cells

with IL-2 and TGF-B1 in vivo.

Although there is no clear marker that differentiates developed pTreg cells from
the tTreg cells - Helios and NRP-1 are used as potential tTreg markers, but are not
constantly reliable, especially in the transgenic mouse model - genetic enhancers required
for their development differ. The conserved non-coding sequences 1 (CNS 1) in the
Foxp3 intron that responds to TGF-f and promotes upregulation of FOXP3 expression in

pTregs (126) are not part of the process during tTreg generation (127).

Treg suppression and immune tolerance

First identified as “suppressor T cells” in contrast to the “helper T cells” during
the 1970s (10, 128), Treg cells have since been recognized as the key player among
immunological tolerance-promoting cells. Mutations in the Treg master regulator,
“FOXP3”, lead to severe autoimmune diseases in both humans and mice (97). Under
normal physiological conditions, the activation of CD8 and CD4 Tcons and their
suppression by Treg cells balance each other, contributing to a well-regulated immune
response and homeostasis. However, an imbalance in this Tcon-Treg equilibrium can

result in pathophysiological phenotypes. For example, failure in suppression favors
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autoimmune diseases, such as IPEX (129), while a hyper-suppressive environment within

the tumor site may hinder anti-tumor immunity (130).

Although the exact details of Treg-mediated suppression are complex and not
completely understood, several potential suppressive mechanisms have been described
(Figure 1.3). Firstly, Treg cells out-compete Tcon cells for IL-2 by expressing higher
levels of IL-2R (CD25) on their surface, thereby reducing the amount of IL-2 available
for Tcon cell expansion and activation (131-133). Secondly, Treg cells secrete
immunosuppressive cytokines such as TGF-f, IL-10, and 1L-35 (134-137). Thirdly, Treg
cells generate additional molecules, such as immunosuppressive micro RNAs (miRNAS)
- for example, miR-142-3p is produced by Treg and delivered to DCs to induce a more
tolerance-promoting cytokine production profile, and miR-449a-5 is produced by induced
Treg (iTreg) cells, which inhibits Th17 differentiation through targeting the Notchl
signaling pathway (138-142) — as well as cCAMP (143-145) and adenosine (146,147).
Fourthly, Treg cells modulate the expression of co-stimulatory molecules on APCs (148-
151). Fifthly, Treg cells can induce cell death by releasing extracellular vehicles (EVSs)

loaded with immunosuppressive molecules such as granzyme B (152,153).

Despite the fact that many mechanisms of suppression have been reported over
the years, our understanding of the signaling pathways that regulate Treg activity is still

relatively limited, and thus is the main topic of this thesis.

SHP-1 and TCR signaling

Src homology region 2 domain-containing phosphatase 1 (SHP-1) is a tyrosine

phosphatase that is expressed ubiquitously in all hematopoietic cell lineages (154). SHP-1
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Figure 1.3: Mechanisms of Treg-mediated suppression. Treg cells have been shown to
be able to suppress T effector cells through several independent mechanisms, as depicted
in this schematic. Increased CD25 expression on the Treg cell surfaces provides a
competitive advantage leading to IL-2 deprivation of Teff cells. Treg cells have been
shown to secrete immunosuppressive cytokines such as TGF-f, IL-10, IL-35, and to
produce additional suppressive molecules such as granzyme B, miRNAs, cAMP and
adenosine suppressing both the activation status of antigen-presenting cells as well as
directly T effector cell activation. Treg cells also upregulate CTLA-4 to form long-lasting
binding with CD80/CD86 on dendritic cells (DCs) and induce suppressive enzyme IDO
production by DCs, thereby increasing the Teff cell activation threshold (227). Activated

Treg cells also express high level of LAG-3, which binds to MHCII molecule preventing
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the maturation of DCs (228). EV: extracellular vesicles; A2AR: Adenosine receptor 2A.

Figure adapted from (229)
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Figure 1.4: SHP-1 in TCR signaling. SHP-1 negatively regulates early components
downstream of the TCR signaling pathway, including Zap-70, Lck, SLP-76 and PI3K,
and modulates T cell activation and proliferation. SHP-1 structure: SHP-1 has two

SH2 domains at the N-terminal end, one catalytic domain, and a C-terminus with two

tyrosine residues associated with SHP-1 activation.
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can localize to the lipid rafts and interact with early components downstream of the TCR
signaling (155), such as Lck (156) and Zap-70 (157) (Figure 1.4). Through these
interactions, SHP-1 negatively regulates the TCR signaling pathway (158-160), thereby
affecting the downstream T cell functions, including proliferation, cell death, T cell

differentiation, cytokine production, and adhesion (161-163).

Previous data from our lab demonstrated that the motheaten mouse strain, which
globally lacks SHP-1 due to a splicing mutation (164), carries hyper-active Treg cells
both in vitro and in vivo (165). However, global loss of SHP-1 in the motheaten mice
causes spontaneous inflammation and autoimmunity at a young age (166); this
complicates our goal of discerning phenotypes that are cell intrinsic and those emerging
from the overall inflammatory environment. Moreover, we have observed that SHP-1 can
also modulate signaling in Tcon cells, which further regulates the susceptibility to Treg-
mediated suppression (167), suggesting a critical role for SHP-1 as an immune-balance
modifier. In addition, elevated SHP-1 expression has been associated with several types
of tumors, such as epithelial ovarian cancers (168) and high-grade breast cancers (169),
indicating SHP-1 as a potential therapeutic target. Therefore, to better understand the role
of SHP-1 in regulating Treg cell function, we utilized the Treg-specific SHP-1-deletion
Foxp3°¢* Shp-1f mouse model to investigate how SHP-1 in Treg influences Treg

suppression, plasticity and immune balance in general.
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Mice

SHP1"" mice (170), Foxp3"™-cre mice (171), CD45.1 mice (172—-174) and
DEREG mice (175) were purchased from the Jackson Laboratory. CAG-tdTomato Ail4
Foxp3 (176) mice were kindly provided by Dr. Kipnis (Washington University in St.
Louis). SHP1"" mice were crossed to Foxp3"™-cre mice and tdTomato mice to generate
Foxp3"YF-cre x SHP17" mice and exTreg lineage-tracing Foxp3"™-cre x SHP1"f x
tdTomato mice. Mice used throughout these studies are 6 to 8 weeks old, unless specified
otherwise. All experimental mice are age and sex matched and housed and bred in the
specific pathogen-free facility at the University of Virginia. Experiments were approved

by the Animal Care and Use Committee of the University of Virginia.

T cell isolation

Lymph nodes and spleens were harvested from naive 6-8 weeks old mice unless
specified otherwise. Tissues were grinded and filtered through 100 pum and 30um filters.
To isolate splenocytes, red blood cell (RBC) lysis was performed using the RBC lysis kit
(Invitrogen) according to the manufacturer’s protocol. CD4/CD8 T cells were further
isolated using magnetic CD4+ or CD8a+ T cell isolation kits (Miltenyi Biotech)
respectively according to the manufacturer’s protocol. Splenocytes were labeled using the
kit-provided antibody cocktail and T cells were negatively isolated using the manual LS
column. Labeled cells remaining on the column after CD4 isolation were purged out and
used as antigen presenting cells following irradiation. Isolated CD4 cells were positively
enriched for CD25+ Treg cells using CD25-PE and anti-PE beads (Miltenyi) and for the
CD4+CD44+CD25- Tcon isolation, CD4+CD25- cells (derived following CD25 cells

depletion) were labeled with CD44-beads (Miltenyi). Populations were isolated via a
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AutoMACS Pro separator (Miltenyi) using Posseld2 program for CD4+ CD25+ Treg and

CD4+CD44+ or Deplete program for CD4+CD44- T cells.

Flow cytometry analysis

Isolated cells were filtered through 30M separator to get single-cell suspension.
Single-cell suspensions were incubated with 2.4G2 Ab (Biolegend) for FcyRII/III
blocking and stained with surface staining including: CD3 (BD biosciences/Invitrogen),
CD4, CD8 (BD/eBioscience/Biolegend), CD11b, CD137, OX-40, CD28, CD80, CD127,
CD45.1, CD45.2 (BD Biosciences), B220, CD279, ICOS, FR4 (Biolegend), CD25
(BD/Biolegend), HELIOS (Invitrogen) in FACS buffer (1% BSA and 0.5mM EDTA).
Fixable live/dead staining (Invitrogen) were performed after surface staining in PBS. Cell
samples were then fixed in fix/lyse solution (BD Biosciences) or 2% paraformaldehyde
for later analysis. For samples stained intracellularly, samples were fixed and
permeabilized with BD cytofix/cytoperm kit (BD Biosciences) or Foxp3 transcription
factor staining buffer set (eBioscience) according to the manufacturer’s protocol.
Intracellular or nuclei staining for pAKT (Cell Signaling), Foxp3
(eBioscience/Invitrogen), ki67 (eBioscience/Biolegend), RORyt, Gata3, Tbet (Biolegend)
were performed following the fix/perm treatment. Fixed samples are stored in 4°C until
analyzed. Flow cytometry data were acquired on a BD FACSCanto Il or Attune Nxt flow

cytometer and analyzed using FCS express 7 (research edition) flow software.

Western blot
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Isolated cells with or without stimulation were washed with phosphate-buffered
saline (PBS) and lysed with NP-40 buffer (NaCl 150 mM, Tris 50 mM, Nonidet P-40 1%,
sodium pyrophosphate 4 mM) or RIPA buffer (NaCl 150 mM, Tris 50 mM, Nonidet P-40
1%, sodium deoxycholate 0.5%, SDS 0.1%) supplemented with a Protease Inhibitors
cocktail (Sigma) plus ImM sodium vanadate, 1mM sodium fluoride, 1 mM PMSF. Lysed
samples were spun down at 10,000 g to remove debris and boiled at 100°C for 10 min,
with Tris-Glycine buffer (SDS 2%, Bromophenol Blue 0.01%) containing 0.1 M DTT.
Aliquots were separated via SDS-PAGE. transferred onto PVDF membrane using the
Trans-Blot semi-dry transfer system (Bio-Rad). Samples probed for phosphorylation
were specially blocked with 5% phosphoBLOCKER (Cell Biolabs) before probing with
the following antibodies: anti-SHP-1 (Invitrogen), anti-AKT, or anti-S473-pAKT (Cell

Signaling). Blots were re-probed with anti-f-actin HRP (Sigma) to control for loading.

In vitro suppression assay and T cell stimulation

CD4+CD25+ (Treg) cells were isolated from spleens of Foxp3©™®* Shp-17f mutant
mice or Foxp3°©™* Shp-1"""t control mice. Where indicated, we also used Cre- SHP1"f
mice as controls. Since we discovered differences in the levels of Foxp3 protein
expression between Foxp3°©™®* bearing and Cre™ mice (Figure 1.2C bottom panel), we
included Foxp3°©™* Shp-1"""t as controls throughout the studies to normalize for any
effect introduced by Foxp3-Cre. 2.5x10* CD4+ CD25- Tcon cells from control SHP-1-
sufficient mice were labeled with 5uL CellTrace Violet (Life Technologies) and co-
cultured with SHP-1-sufficient (control) or SHP-1-deficient (mutant) Treg cells at 1:0,

2:1,4:1, 8:1, 16:1 and 32:1 ratios in the presence of 150ng/mL anti-CD3 Ab (Cedar Lane
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Laboratories) in the presence of 5x10* irradiated (2000 rads) CD4+ T cell-depleted
splenocytes in 200uL 1640 RPMI complete media (RPMI, Gibco; supplemented with
10% heat inactivated FBS (Seradium), 2mM L-glutamine, 10mM HEPES, 1mM MEM
sodium pyruvate, 100uM non-essential amino acids, 50M 2-mercaptoethanol, and
concentration penicillin-streptomycin) in 96-well round bottom plates. After 4 days,
cultures were harvested and prepared for flow cytometric analyses. Proliferation was
calculated based on CellTrace Violet staining using the proliferation analysis tool in FCS
Express research edition. Percentages of suppression were calculated using the following

formula:

[ ( %divided of the sample

1 ()
%divided withno Treg sample)] * 100%

To stimulate isolated T cells overnight, 96-well plates were coated with goat anti-
hamster IgG (5pg/mL, Jackson Lab) and plate-bound anti-CD3 mAb (1ug/mL, Cedarlane
Laboratories) overnight before adding 1x10° of the indicated T cells with 2ug/mL soluble
anti-CD28 mAb (BD Biosciences) in 200uL RPMI complete media. For experiments that
required higher cell numbers, the conditions were scaled up to 24-well plates with 800puL

media each.

Real-time gPCR

Total RNA was extracted from isolated cells using TRIzol reagent and Real-time
PCR PureLink-RNA mini kit (Invitrogen). DNA impurities in extracted RNA were
removed with DNA-free RNA treatment kit (Applied Biosystems). cDNA was prepared

with Applied Biotech cDNA kit according to the manufacturer’s protocols. Quantitative
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expressions of shp-1, il-2, il-4, il-10, ebi-3, tgfb-1, tnf, ifng, gapdh, were measured with
TagMan probes and TagMan Fast Universal PCR Master Mix (Applied Biosystems) in
96-well plate (US scientific) using QuantStudio 6 Flex system. Relative fold changes

were analyzed with QuantStudio Real-Time PCR software, using gapdh expression for

normalization.

House dust mite (HDM)-induced allergic airways inflammation (AAI) model

Foxp3°"* Shp-17" mutant mice or Foxp3°©"*Shp-1""" control mice from both
sexes aged 10 to 12 weeks were used in this 2-week AAI induction model. Mice were
anesthetized in isoflurane air flow and then given intranasal instillation. Experimental
groups were sensitized intranasally with 10 pg low endotoxin HDM extract (Indoor
Biotechnologies) in 50uL sterile PBS while inhaled into the non-AAl control group
inhaled PBS at days 0, 2, and 4. During challenge phase, mice were given the same
concentration and volume of HDM (or PBS in the non-AAl control group) intranasally at

days 10, 12, and14.

At day 16 (24-36 hours after the last challenge), lungs were harvested. To collect
BAL fluid, trachea was slit open and flushed with ice cold PBS. BAL fluid was treated
with RBC lysis to remove any contaminating red blood cells before flow cytometric
analyses. For lung histology, 4% paraformaldehyde fixative was slowly injected through
trachea into the lung. To keep lungs inflated, a thread was tied below the opening. Lungs
were soaked in the 4% paraformaldehyde for 4 days and processed by the Research
Histology Core at the University of Virginia. Samples were embedded in paraffin,

sectioned into slides, and stained by H&E or Periodic Acid Schiff (PAS) as indicated.
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H&E slides were blindly scored by a pathologist following the methods described
previously (177). PAS-stained slides were blindly scored using a semi-quantitatively
methods as previously described (178), with a modified scale 0-4 representing 0%, 25%,

50%, 75% and 100% of airway epithelium positive for PAS stain.

Induced autoimmune gastritis (AIG)

DEREG mice (175) were obtained from Jackson Lab. To deplete Treg cells and
induce AIG, 12-13 weeks old DEREG mice were treated via i.p. injection with
Diphtheria Toxin (DT; Calbiochem) at 30 ug/kg body weight in sterile PBS at days 0, 2
and 5 (179). DT concentration had been titrated to limit DT-mediated weight loss to less

than 20% during the experimental period. DEREG- littermates were used as control.

Treg cells used for adoptive transfer were isolated from spleens of Foxp3°"* Shp-
17" mice or Foxp3°"*Shp-1"*"t control mice. 0.6 x 10° viable isolated Treg cells in 200 pl
PBS were transferred into recipient mice via retro orbital injection, an alternative method
for tail vein injection introducing less stress to the mice (180), using 30-gauge needles
immediately following the first DT injection at day 0. Control mice were injected with

200ul plain PBS solution.

To assess IgE antibody levels, blood was sampled weekly via tail vein cut and at
the end of the experiment via heart puncture. Blood was incubated at 4°C overnight
before clearing at 10,000 g. IgE was measured in serum samples (diluted to 1:300) using

a mouse IgE ELISA kit (BD biosciences) and 96-well high binding ELISA plates



43

(Corning Costar 9018) according to the manufacturer’s protocol with duplicate data

points, and concentrations were calculated based on standard curves.

Mice were euthanized 3 or 5 weeks following the initial DT injection. Stomachs
were separated from esophagus and pyloric sphincter, and gastric lymph nodes were
collected. Stomachs were sliced open following the inner curvature, and its content was
gently washed away with ice-cold PBS. Samples were fixed with Bouin’s fixative
solution (RICCA Chemical Company) for 4 days, rinsed with PBS and soaked into 70%
ethanol for further slides processing at the Research Histology Core (University of
Virginia). Samples were embedded in paraffin, sectioned into slides, and stained by H&E
or PAS plus Alcian blue as indicated. Slides were blindly scored with following
parameters assessing for levels of gastritis: lymphocytes infiltration, epithelial
hyperplasia, and parietal cell loss. All parameters were scored on a scale of O - 4 based on
severity. For structural changes such as parietal cell loss and mucinous cell hyperplasia,
which are possibly associated with loss of gastric function, the score was multiplied by

1.5 adding to a total AIG score between 0 and 16.

Seahorse analysis of metabolism

Isolated splenic CD4+CD25+ Treg cells from Foxp3°©®* Shp-17" mice or
Foxp3°* Shp-1"""t control mice were stimulated (see above) or rested overnight at 37°C
in RPMI complete followed by mitochondrial or glycolysis stress tests, which were
performed on a Seahorse XF analyzer (Agilent technologies) following the manufacture’s
procedure. Briefly, cells were washed and plated in the 96-well seahorse XF cell culture

microplates. To measure OCR in mitochondrial stress test, the assay media was
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composed of non-buffered Seahorse base RPMI media (Agilent technologies), 2mM
glutamine (Gibco), 10mM glucose (Sigma) and 1mM sodium pyruvate (Gibco) with a PH
adjusted to 7.4. Following measuring baseline OCAR, 1 uM Oligomycin A, 1 uM FCCP
and 0.5uM Rotenone & Antimycin A (Sigma) were sequentially added. For glycolysis
stress tests, base RPMI media was only supplemented with glutamine. Following
measuring baseline ECAR, 10mM Glucose, 1uM Oligomycin and 50 mM 2-DG (Sigma)
were sequentially injected. Analyses were performed using WAVE software (Agilent

technologies).

Statistical analysis

Statistical significance was determined using student’s t test (one-tailed/two-tailed
and paired/unpaired chosen according to the hypothesis and as indicated in the text) or
other pairwise statistic test methods as indicated in text. One-way ANOVA or two-way
ANOVA test were performed according to the test requirements. Equal variance was
confirmed with residuals vs fit plot. A p-value 0f<0.05 was considered significant.

Asterisks represent *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Chapter 3

Treg-specific deletion of the phosphatase SHP-1 impairs control of

inflammation in vivo

This chapter contains data adapted from the published manuscript:
Gu Q, Tung KS and Lorenz UM (2023) Treg-specific deletion of the phosphatase SHP-1
impairs control of inflammation in vivo. Front. Immunol. 14:1139326. doi:
10.3389/fimmu.2023.1139326

We would like to thank Dr. Chris Medina for his support of the AAI studies, Dr.
Anne Sperling for lending us her expertise in AAI models, Ms. Marissa Gonzales for
technical advice for the metabolic studies, Dr. Ranjit Sahu for his support in the
characterization of the mice, Dr. Mahmut Parlak for technical advice for protein studies,
and Dr. Kodi Ravichandran for critical reading of the manuscript.
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Results
Characterization of Foxp3¢*Shp-17f mice

We had previously demonstrated that Treg cells derived from mice with a global
SHP-1 deficiency, so called motheaten mice, exhibited an overall activated phenotype
(165). However, as motheaten mice have a complex phenotype, we wanted to assess
whether SHP-1 has an intrinsic effect on the suppressive function of Treg cells by
specifically deleting shpl in Treg cells. We crossed mice carrying the floxed alleles of
Ptpn6 (shpl) (170) with mice that express the Cre recombinase under the control of the
Foxp3 promoter (171). We confirmed highly efficient and specific SHP-1 deletion in
CD4+ CD25+ splenic Treg population at protein level (Figure 3.1A) and >99.9% deletion
(p value< 0.001) at RNA expression level (Figure 3.1B). CD8* T cells from Foxp3°'*
Shp-1f mice showed no detectable SHP-1 deletion (Figure 3.1.2A), suggesting SHP-1
deletion is specific to Foxp3-expressing cells. Importantly, we observed no difference
between Foxp3°©™®* Shp-17f and Foxp3¢* Shp-1""" control mice in the total splenocytes
numbers (Figure 3.1C) and relative CD4+ and CD8+ T cell populations in spleen or
lymph nodes (Figures 3.1D, E). Moreover, we aged Foxp3¢* Shp-17f mice under
specific pathogen-free condition up to 15-month-old without any overt disease

phenotypes emerging.

We had previously observed that due to changes in the thymic selection process,
motheaten mice have a relative accumulation of Treg cells within the splenic CD4+ T cell

compartment (158). However, using this Treg-specific SHP-1 depletion model, there is


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139326/full#f1
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Figure 3.1 Foxp3°¢re* SHP-17f mice display normal T cell composition. (A) SHP-1
protein levels and (B) relative shpl mRNA expression levels in isolated CD4+ CD25+
Treg as measured by gPCR. *** p< 0.001 (C) Total numbers of splenocytes isolated
from 6-8 weeks mice of indicated genotypes. Data are from 4 independent experiments
with each dot representing one animal. ns, not subpopulations significant (D)
Representative flow cytometry data. Percentages of CD4+ and CD8+ are indicated. (E)
Average percentages of CD4+ and CD8+ T cells in lymph nodes and spleens of mice

with indicated genotypes. Data are gated: singlets - live cells. Data points collected
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from 5 independent experiments with 6 mice of each genotype. (F) Percentages of
Foxp3+ Treg cells within total CD4+ T cells derived from spleens and lymph nodes of
mice with indicated genotypes. n=6 for each genotype. Data are gated: singlets— live

cells — CD3 — CD4. Each dot representing one animal.
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Figure 3.1.2 Foxp3-Cre confers slight phenotypic changes. (A) Relative shp-1 mRNA
expression levels in CD8+ T cells as measured by qPCR. (B) Total number of splenocytes
isolated from 6-8 weeks old mice of indicated genotypes. Data are derived from 14
independent experiments. Each dot represents an animal; n=52 and 67, p-value= 0.0043.
(C) Representative FOXP3 expression levels were assessed on live CD4+ FOXP3+ cells
by flow cytometry. Data are gated: singlets = live cells > CD3 - CD4 - FOXP3 (D)
Representative flow cytometry data with indicated percentages of CD4+ and CD8+

subpopulations. Average percentages of CD4+ and CD8+ T cells in lymph nodes and
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spleens of mice with indicated genotypes. Data are gated: singlets = live cells. Data
points collected from 5 independent experiments with 8 mice/genotype. (E) Percentage of
FOXP3+ Treg cells in total CD4+ T cells from cells. Data are gated: singlets = live cells
—>CD3 - CD4. Each dot represents an animal. p-value = 0.0102. n=11 for each

genotype. ns = not significant.
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no difference in the percentage of Foxp3+ Treg cells within the splenic CD4+ population
(Figure 3.1F) or levels of Foxp3 expression in Treg cells (Figure 3.1.2C top panel)
between Foxp3°" Shp-1"" and control mice. Similarly, there is no difference in the
number of Foxp3-expressing thymocytes in mutant and control mice (data not shown).
Together, these results suggest that expression SHP-1 protein is not critical for the
maintenance of the overall Treg population under steady state conditions.

An earlier report (181) suggested that due to the integration of Cre into the Foxp3
promoter, there is hypomorphic Foxp3 expression; we also observed a decrease in Foxp3
protein expression in Foxp3-Cre" Treg cells, independent of SHP-1 expression (Figure
3.1.2C bottom panel). In addition, we observed increased total splenocytes numbers
(Figure 3.1.2B) and relative percentages of Foxp3™ Treg cells within the CD4+ T cell
population of Foxp3Cre+ Shp-1{/f mice (Figure 3.1.2E). However, relative CD4+ and
CD8+ subpopulations remained comparable (Figure 3.1.2D). Decreased Foxp3 level have
previously been linked to lower suppression function (182) and increased Treg
proliferation (183-184) in vivo. To avoid any confounding issues from Foxp3-Cre, we
have used Foxp3Cre+ Shp-1wt/wt as control in all the studies described below.

Characterization of Treg population within Foxp3Cre+Shp-1f/f mice

Next, we asked how the Treg population was affected by the loss of SHP-1 protein. When
we analyzed proteins linked to Treg cell function and/or activation status (185—-187), we
observed slightly higher, yet statistically significant levels of folate receptor 4 (FR4),
lymphocyte function-associated antigen 1 (LFA-1) and inducible T-cell co- stimulator
(ICOS) protein expression on SHP-1-deficient Treg cells (Figure 3.2A) in the Foxp3Cre+

Shp-1f/f mice. Moreover, Foxp3Cre+ Shp-11/f Treg cells appeared more proliferative in
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Figure 3.2 Phenotypic analyses of 6-8 weeks old Foxp3°©re* Shp-17f and Foxp3°©re*

control mice. (A) Histograms depict representative protein expression levels of live

splenic CD4+ FOXP3+ cells as assessed by flow cytometric analyses. Data are gated:

singlets— live cells —» CD3 — CD4 — Foxp3. Statistical analyses of the MFIs

(geometric mean) were performed using a two-way ANOVA test (FR4 — p=0.03878;

LFA-1 —p=0.0154; ICOS - p=0.0133; Ki67 — p=0.0096) (B, C) Relative cytokine
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expression of (B) freshly isolated and (C) stimulated splenic CD4+CD25+ Treg cells
isolated from 6-8 weeks old mice of the indicated genotypes, (B) n = 3 for each genotype.
(C) n=5 for stimulated Treg. (C) Treg cells were incubated for 14-18 hrs. with plate

bound anti-CD3 (150 ng/ml) and soluble anti-CD28 (500 ng/ml). Error bars represent SD.
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vivo as measured by Ki-67 staining (Figure 3.2A). However, several Treg markers
remained unchanged (CD54, CD80, OX-40, LAG-3, CD103, CD137, CD28, PD-1,
CD127) or with a trend of slight increase (such as CD25, CTLA-4, GITR) in Foxp3°'*
Shp-17f mutant mice compared to Foxp3°©™* Shp-1"""t control mice at steady state
(Figure 3.2.2A). Moreover, there was no spontaneous induction of a skewed T-bet, Gata-
3 or RORyt-expressing Treg subpopulation in the Foxp3°¢* Shp-17f mutant mice
(Figure 3.2.2B). Finally, there were no significant differences in cytokine expression in
Foxp3°®* Shp-17f Treg cells basally, with or without CD3/CD28 stimulation besides a
trend of 1L-10 increase in stimulated Foxp3©™®* Shp-17f Treg cells, (Figure 3.2B and
Figure 3.2.2C). Thus, freshly isolated SHP-1-deficient Treg cells display certain features
of an activated phenotype but show normal expression of numerous other Treg markers

compared to control Treg cells.
Treg-specific SHP-1 deletion leads to greater AKT activation

Previous studies from our lab demonstrated that the SHP-1 inhibits the activation
of the PI3BK/AKT pathway in CD4+ Tcon cells (167). Moreover, PI3K/AKT activation
has been linked to promoting proliferation in Tregs (188). As we noted that SHP-1
deficiency increased the percentage of Ki-67+ Treg cells indicating augmented
proliferation in vivo, we explored whether the Foxp3©™* Shp-17f Treg cells display an
enhanced PI3K/AKT pathway activation. AKT phosphorylation at S473 was used as a
surrogate measurement of AKT activation. Freshly isolated splenic Foxp3¢"* Shp-17f
Tregs displayed an increased AKT phosphorylation compared to Foxp3°* and Shp-17f
control Treg cells. Although not statistically significant when compared to Foxp3°'*, a

trend towards an increase was also observed in lymph node derived Treg cells
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Figure 3.2.2 Phenotypic analyses of 6-8 weeks old Foxp3°©re* Shp-17fand Foxp3°©re*

control mice. Histograms depict representative (A) surface and (B) intracellular protein
expression levels of live CD4+ FoxP3+ cells as assessed by flow cytometric analyses.
Data are gated: singlets — live cells — CD3 — CD4 — FOXP3. (C) Relative cytokine
expression of PBS treated or CD3/CD28 overnight stimulated splenic CD4+CD25+ Treg

cells isolated from 6-8 weeks old mice of the indicated genotypes, n= 3 for each genotype
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treated with PBS, n=5 for each genotype with overnight stimulation. Treg cells were
incubated for 14-18 hours with plate-bound anti-CD3 (150 ng/ml) and soluble anti-CD28

(500 ng/ml). Error bars represent SD.
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of 6-8 weeks old mice. Data are representative of 3 independent experiments. (B) MFIs
of pAKT of Foxp3¢™* Shp-17 Treg cells and Foxp3©"* control Treg cells from lymph
node or spleen were plotted. Each colored dot represents one data point. Average values
for each genotype from the same experiment are shown as black dot and matched by lines
for each experiment. Two-way ANOVA test was performed for statistics. LN p-value =
0.0005, SP p-value = 0.0521. Data are gated singlets — live cells - CD3 — CD4 —
Foxp3 (C) Immunoblot analysis of p-AKT(S473), total AKT and B-actin from control
Foxp3°'®* (“cre wt””) and Foxp3°"®* Shp-17f (“cre ff’) mutant Treg cells stimulated with
anti-CD3/CD28 beads + IL-2 (200U/ml) for 5 min. Relative pAKT quantity were
normalized to actin and total AKT. Unpaired t test was used for statistics. pAKT/actin p-
value = 0.0220, pAKT/total AKT p-value =0.0464. (D, E) CD4+CD25+ Treg cells of
Foxp3°* Shp-17" or Foxp3°©™®* control mice were stimulated with CD3/CD28 Dyna beads
according to the manufacture’s protocol overnight and using a Seahorse bioanalyzer. (D)
Basal and maximal mitochondrial respiration and (E) glycolysis and glycolysis capacity
were measured to assess (D) OCR and (E) ECAR respectively, n=3 for each genotype.
Error bar represents (B) SD and (D, E) s.e.m., two-sided t test, *p<0.05, **p<0.01,

***n<0.001, ns, not significant.
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Figure 3.3.2 Treg specific SHP-1 deletion increases phosphorylation of AKT and
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independent experiments. (B) pAKT (Ser473) MFI of
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Shp-1""" (“cre+ wt”) control mice were measured using a Seahorse bioanalyzer. Error
bar represents (B) SD and (C) s.e.m., unpaired t test, *p <0.05, **p<0.01, ***p<0.001,

*Ex%p<0.0001. ns = not significant.
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(Figures 3.3A, B and Figures 3.3.2A, B). This increase was even more pronounced upon
in vitro anti-CD3/anti-CD28 stimulation (Figure 3.3C). Interestingly, we consistently
observed a trend toward a small but not statistically significant decrease in total AKT
protein levels in the mutant Treg cells despite the hyperphosphorylation. Together these
data suggest that SHP-1 limits signaling along the PISBK/AKT/mTOR pathway in Treg

cells.

We next asked whether the increased AKT phosphorylation may translate to a
metabolic change, as AKT activation is linked to increased glycolytic activity (183).
While the freshly isolated unstimulated Treg cells showed no significant oxygen
consumption rate (OCR) difference between the Foxp3°¢* Shp-17f mutant and Foxp3°'*
Shp-1"¥" control Treg cells (Figure 3.3.2C), TCR/CD3 stimulation showed decreased
mitochondrial respiration, as measured by the OCR at both basal and maximal level
(Figure 3.3D) in SHP-1-deficient Treg cells. Moreover, Foxp3¢* Shp-17f Treg cells
displayed a trend toward increased extracellular acidification rate (ECAR) compared to
control Treg cells, suggesting higher glycolytic activity (Figure 3.3E). It should be noted
that the link between AKT phosphorylation status and Treg cell plasticity and function is
complex (189), and we address the Treg cell lineage stability and functionality in the

Foxp3°¢* Shp-17f mice further below.
Treg-specific SHP-1 deletion affects other T cell populations in vivo

Next, we asked whether the Treg-specific loss of SHP-1 resulted in phenotypic
changes in the non-Treg lymphocyte populations. We observed a significant increase in

the CD44"'CD62L" antigen-experienced CD4+ T cells within the non-Treg CD4+ Tcon



A CD4

LN

SP

CD44

Foxp3¢re*
13.1%

B CD44+ FOXP3- CD4+

Foxp3°re* Shp-1'f
20.2%

C cD44+ FOXP3- CD4+

Foxp3e*  Foxp3Ccre* Shp-17/f
LN 21.3% 20.0%
% X E
225 225
X X
sp 17.5% 17.8%
g7 ¢
< <
S« S
Rz N
o \ 5 o g
e SR
F CD8+
Foxp3°r* Foxp3°e* Shp-1f
10.5% CD44+ CD62L-
o T in CD8
el K iﬁ I e e
<t
., 24.0% o
SP| | Qo
X
o 0
< ¢ Cre+Cre+ Cre+Cre+
E wt ff wt ff
LN SP

CD62L

,_
2

%

&

ﬁ}}

%CD44+ FOXP3-

in CD4+ CD25-

15

Fold change

00
Foxp3°™* Foxp3cret
Shp-17/f

CD44+CD25-CD4+

Cre+wt Cre+ ff

SHP-1 —
G
CD44+ CD8+
Foxp3Cre+
LN~ 24.6%
<
<
2 =
ki67
SP
47.2%
x
g -
O\° 25
Ukie7

Foxp3°re* Foxp3©et Shp-1'/f

62

wn
o

%CD44+ FOXP3-

Foxp3°* Foxp3<e* Shp-17/f

D Relative expression of shp-1  Relative expression of shp-1

in CD44+ CD25- CD4+

%%k
1.5
(0]
()]
10
=
]
o]
o 05
[t
0.0
Foxp3°r* Foxp3cre*
Shp-1"t

Foxp3°e* Shp-1'f

100

il 26.1%
-3
s
O\O 25
Ki67
pi 46.2%
2.
s
O\O 25
ki67

Figure 3.4 Treg specific SHP-1 deletion affects non-Treg T cell population. (A, B)
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experiments. Percentages of CD44+ Foxp3- within CD4 populations are indicated. (B)

Each dot represents one animal; lymph node p-value = 0.01, spleen p-value = 0.2537,
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two-sided t test. Gated: singlets — live — CD4. Student T test were performed for
statistics. (C) Percentages of Ki-67+ within CD44" Foxp3- CD4+ T cells of lymph nodes
and spleen of Foxp3°™" Shp-17% or Foxp3©™" mice. Data are representative of 3
independent experiments. Gated: Gated: singlets — live — CD4 — FOXP3- — CD44.
(D left panel) CD4+ CD25- cells or (D right panel and E) CD4+ CD44" CD25- cells
were magnetically sorted from Foxp3°™" Shp-1"f or Foxp3“™* control mice and assessed
for (D) mRNA expression via quantitative RT-PCR analysis of shp-1 mRNA (n =3 for
each genotype, p-value for left panel = 0.0017, p-value for right panel = 0.0067) and for
(E) SHP-1 protein expression via immunoblotting. Percentages of (F) CD44" CD62L°
(n= 3-4 for each genotype, p-value for LN=0.0379, p-value for SP=0.0282) and (G) Ki-
67+ T cells within CD44+ CD8+ T cell population of lymph nodes and spleen of
Foxp3°™" Shp-1"" or Foxp3“™" mice. Data are representative of 3 independent
experiments. Gated: (C) singlets — live — CD4 — FOXP3- —CD44. (F) singlets — live
— CD8. (G) singlets — live — CD8 —CD44. Unpaired t test. *, p<0.05, **, p<0.01. (D,
E) CD4+ CD44" CD25- cells were magnetically sorted from Foxp3°™" Shp-17f or
Foxp3™" control mice and assessed for SHP-1 protein levels and mRNA expression via
(D) Immunoblot and (E) Quantitative RT-PCR analysis of sip-I/ mRNA. Percentages of
(F) CD44" CD62L" and (G) Ki-67+ T cells within CD8+ T cell population of lymph
nodes and spleen of Foxp3™*" Shp-1"" or Foxp3“™" mice. Data are representative of 3

independent experiments. Gated: singlets — live — CDS8. ns, not significant.
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Figure 3.4.2 Treg-specific SHP-1 deletion affects CD4+ Tcon cell population.
Percentages of CD44" CD62LY cells within CD4+ FOXP3- Tcon cells in the lymph
nodes and spleen of Foxp3“™" Shp-17f or Foxp3“™" mice. Data are representative of 2

independent experiments. Gated: singlets — live —» CD4 — FOXP3-.
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cell compartment derived from lymph nodes of naive Foxp3©"* Shp-1 mutant mice as
well as a trend towards an increased CD44"CD4+ splenic T cell population in mutant
mice (Figures 3.4A, B and Figure 3.4.2). This CD4+ CD44" Tcon cell population from

Foxp3°'* Shp-1"" mutant express Ki-67 at levels comparable to control mice, indicating

similar degrees of proliferation (Figure 3.4C). However, an analysis of the shp-1 mRNA
expression levels in CD25-CD4+ Tcon and the CD44" CD25-CD4+ T cell subsets
derived from Foxp3°* Shp-17f mutant mice showed a significant decrease compared to
control mice (Figure 3.4D), which was also confirmed at the protein level (Figure 3.4E),
suggesting that at least some of the CD44" antigen experienced populations in the CD4+

Tcon cell compartment might be exTreg cells, which we address below.

Interestingly, CD8+ T cells isolated from spleen or lymph nodes of naive
Foxp3©®* Shp-1" mice also contain higher CD44"CD62"° subpopulations (Figure 3.4F),
indicating a basal increase in antigen-experienced CD8+ T cells. As we had observed for
the CD4+ T cell lineage, Ki-67 staining of the CD44" CD8+ T cell population was
comparable between Foxp3©™* Shp-17f mutant and control mice (Figure 3.4G), indicating
that the overall increase in CD44" non-Treg T cells is not driven by hyper-proliferation.
We confirmed the lineage specificity of Foxp3©™* by assessing shpl mRNA levels in the
CD8+ T cell population using RT-PCR, a population that should not be directly affected
by Foxp3©"* and found comparable shpl mRNA levels in CD8 cells derived from mutant
and control mice (Figure 3.1.2A) suggesting that SHP-1-deficient Treg cells affect the

phenotype of the CD8 T cell lineage.

Treg-specific SHP-1 deletion increases ex-Treg compartment in vivo
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flow cytometry representation of Treg lineage tracing model. Gates for tdTomato+ YFP-

(exTreg) cells are indicated throughout the panels. tdTomato (cre-inducible expression)
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were crossed with Foxp3YFP</Shp-17f and Foxp3YFP-" control mice. (C, D) Plot depicts
T cell subpopulations based on YFP and tdTomato expression. Flow cytometric analyses
of (C) tdTomato+ (exTreg) within CD4+ FOXP3 (YFP)- Tcon (LN p-value =0.0023, SP
p-value = 0.0449) and (D) tdTomato+ (exTreg) within CD44+FOXP3-CD4+ T cells in 8
weeks old mice (LN p-value = 0.0146, SP p-value = 0.0388). Percentages of exTreg cells
within each subpopulation are indicated. Gated: (B) singlets — live — CD4 (C) singlets
— live — CD4 — FOXP3-(YFP-) (D) singlets — live - CD4 — FOXP3-(YFP-)
—(CD44. Data are from 2 experiments with each 2-3 mice per genotype. *, p<0.05, **,

p<0.01.
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As some of the CD4+ CD44" Tcon cells seen above might represent the
previously reported ‘ex-Treg cells’ that have lost Foxp3 expression, we next asked
whether SHP-1 may help maintain Treg cell lineage stability. To test this, we turned to a
lineage tracing model that expresses a Cre-inducible tdTomato by crossing Foxp3YF-Cre*

Shp-17f or Foxp3YFP-C'e* Shp-1"""t onto the Rosa26'T°™ strain (173) (Figure 3.5A). We

expected that if the CD44" Tcon cells were to be ex-Treg cells, then the Foxp3-Cre
would have been active in these cells at one point, leading to tdTomato expression, even
if they have since lost the Cre-YFP expression. This can then be distinguished from the
non-Treg-derived Tcon cells (which would be negative for both tdTomato and YFP
fluorescence) and the Treg cells (which continue to express both tdTomato and YFP)
(Figure 3.5B). We found that loss of SHP-1 in Treg cells caused an increase in exTregs
(tdTomato™ but YFP") within the CD4+ Tcon cell population in both the spleen and
lymph nodes (Figure 3.5C). This suggested that SHP-1-deficient Treg cells might be less
stable leading to an accumulation of an exTreg population. It is noteworthy that not all
CD4+ CD44" Tcon cells are exTreg cells, but that the population is enriched in the
Foxp3YFP-Ce* Shp-17" mice compared to Foxp3YF™-C"¢* control mice (Figure 3.5D). This
suggests that the overall increase in the CD44" antigen-experienced population in
Foxp3YP-Cre* Shp-17f mice might come from both reduced Treg stability as well as
additional secondary factors leading to further accumulation of the CD4+ CD44" Tcon

population.
SHP-1-deficient Treg cells demonstrate increased suppressive activity in vitro

To address whether SHP-1-deficient Treg cells are functional, we first tested the

suppressive capacity ex vivo. Using in vitro suppression assays, SHP-1-deficient Treg
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of proliferation. Data are representative of 3 independent experiments with eachn=1 - 3



mice (6-9 weeks) per genotype. (B) Suppression capacity of Treg cells based on data

obtained in (A) Error bar represents SD. *, p< 0.05.
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Figure 3.6.2 SHP-1-deficient Treg cells display increased suppressive activity in
vitro. (A and B) Treg (CD4+CD25+ isolated from Foxp3©™" Shp-1""mutant or Shp-17*
control mice) and CTV-labeled Tcon (CD4+CD25- from control mice) cells were co-
cultured at the indicated ratios. (A) Histogram depicts CTV dilution within Tcon cells as
a measurement of proliferation. Data are representative of 5 independent experiments

with n= 2 to 3 mice (6-9 weeks old) of each genotype for each experiment. (B)
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Suppression capacity of Treg cells based on data obtained in A. (C) (Left) Treg cell
proliferation after 3 days of IL-2 stimulation (0 U, 20 U, 200 U, 2000 U). Treg cells were
derived from Foxp3©™* Shp-1"" mutant or Foxp3“™* control mice. (Right) Percentage of
Treg cells that maintain Foxp3 expression following 3 days of IL-2 stimulation. n=3

mice for each bar. Error bar represents SD. *, p< 0.05. ns = not significant.
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cells showed increased suppressive capacity toward wild type CD4+ Tcon cells compared
to Foxp3©™* or Shp-1"f control Treg cells, which was most evident at lower Treg : Tcon

ratios (Figures 3.6A, B and Figures 3.6.2A, B).

To assess whether SHP-1-deficient Treg cells might hyper-proliferate in response

to IL-2, we stimulated Treg cells in culture with 0, 20, 200 and 2000 Unit of IL-2 for 4

days. Both Foxp3Cre+ control and Foxp3Cre+ Shp-1{/f mutant Treg proliferated at
similar levels when given medium to high level of IL-2 stimulation, while mutant Treg
cells show less proliferation at low or no IL-2 condition (Figure 3.6.2C left). Treg from
both genotypes show comparable viability and maintain similar percentages of Foxp3+
cells within the culture under the same IL-2 concentration (Figure 3.6.2C right),
demonstrating that the observed increase in suppressive activity mediated by SHP-1-
deficient Treg cells is not due to increased Treg proliferation in an in vitro setting. These
data indicate that SHP-1-deficient Treg cells have the potential not only to be functional
but are hyper-suppressive in a short-term ex vivo setting. However, we interpret these ex
vivo results with caution, as it is well recognized that Treg functionality measured in vitro

may not reflect the general Treg functionality/biology in vivo.
Mice with SHP-1-deficient Treg cells show impaired control of inflammation in vivo

We next tested the functionality of SHP-1-deficient Treg cells in vivo by
comparing the abilities of SHP-1-deficient and -sufficient Treg cells to control
inflammation in vivo. First, we employed a model of allergic airways inflammation
(AAI), which is acutely induced through exposure to the common allergens from the

house dust mite (HDM) (Figure 3.7A) (177). A comparison of mutant and control mice
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Figure 3.7 SHP-1 is required for the suppressive functionality of Treg cells in vivo.

(A) Schematic diagram depicts HDM-AALI experimental setup. (B) Representative
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images of lung histology (PAS/Alcian blue staining) of Foxp3™* control and Foxp3<™*
Shp-1"" mice 5 weeks after HDM or PBS treatment. Magnification: 4x (C) HDM-induced
AAI disease severity represented by score based on PAS stained mucous. n= 6 (Foxp3¢™*
control), 6 (Foxp3°™" Shp-1"" mutant), 5 (PBS treated no HDM), (D) Schematic diagram
of DEREG model. Treg cells are depleted by consecutive Diphtheria toxin (DT)
injections causing an AIG phenotype that can be rescued via adoptive transfer of Treg
cells. (E) Representative images of stomach histology (H&E staining) of indicated
experimental groups. Magnification: 10X. Arrows indicate epithelia
hyperplasia/metaplasia. (F) AIG disease severity score based on H&E and PAS-stained
histology images. n= 12 (no DT), 10 (DT), 12 (Foxp3“™" control), 9 (Foxp3°<* Shp-1"*
mutant). ns = not significant. (G) Serum IgE level of the indicated experimental groups at
3 and 5 wks. Data are from three independent experiments with 2-3 mice per
experimental group for each experiment. *, p<0.05, **, p<0.01. One-way ANOVA,
followed by Fisher’s LSD test (C, G), or Brown-Forsythe and Welch ANOVA test

followed by Welch test (F) for multiple comparisons. ns, not significant.
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following HDM treatment showed higher lung mucous production in Foxp3Cre+ Shp-
1f/f mutant mice (Figure 3.7B), when assessed by a semiquantitative severity score (178)
based on PAS stain (Figure 3.7C). This suggested that Treg cells in Foxp3Cre+ Shp-1f/f
mice have a decreased capacity to suppress inflammation in the AAI model in vivo,
despite their greater ability to suppress in vitro. Nevertheless, there were no significant

differences in the T cell populations derived from draining lymph nodes, bronchoalveolar

lavage fluid, or lung tissues and consistent with this finding, the levels of bronchiolar and
vascular inflammation were comparable (Figure 3.7.2A). This decrease in suppressive
ability was surprising, as we had initially expected the greater suppressive activity in

vitro to translate to reduced disease severity in vivo.

To complement the AAI model, where inflammation is induced in response to a
foreign antigen, we employed the DEREG (DEpletion of REGulatory T cells) model, in
which mice develop inflammatory disease in the form of autoimmune gastritis (AIG)
upon Treg cell depletion (179). The phenotype can be rescued through adoptive transfer
of Treg cells allowing to compare the suppressive capacities of Treg cells in a genetically
identical background (Figure 3.7D) (175). Diphtheria toxin (DT)-mediated Treg
depletion has been shown to cause a Th2-skewed immune response as evidenced by
elevated serum IgE level (179). AlG-induced mice rescued with Foxp3©™* Shp-1"/Wt
control Treg cells showed a reduced inflammation as reflected by pathology score, with
reduced lymphocyte infiltration, epithelia hyperplasia/metaplasia, and parietal cell loss
(Figure 3.7E). However, transfer with Foxp3©* Shp-17 Treg cells failed to rescue the
AIG pathology score (Figures 3.7E, F). With respect to serum IgE levels, at 3- and 5-

week post transfer, adoptive transfer of wild type Treg cells significantly reduced the
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Figure 3.7.2 SHP-1 is required for the suppressive functionality of Treg cells in vivo.
(A) HDM-induced AAI disease severity score based on bronchiolar and vascular
inflammation (H&E histology). (B) To assess the presence of total (left panel), donor-
derived (CD45.1-CD45.2+) (middle panel), and host-derived (CD45.1+CD45.2+) Treg
cells (right panel), blood was drawn at day 3 post transfer and analyzed by flow
cytometry (note: % of donor cells (CD45.1- CD45.2+) in DEREG- and DT represents

baseline autofluorescence). n =3 (DEREG- mice), 4 (DT), 4 (cre+ wt control Treg), 4
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(cre+ ff mutant Treg). (C) Representative flow cytometric data of CD45.2+ CD45.1-
donor cells of indicated genotype 3 weeks post transfer. Host cells are CD45.2+
CD45.1+. Percentages indicate donor-derived T cells within gastric draining

lymph nodes. Data are gated on singlets — live cells — CD45 (D) Representative flow
cytometric data of FOXP3 expression within CD45.2+ CD45.1- donor cell population.
Data are gated on singlets — live cells — CD45 — CD45.2+ CD45.1-. (A) One-way
ANOVA test was applied followed by Fisher’s LSD for comparison across multiple
conditions. (B) Unpaired t test. *p <0.05, **p<0.01, ***p<0.001. Error bar represents

SD. ns = not significant.
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serum IgE levels, while Foxp3°™* Shp-17 Treg cells failed to do so (Figure 3.7G). In the
DEREG induced AIG model, host-derived Treg cells reappear within a few days
following DT-mediated Treg depletion (179) (Figure 3.7.2B left panel). To precisely
distinguish between host and donor Treg cells, we crossed the B6 CD45.1 allele mice
(172—174) onto the DEREG background. We found comparable levels of donor (CD45. 1-
CD45.2+) Foxp3°™" Shp-1"f mutant and Foxp3°™" control Treg cells (Figure 3.7.2B,
middle panel), and both experimental groups limited the reappearance of host-derived
Treg cells (CD45.1+CD45.2+) at a comparable level (Figure 3.7.2B, right panel)
confirming that there was no difference between the adoptive transfer of the two
experimental groups. It also indicates that this early effect of homeostatic expansion of
the host Treg population was not affected by the loss of SHP-1 in the donor Treg cells.

Since we had observed that loss of SHP-1 causes an instability of the Treg lineage
commitment (Figure 3.5B), we next assessed whether adoptively transferred donor Treg
cells are localized to the site of inflammation. 3 weeks after the adoptive Treg transfer,
there were no detectable donor Foxp3°¢* Shp-17f cells (CD45.2+ CD45.1-) in the host
gastric draining lymph nodes, while in the Foxp3°"* control donor group, about 1% of
the CD45+ leukocytes were donor-derived. Within this population, about 70-80%
remained Foxp3+ (Figures 3.7.2C, D). These finding suggest that although Foxp3°'*
Shp-17F Treg cells are initially able to control the homeostatic expansion of host Treg
cells, they fail to sufficiently migrate and/or survive at the site of inflammation in the in
vivo AIG model. Neither Foxp3°* Shp-17" nor Foxp3°™* control donor group-derived
cells could be detected in the spleen 3 weeks post transfer. This failure of SHP-1-

deficient Treg cells to efficiently control inflammation in two different models of



inflammatory disease suggests a critical role for SHP-1 in the in vivo functionality of

Treg cells.
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Chapter 4

Summary, discussion and future directions

This section contains both published and unpublished data.

81



82

Summary of major findings

In the present study, we aimed to understand the functional role of SHP-1 in Treg
cells to gain a better mechanistic understanding of how SHP-1 coordinates the immune
homeostasis/response under physiological and pathophysiological conditions. Based on
Treg-specific deletion of SHP-1, our findings revealed previously unappreciated roles for
this tyrosine phosphatase in regulating Treg function and homeostasis. We generated a
Treg-specific SHP-1 deletion model, Foxp3Cre+ Shp-17f (65, 66) to address how SHP-1
affects Treg function and thereby contributes to T cell homeostasis. While the loss of
SHP-1 via the Foxp3°* Shp-1"" approach does not quantitatively affect the thymic Treg
selection process under such conditions, qualitative differences remain between Foxp3°©'e*

control and Foxp3°©™* mutant Treg cell populations.

Our ex vivo studies support a model where SHP-1 negatively regulates the
suppressive activity of Treg cells. However, our in vivo models demonstrate that the role
SHP-1 plays in Treg-mediated suppression is complicated. Treg cells appear less stable in
vivo, and tend to lose Foxp3 expression and a significant fraction of these cells transition

to ex-Treg cells at the steady state.

Further, when Foxp3°©"®* Shp-17" mice were challenged in inflammatory models
(induced by exogenous antigens or in autoimmune settings), the Treg cells failed to
control the inflammation effectively. Loss of SHP-1 decreases the effectiveness of Treg
cells to suppress inflammation in a model of acute airway inflammation and a model of
acutely induced autoimmunity. Moreover, mechanistically, our data indicate that SHP-1
plays a crucial role in Treg plasticity, the AKT-mTOR pathway, and metabolism. Thus,

SHP-1 has critical functions in Treg cells in inflammation mitigation.
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Discussion

Our data demonstrate an increase in the suppressive activity of SHP-1-deficient
Treg cells in vitro. However, when assessed in vitro, the expression of suppressive
cytokines such as IL-10 or I1L-35 (Figures 3.2B&C) were comparable between mutant
and control Treg cells suggesting SHP-1 regulates Treg cell suppressive activity through
mechanisms other than suppressive cytokine productions. Further, while a higher
percentage of Foxp3©"* Shp-17f Treg cells are proliferating in vivo based on Ki-67
expression levels (Figure 3.2A), in the in vitro suppression assays, Treg numbers from
both Foxp3°©™* Shp-17" and control groups are comparable after 4 days in culture (data
not shown). In vitro suppression assays measure the potential suppressive capacity of
Treg cells under optimal conditions. As these assays only partially reflect the in vivo
setting, which integrates additional factors that directly and indirectly modulate Treg-
mediated suppression, including trafficking and maintenance of Treg cells, we utilized
two mouse models: the HDM antigen-induced AAI model and the DT-induced AIG
model. In both models, Foxp3°* Shp-17f Treg performed worse when challenged and

failed to protect the host from both allergic response and autoimmune disease.

In the AAI model, the discrepancy between in vitro and in vivo suppressive
function might be partially explained by the resistance to Treg suppression arising from
the Tcon compartment: Foxp3©'®* Shp-17f mice contain an increase in the CD44"
CD62L'"" CD4+ T cell population (Figure 3.4A and Figure 3.4.2), which expresses lower
levels of SHP-1 (Figure 3.4D) and potentially arise from a subpopulation of SHP-1-
deficient ex-Treg cells. We have previously shown that loss of SHP-1 in Tcon cells

promotes resistance to suppression (167). At steady state, Foxp3©"* Shp-17" mice have
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absolute thymic (data not shown) and peripheral cell numbers as well as relative CD4+,
CDB8+, Foxp3+ T cell numbers (Figure 3.1E) comparable to control mice and exhibit no
spontaneous disease phenotypes. This data suggests that with Treg-specific SHP-1
knockout, mutant mice maintain both central and peripheral tolerance at homeostatic
conditions. However, upon challenge, this otherwise dormant CD44" CD62L'"°
population may become not only less suppressible, but also more readily activated upon

any inflammatory signals to carry out a robust response.

In the transient Treg-depletion in the DEREG system, the host Treg cells quickly
come back, although they cannot control autoimmune gastritis (AlG). Interestingly, these
quickly resurrected host Treg cells exhibit normal in vitro suppressive capacity (179).
The reappearance of the host Treg cells is reduced upon the adoptive transfer of Treg
cells. In our studies, we detected comparable levels of returning host Treg cells in the
spleen and lymph nodes upon transfer of SHP-1-deficient or -sufficient Treg cells
indicating that this Treg-mediated control of homeostasis is unaffected by the presence of
absence of SHP-1 (Figure 3.7.2B). However, the transferred SHP-1-deficient Treg cells
failed to control AIG, while control Treg cells were able to limit AIG. Interestingly,
Foxp3°®* Shp-17f Treg can be found at similar levels as the control Treg in the blood on
day 4 after the transfer. However, at 3 weeks post transfer, the SHP-1-deficient Treg cells
are not detectable in the gastric draining lymph nodes (Figures 3.7.2C&D). In contrast,
Foxp3°* control Treg cells are maintained as a small but functionally significant
population. The inability of Foxp3©* Shp-17f Treg cells to suppress AlG, is not due to
the loss of Foxp3 expression or conversion to ex-Treg cells, since no Foxp3°©"* Shp-17f

donor cells were detectable at 3 weeks, regardless of Foxp3 expression. Impaired Treg
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functions during recruitment, retention, or survival at stomach mucosa may contribute to
the disappearance of transferred SHP-1-deficient Treg cells. Interestingly, it has
previously been reported that SHP-1-deficient Treg cells might actively contribute to an
increased response to food-mediated allergies via a reprogramming towards a TH2
phenotype (190). Although in both of the two studies, SHP-1-deficient Treg cells were
inefficient in preventing/mitigating inflammatory diseases, the underlying mechanisms

are likely different.

Similar to our previous findings in Tcon cells (167), SHP-1 regulates AKT
phosphorylation in Treg cells. The role of AKT activation and the AKT-mTOR pathway
in Treg cells is complex. Early studies noted that strong TCR activation promotes AKT
phosphorylation, which then inhibits FOXO transcription factors promoting FOXO
localization out of the nucleus thereby inhibiting the generation of peripherally induced
Treg cells (184, 191-194). These studies either stimulated the AKT/mTOR pathway
through TLR (184), rapamycin (191), used TCR agonist peptides in TCR transgenic T
cells (192, 195), or Raptor knockout mice with strong autoimmune phenotype (192).
Although these results seem to contrast our findings that Foxp3¢®* Shp-17f Treg cells
display a higher AKT phosphorylation while also exhibiting a more robust suppression in
vitro, it is worth noting that conditional SHP-1 deletion, as done in our study, presents a
more subtle modulation of TCR activation, which does not affect the overall Foxp3

expression and may not impair the Treg suppressive function.

Foxp3°* Shp-1"" mice show an expanded CD44" CD62L'° CD4+ Tcon
population (Figure 3.4A and Figure 3.4.2). A similar increase of antigen-experienced

cells in the CD4 and CD8 compartments had previously been reported by Johnson et al.
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in CD4-Cre SHP1" mice (196). We have previously performed an extensive series of
studies in our lab using dLck-Cre SHP-17" mice but did not find a similar effect (167). A
possible explanation for these differences might be the timing of the SHP-1 depletion.
While CD4-Cre and Foxp3-Cre drive Cre expression at the double positive stage during
the thymic selection process, Cre driven by the distal LCK promoter begins to express
post-selection at the single positive stage (197), allowing for physiological SHP-1
expression during thymic selection. The TCR repertoire generated during thymic T cell
development is the product of positive and negative selections and is directed by the
strength of signaling downstream of the TCR, a signaling pathway regulated by SHP-1.
SHP-1 has been shown to be crucial for the differentiation between low-affinity versus
high-affinity altered peptide ligands using OT-1 CD4-Cre SHP1" transgenic mice (198),
albeit Martinez et al. found a decreased naive CD4 population (198) rather than an
increased CD44" CD62L'° population in their transgenic mice. It has also been shown
that a complete Treg repertoire with sufficient recognition power for autoreactive
molecules is required for maintaining intestinal homeostasis (199). In the current study,
SHP-1 is deleted at a distinct Treg developmental timeframe coinciding with the
formation of the TCR repertoire. Although there was no apperant overall defect of
positive and negative selection, Treg cells might have developed expressing an
alternative TCR repertoire, which may be less diversified or lacking recognition of
specific endogenous antigens, thereby less equipped for controlling autoantigen-driven T
cell activation in vivo. This defect might manifest in increased levels of antigen-

experienced Tcon cells, as we have observed in the Foxp3©™®* Shp-17f mice. Whether
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there is a critical developmental time point for SHP-1 expression to control the size of the

CD44MCD62L'° population remains to be elucidated.

Independently, an alternative possibility would be that the enlarged CD44"
CD62L" population derived from increased ex-Treg cells. We, therefore, assessed Treg
lineage stability in vivo using the tdTomato lineage tracing model. We found that SHP-1-
deficient Treg cells are more likely to lose Foxp3 expression and become ex-Tregs,
which is consistent with the potential fragile Treg paradigm, as indicated by increased
AKT phosphorylation, suggesting a previously unappreciated new role for SHP-1 in Treg
cells. We tested whether this “ex-Treg” population was due to a loss of 1L-2-stabilized
Foxp3 expression. Foxp3©™* Shp-17f Treg cells showed comparable levels of CD25
expression to control Treg cells (Figure 3.2.2A). Moreover, when stimulated with IL-2 in
vitro, both Foxp3°'* Shp-17f and Foxp3©™* Treg cells maintain comparable levels of
Foxp3-expressing T cells (Figure 3.6.2C). This data suggests SHP-1 does not affect the
IL-2 signaling required to maintain Foxp3/Treg lineage. However, while ex-Treg cells
might contribute to the increased antigen-experienced CD4 T cell population, ex-Treg
cells alone cannot explain the expansion of all antigen-experienced T cells in the
Foxp3°®* Shp-1"" mice, since there is also an increase in the percentage of CD44"

CD62L'" within the CD8 population.

As a third alternative possibility besides being antigen-experienced potentially
auto-reactive T cells or ex-Treg, these CD44" CD62L' cells may belong to the “virtual
memory” category. SHP-1 deficiency in Treg might promote the accumulation of these
virtual memory T cells, in which some naive CD4 and CD8 T cells express CD44"

CD62L'> memory-like phenotype before encountering their cognate antigen (200-202).
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These three possible explanations are not mutually exclusive and may all contribute to

the observed increase in CD44" CD62L'"° CD4+ T cells.

In summary, our data reveal a previously unrecognized role of SHP-1 in
mediating the functionality of Treg cells under physiological and patho-physiological
conditions. Our data demonstrate that SHP-1 regulates AKT phosphorylation and Foxp3
stability in Treg cells. Moreover, our in vivo data suggest that SHP-1 is critical for
optimal Treg-mediated suppression in an inflammatory environment. Since our findings
are based on acute models of inflammation, it remains to be tested on how SHP-1 is
involved in the control of chronic inflammation. Interestingly, deficient SHP-1
expression has been associated with chronic inflammatory diseases such as psoriasis
(203) and multiple sclerosis (204), potentially pointing to a similar loss of function
associated with SHP-1 insufficiency. Future studies are required to explore whether
inducing SHP-1 expression in Treg cells would alleviate the diseases. On the contrary,
functionally unstable and less suppressive Treg cells may be therapeutically preferrable
in a tumor environment. Since the loss of SHP-1 results in resistance to suppression in
effector T cells (167) as well as the functionality of Treg cells, SHP-1 inhibition may be a
promising target for tumor clearance. While two phase I trials for malignant melanoma
and advanced cancer malignancies using the SHP-1 inhibitor sodium stibogluconate
(SSG) have failed due to the lack of efficacy on tumor burden while inducing strong toxic
side effects (205), retroviral SHP-1 knockdown together with immune checkpoint
blockade has been effective in recruiting low-affinity T cells for antitumor function

(206). The resulting resurrection of SHP-1 as a potential drug target in the context of
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cancer emphasizes the need to gain a better functional understanding of the role of SHP-1

in various cellular subsets.
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Future directions

While our study added to the mechanistic understanding of Treg biology, it also raised
new questions that will require further investigation and analyses. By delving into these
aspects, we may uncover additional insights and knowledge that could contribute to
advancing our understanding of SHP-1 in Treg immunity.

Repertoire

One hypothesis that arose from the existence of the increased CD4+ CD44+
CD62L'" population in mice with SHP-1-deficient Treg is that loss of SHP-1 in Treg cells
during thymic development led to an altered Treg repertoire. Since FOXP3-driven Cre is
expressed in the thymus during the selection process, SHP-1-deficient Treg cells may
express an altered TCR repertoire, which lacks self-antigen-driven activation in the host
AIG mice, which are therefore incapable of maintaining this population. This observation
would be consistent with the finding that SHP-1-deficient Treg might have a survival
disadvantage in the AIG environment, as they were not detected after 3 weeks post-

transfer (Figures 3.7.2 D&C).

The interaction between the TCR and MHC-peptide complex is crucial for T cell
survival, activation, and function. Some studies have indicated that enhancing the binding
between TCR and MHC-peptide would increase the functional attributes of T cells (208).
This enhanced binding can be achieved by increasing the affinity and half-life of the
TCR-MHC-peptide interactions (208, 209). The affinity hypothesis for Treg development
suggests that in the thymus, TCRs with higher affinity will preferably drive the precursor
cells towards a Treg differentiation pathway rather than towards conventional CD4 T

cells fate (82,114, 210) Vahl et al.’s finding also emphases the importance of TCR, such
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that TCR ablation left the Treg with impaired suppression function, even if the master

Treg regulator FOXP3 is still expressed (211),.

While in the mature Treg cell population, a variety of TCRs with distinctive
affinities can support Treg function, the diversity of TCR affinities expressed by Tregs
may also contribute to modulation of their responses following recognition of a wide
range of self-antigens thereby maintaining immune tolerance. For example, Sprouse et al.
suggested that murine Tregs expressing TCRs of different affinities support distinct
functions in a type 1 diabetes autoimmune environment (210): where high-affinity Treg
cells upregulating Gzmb, 1110, Tigit, and Lag3 mRNA and expressing high level of
CTLA-4 and GITR protein, low affinity Treg cells upregulate Ebi3 and Areg. They also
pointed out that the high affinity 4-8 TCR, but not low affinity 12-4.4m1 TCR expressing
Treg cells accumulated at the inflammatory site of pancreatic draining lymph node and
presented an actively proliferating phenotype, as evidenced by the increased expression
of Ki67 (210). However, when facing the Teff cells from a polyclonal environment,
produced by the polyclonal bone marrow cells transfer, Treg cells with lower affinity
TCR proliferates better (210). These findings suggest that having a wide range of
repertoire could reduce the pressure for Treg cells carrying lower affinity TCR to
compete with their higher affinity colleagues for antigens, thus leading to a more
favorable environment for low-affinity Treg proliferation. In our AIG mice, besides the
potential defect in Treg homing, the altered repertoire might reduce the fitness of
transferred mutant Foxp3°©"* Shp-17 Treg, thus contributing to the failure of maintaining

mutant Tregs and controlling the autoimmune disease.
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As discussed above, using OT-I CD4-Cre SHP1"ftransgenic mice, SHP-1 has
been reported to influence the generation T cells expressing TCRs with high and low-
affinity repertoire (93). SHP-1 has also been reported to affect cellular TCR affinity
perception under partial knockdown of SHP-1 in OT-1 mice, where OT-I CD8+ cell
infiltration was altered in the context of a low antigen affinity tumor, but not higher
affinity ones (206). Interestingly, SHP-1 can also counterbalance a too strong response
evoked by the increase of TCR affinity toward tumor antigen HLA-A2/NY-ESO-1 in
engineered CD8+ T cells (209). This balanced regulation might also be required for any
in vivo Treg function during the inflammatory setting and would have been absent in our

murine model of SHP-1-deficient Treg cells.

Therefore, analysis of the repertoire of mutant Foxp3©™* Shp-17f Treg will help to
dissect SHP-1 function during the tTreg differentiation in thymus while also providing
further information for how SHP-1 regulates mature Treg function under the steady state
or inflammatory condition in response to the continuously TCR signaling, which
maintains Treg suppression. Overall, this future Treg repertoire analysis will allow

progress toward a better understanding of the role of SHP-1 in defining Treg function.
CD44" CD62L'° population in CD4 T cell

Another interesting finding is the increased CD4 CD44" CD62L'" population. Our
study suggests that Treg cells that lose their FOXP3 expression and their Treg cell
lineage commitment potentially contribute to the CD4 T cells accumulation (Figure 3.5).
We have also observed upon activation a 2-fold increased il-4 mMRNA expression in ex
vivo CD44" Foxp3- CD4+ T cells from Foxp3°©®* Shp-17" mutant mice compared to T

cells from Foxp3°©™* control mice (data not shown). However, based on flow cytometric
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analyses, no difference in GATA3 expression was observed in this CD44" Foxp3- CD4+
population suggesting no general skewing toward the Th2 pathway under the steady state.
This result might indicate that this CD4 CD44" CD62L'° population is primed to be

skewed toward Th2 but requires an extra stimulus.

Atopic asthma, a chronic inflammatory disease involving airway remodeling
which HDM-induced AAI models aimed to study, has been reported to be a Th2
mediated, IL-4 and IL-5 associated disease in human beings (212, 213,124). When HDM
allergens are inhaled, they are taken up by dendritic cells in the airway and presented to T
cells, and the IL-6 is produced by macrophages (215). IL-6 in the environment triggers
the activation of transcription through the nuclear factor of activated T cells (NFAT),
leading to the IL-4 production in T cells and the activation and differentiation of CD4+ T
helper 2 (Th2) cells (212, 215). Th2 cells then secrete a variety of cytokines, including
IL-4, that stimulate the differentiation and activation of other immune cells, such as

eosinophils, mast cells, and B cells.

In our study, the mutant Treg cells performed worse in controlling AAI, possibly
due to resistance from the expanded CD4 CD44" CD62L'° population. When we tested
IgE or IL-4 levels at day 16 in the serum, there was no increase in response to the HDM
(data not shown), which is consistent with Woo et al’s report that IgE production in
serum was not evident at 2 weeks, but will start to show in the 3-or 4-weeks HDM AAl
(212, 216). However, it is also possible that the sensitivity of the ELISA was not
sufficient to detect changes in systemic cytokine levels at that time point. A direct

measurement of IL-4 and IL-5 levels in purified T cells upon in vitro re-stimulation with
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HDM might allow detection at earlier time points due to increased sensitivity as

suggested by Johnson et al (216).

The current AAI model tests the functional outcome of Treg-specific SHP-1
depletion in the context of a genetically modified animal. To test whether the possible
resistance from the CD4 CD44" CD62L" population prevents the Treg immune
modulation in this AAI model, models using adoptive cell transfer of individual subsets

could be employed to identify the specific contributions of each T cell subset.

CDA44 expression has been linked to CD4 Th cell differentiation into the cell fate
of Thl memory, and loss of CD44 drives the activated and expanding Th 1 cells to
upregulate caspase-8 and undergo apoptosis after the peak of the primary immune
response, as in the case of influenza infection (217). Thus, the increased CD44" CD4
population might facilitate Th1 memory formation and provide a survival benefit for

mutant mice. Further experiments in a Th1-driven murine disease model are required.

Another question that has come out of our research is whether differences in the
timing of SHP-1 depletion affect the accumulation of the CD4 CD44" CD62L'°
population in Foxp3°®* Shp-1f mutant mice. As discussed above, we attribute the sole
appearance of the CD4 CD44" CD62L' in Foxp3©™* Shp-17f mutant mice but not in the
dLck-Cre SHP-1"" mice to the differences in earlier SHP-1 deletion timing in the Foxp3-
Cre bearing mice. To approach this question, our first critical target would be to
determine the outcome when SHP-1 deletion occurred post thymic development. Small
molecule inhibitors may be an option. While SHP-1 was sensitive to SSG, which
selectively inhibits protein tyrosine phosphatases (217), the off-target effect of SSG

renders the effect of other protein tyrosine phosphatases, such as SHP-2, hard to rule out.
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Viral transduction, CRISPR/cas9 system, tamoxifen-inducible Cre/loxP system, and
RNA interference provide potential methods for knockdown or knockout of the SHP-1
and allow the silencing of SHP-1 at a controlled timepoint. While all the above methods
have their benefits but also weaknesses, our lab recently generated an inducible and
reversible in vivo protein degradation (IRIP) system, which may be helpful in expanding
our knowledge of SHP-1 function at different stages of thymocytes and mature T cells,

and informing us whether the modulation is reversible.
CD44" CD62L'° population in CD8 T cell

Our finding showed an expanded CD44" CD62L" population within the CD8
cytotoxic T cell in mice with SHP-1-deficient Treg cells. Previous studies have shown
that SHP-1 limits the number of CD8 short-lived effector cells, and at the same time does
not affect the memory precursor effector cell population during the peak of CD8
expansion after the primary or secondary instance of antigen experiences (207).
However, in our study, the relative shp-1 expressions are comparable in the CD8 T cells
from the mutant Foxp3°'®* Shp-1f and Foxp3°©™* control mice. Instead of intrinsic SHP-1
depletion in the mutant group of CD8, this expanded CD44" CD62L'° population is most

likely regulated by cell-extrinsic factors secondary to Treg-specific SHP-1 deletion.

Another interesting topic of future studies would be a better characterization of
this CD44" CD62L'"° CD8+ population and how SHP-1 depletion in a different T cell
lineage contributes to the emergence of this CD8 subpopulation. One possibility is that
this is a virtual memory (Tvm) CD8 population. The Tvm cells are a group of CD8 T
cells defined as memory-like, with the ability to mount a rapid and robust IFN-y mediated

response upon encounter with the antigens. However, these cells had no prior antigen
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exposure and, instead, developed under the homeostatic condition (219,220,221).
Traditionally, Tvm cells have been found in unimmunized mice and germ-free mice and
can be characterized with surface expression CD44", CD122", and CD49d'"° (219, 222).
Induced by IL-15 mediated cytokine stimulation, previous studies have shown these Tvm
cells provide bystander protection during the influenza virus and Listeria monocytogenes

invasion (222).

Tvm cells are originated from CD8 T cells with a higher affinity for self-antigens
(222). Although no studies have ever reported any link between intrinsic or extrinsic
SHP-1 and Tvm cells, expression of CD5, the potential binding partner for SHP-1 on cell
surface, can be used as an indicator for the TCR self-antigen affinity and is therefore
correlated with identifying potential naive CD8 T cell candidates for Tvm cells (222).
We hypothesize a potential role of SHP-1 in modulating pre-Tvm antigen affinity.
However, in the current scenario, the CD44™ CD8 T cell showed intact SHP-1, and SHP-
1 regulation of Tvm would have been carried out through environmental factors

secondary to the SHP-1 deficiency in Treg cells.

Treg cells have been reported to limit the population of Tvm. Treg cells
expressing B1-integrin interrupt the interaction between pre-Tvm and CD11b+ IL-15
producing dendritic cells (221). In our case, it is possible that the SHP-1 deficiency in
Treg cells facilitate the interaction between CD11b+ IL-15 producing DCs, which then

drive the Tvm production in mice under the steady state.

Since our mice are kept in a pathogen-free (SPF) facility instead of a Germ-free
facility, there remains the possibility that these mice, although not actively immunized or

infected, might still experience antigens without our notice. Thus, to test whether these
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are virtual memory cells, we first would confirm the high expression of CD122 and low
CD49d on the surface of these CD44" CD8 T cells and then determine whether SHP-1
helps Treg regulate the IL-15 production in DC or alters Tvm affinity as can be indicated
with CD5 marker upregulated on Tvn cell surface. It is also possible that the accumulated
population is antigen-experienced memory CD8 T cells coming from previous infections
or antigen exposure. These studies should contribute to our knowledge of how SHP-1

influences Treg-mediated effects on memory CD8 T cells.
LFA-1

LFA-1 surface protein expression is elevated on the Foxp3©™* Shp-17" mutant
Treg cell surface (Figure 3.2A). LFA-1 on Treg may increase suppressive activity by
promoting Treg-APC immune-synapse formation via LFA-1-ICAM-1 interaction. SHP-1
has previously been reported to negatively control LFA-1-mediated adhesion function in
mouse T cells (223). On the resting T cells, by default, LFA-1 is at a low-affinity state,
and the activation of LFA-1 requires the “inside-out” signal to induce LFA-1 clustering,
which boosts the LFA-1 binding avidity with its ligands (224). After TCR/CD3 antigen-
receptor complex engagement, TCR signaling cascade promotes the SLP-76 interaction
with the adaptor protein ADAP further stimulating LFA-1 clustering. Specifically, Sauer
et al. found that SHP-1 dephosphorylates the tyrosine motif YDGI on the ADAP to
suppress the binding between SLP-76 and ADAP (223). Oppositely, Azoulay-Alfaguter
et al. found that SHP-1 dephosphorylates Crkll and localizes Crkll from central
supramolecular activation cluster (c-SMACs) to peripheral (p)-SMACs to recruit C3G

and thus cause Rapl activation and positively redistribute LFA-1 leading edge and
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increase LFA-1 affinity to ICAM-1(163). Therefore, the role of SHP-1 in LFA-1 function

seems to be less understood.

Our lab has demonstrated that SHP-1-deficient Treg cells derived from motheaten
mice have an increased ability to form binding conjugates with bone marrow DCs (165).
Thus, we hypothesize that the increase of LFA-1 protein on Foxp3©™* Shp-17" mutant

Treg contributes to better suppression performance in vitro.

Our preliminary study tests whether the upregulated LFA-1 on mutant Treg
surface facilitates binding function. We coated goat anti-rabbit IgG magnetic bead with
recombinant ICAM-1-Fc, and added pre-activated Treg to access binding with flow
cytometry after 20 min. Although only a low level of Treg cells binds to the ICAM-1
beads in this binding assay, Treg cells from Foxp3©"* Shp-1" mutant mice show a small

but statistically significant increased binding (Figure 4.1).

Because higher LFA-1 binding affinity does not necessarily translate to an
enhancement in Treg-APC binding or increased Treg suppression. For example, strong
LFA-1 activation can also drive FAK1/PYK2 activation and generate LAT-GRB2-
SKAP1 complexes, which then negatively regulate the T cell contact time with DCs
(225). Next, we want to test whether LFA-1 blockade ablates the increased in vitro
suppression in mutant Treg. With Treg cells pre-treated with LFA-1 blocking ab, we
expect APCs in the suppression assay to reduce their contact time with Treg under single-

cell imaging and the suppression activity of mutant Treg decrease.

However, because LFA-ICAM-1 formation is essential for immune-synapses

formation, it is also possible that blocking LFA-1 can prevent in vitro Treg suppression
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Figure 4.1 LFA-1 on Treg surface promotes Treg binding with ICAM-1 coated
beads. Data are combined from 2 experiments, n= 4 for each genotype per
experiment. The average percentage from each genotype in the experiment is shown
in different color and linked with thin lines. Magnetic Dyna beads were coated with
recombinant ICAM-1 -Fc and Treg cells from Foxp3™" (Cre+ wt) control mice,
Foxp3©* Shp-1"f (Cre+ ff) mice. A 1:1 mixture of Cre+ wt and Cre+ ff Treg cells was
added to control beads. After 2 hours, cells went through flow cytometry to determine

doublet. 2-way ANOVA was performed for statistics, p-value = 0.0233 phenotypes.
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altogether, which suggests that mutant Treg cells carry out their suppression in a LFA-1-

mediated contact-dependent manner.
Aging

We have observed an accumulation of CD44" CD62L'® population in CD4 and
CD8 in Foxp3°®* Shp-1"" mutant mice (Figure 4 3.4B&F). These populations seem to be
benign at homeostatic condition. Although CD4 and CD8 CD44" cells in mutant mice
seem to be equally proliferative as CD44" CD62L'° cells, as measured by Ki-67, in the
control mice (Figure 3.4C&G), considering the increased CD44" CD62L" population in
6-8-week-old mutant mice, we hypothesize there might be some defects such as
splenomegaly when these mice get aged. Therefore, we kept Foxp3©™* Shp-17" mutant
mice, Foxp3°™* control mice, and Shp-1"" control mice for 15 months and harvested the

tissue.

Over-accumulation of splenocytes was indeed observed in some of these 15-
month mice (Figure 4.2). However, the occurrence of these overgrown spleens is almost

uniform for all genotype groups.

The phenotype of the 15-month-aged mice appears similar to what has been
observed in the younger mice. No differences were observed in CD4 and CD8
percentages among live cells and FOXP3+ percentage in CD4+ T cells (Figures 4.2.2.A,
B&C). As these mice age, the CD44" percentage differences in Foxp3©™* Shp-17 mutant
and Foxp3°™* control mice CD4 FOXP3+ population seems to decrease and become no
longer significant (Figure 4.2.2 D), suggesting the existence of potential self-limiting

mechanism among these CD44" FOXP3+CCD4 cells.
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Figure 4.2 Spleen weight of 15-month-old Foxp3°¢"* Shp-17f mutant mice,
Foxp3°¢re* control mice, and Shp-17fcontrol mice. Whole spleens were harvested,
rinsed with PBS, and weighed. 1-way ANOVA, followed by the unpaired test for

pair-wise comparison. p-value = 0.7631, ns, not significant.
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Figure 4.2.2 15-month-old CD4+ CD8+ Treg cells show a phenotype similar to the

characters in 6-8-week-old mice. Spherocytes from Shp-17f (Cre- f) control mice,

Foxp3°* (Cre+ wt) control mice, Foxp3©* Shp-17f (Cre+ ff) mice were harvested and
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accessed with flow cytometry. n = 4-5 for each genotype. Average percentages of (A)
CD4 (p= 0.5526), and (B) CD8 (p =0.3073) in live cell, (C) %FOXP3 in CD4+ cells (p =
0.4401), (D) %CD44+ in CD4+ FOXP3- cells (p = 0.0533), (E) %CXCR5+ FOXP3+ in
CD4 T cells (p =0.3401), and (F) %Ki-67 in FOXP3+ Treg cells (p = 0.0083). Average
MFI of (G) ICOS (p = 0.0009), (H) FR4 (p =0.0360), (1) Ki-67 (p = 0.1286), (J) CTLA-4
(p =0.0655), (K)CD73 (p =0.7790) in FOXP3+ Treg cells. (L) Ki-67 in CD8+ Tcells (p =

0.0212). ns, not significant.
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Meanwhile, the Ki-67+ population remains higher in SHP-1 deficient Treg
(Figure 4.2.2 F). However, the average Ki-67 expression of mutant mice no longer differs
from that in control mice (Figure 4.2.2.1), in contrast to Ki-67 expression in CD8 T cell.
(Figure 4.2.2 L). While FR4 remains higher when these mutant mice age (Figure 4.2.2

H), ICOS expression interestingly drops (Figure 4.2.2.G).

ICOS has been demonstrated to help maintain the CD44" CD62L" effector Treg
sub-population at the homeostatic condition (230). Raynor et al. have shown that during
the aging process, the majority of Treg cells become effector Treg cells; ICOS limits cell

death and promotes effector Treg cells by inhibiting Bim in the homeostasis (231).

Despite being statistically not different, there is a visible trend suggesting that
the %FOXP3+ in CD4 T cells in Foxp3°'®* Shp-17f mutant is slightly less than that
percentage in Foxp3°©™®* control mice (Figure 4.2.2 C). It is possible that these aged
Foxp3°'* Shp-1" mutant mice have a defect in ICOS, and therefore, the CD44" CD62L"

effector FOXP3+ Treg failed to be maintained.

A longer aging process might be desirable to manifest the loss of FOXP3+ Treg
cell population. To test this hypothesis, we want to define the population of Treg in our
aged mouse with RNAseq. We can determine whether the Bim expression is upregulated
in our Treg by western blot or flow cytometry. We could also inhibit Bim in mutant mice
to see whether this inhibition compensates for the loss of FOXP3+ cells. We could also
inhibit ICOSL in younger or control Treg cells to mimic the loss of foxp3 in aged

Foxp3¢* Shp-17f mutant mice.
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