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ABSTRACT

A central problem faced by T cells is the need to meet the demands of changing landscapes
in health and disease while adapting to rapid intracellular changes in gene expression and protein
flux. However, significant gaps remain in our understanding of the fundamental molecular and
cellular pathways that are critical in T cell immunity. An estimated one-third of the eukaryotic
proteome is transported by the classical secretory pathway, which underlies not only the transport
of proteins destined for secretion, but also important homeostatic and metabolic functions. In this
pathway, proteins are co-translationally inserted into the endoplasmic reticulum (ER), and
transported to the Golgi compartment where they undergo further processing, and delivered to
other intracellular compartments, or the extracellular space. Coat Protein Complex II (COPII)
drives the critical step in this pathway that transports proteins from the ER to the Golgi apparatus.
The critical ER-to-Golgi pathway in T cells has heretofore not been characterized. This thesis aims
to explore the role of COPII secretory pathways in T cell immunity.

Structurally, COPII consists of an outer layer that facilitates the budding of vesicles from
the ER membrane, and an inner layer that comprises the protein SEC23. To study the role of COPII
in T cells, we generated novel conditional T cell-specific Sec23 knock-out mice. The mammalian
genome consists of two SEC23 paralogs, SEC23A and SEC23B. We found that in murine T cells,
SEC23B critically regulated the T cell secretome and metabolic reprogramming in vitro, as well
as protective and pathogenic functions in experimental models of viral infection and allogeneic

hematopoietic cell transplantation in vivo.
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Biallelic loss-of-function mutations in Sec23b lead to Congenital Dyserythropoietic
Anemia Type II (CDAII) in humans. We tested T cells derived from a patient with CDAII and
discovered that they did not exhibit the same phenotype as those derived from our SEC23B knock-
out mice. Mechanistic studies demonstrated that unlike murine knock-out T cells, T cells derived
from patients with CDAII harbored increased levels of the closely related paralog, SEC23A. We
thus examined T cells from mice that lack functional SEC23B, but express the Sec23a coding
sequence from the Sec23b genomic locus. T cells from these mice exhibited normal functions,
suggesting that SEC23A can functionally compensate for SEC23B in T cells. Together, our data
demonstrate a critical role for the COPII pathway in T cell immunity, with evidence for functional
overlap in vivo between the two SEC23 paralogs in regulation of T cell immunity in both mice

and humans.
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CHAPTER 1

A Rationale for Studying the ER-to-Golgi Transport Pathway in T cells

1.1 Statement of research problem

Approaching the immune system can occur at multiple levels including the molecular,
cellular, physiological, and population. At each, our understanding of immune cell biology has
both benefited from and advanced other fields of science. Early genetic approaches in yeast,
combined with biochemical and imaging approaches, elucidated genes critical for secretion
(designated “Sec” genes) and other aspects of vesicular transport. These studies established the
molecular basis of the early secretory pathway and the broader phenomenon of vesicle transport
systems, and was honored with the Nobel Prize for Physiology or Medicine in 2013!,

Since the characterization of these genes, understanding their specific roles in different cell
types continues to be an area of great interest®. As a result, the exploration of the COPII system in
different cell types is shedding new light on the roles of COPII in development, organ physiology,
and disease pathophysiology. This thesis specifically explores the role of Sec23 in T cell immunity.
The goal of Chapter 1 is to introduce relevant background information that provides the framework

for the experiments conducted, and to provide context for the significance of our findings.



1.2 Introduction to the immune system and T cell biology

Introduction to innate and adaptive immunity

The human immune system integrates two systems, the innate and adaptive, to defend the
host from infectious organisms and disease. The cells that participate in the innate immune system
represent the first line of defense after the host’s physical and chemical barriers to infection. Innate
immune cells recognize conserved structures and biochemically invariant molecules of microbes
with hard-coded sensors such as Toll-like receptors, C-type lectin receptors, and cytosolic NOD-
like receptors to mount a rapid unified response against a pathogen. Broadly, this recognition is
followed by generation of inflammatory cytokines, uptake and degradation of the pathogen, and
presentation of foreign antigen to the adaptive immune system. Antigen presenting cells thus serve
as a bridge between the innate and adaptive immune systems. In contrast to innate immune cells,
adaptive immune cells undergo genetic recombination during development to generate a diverse
pool of receptors and thus allows the host to adapt to microbial variation. Among these, T cell
immunity is developed via the clonal expansion of antigen specific cells that encounter cognate
peptide antigen presented by the Major Histocompatibility Complex (MHC), in combination with
co-stimulation and cytokine stimuli. The development of specific immunity and long-lasting

memory are hallmark features of an adaptive immune response.

T cell development

T cells are derived from hematopoietic stem cells that undergo a series of developmental
checkpoints in the thymus®. The significance of these checkpoints lies in the notion that a given T
cell is capable of selecting from a vast diversity of antigen receptors through V(D)J recombination.

However, a rigorous selection of the repertoire T cells that exit into the periphery is required to



ensure both self-MHC restriction and self-tolerance. T cell development is initiated upon the
interaction of lymphoid progenitor cells with thymic epithelial cells, which stimulate their
proliferation and activate a program of gene expression further committing the cell to the T cell
lineage*. The sequence of T cell developmental stages can be broadly categorized by the
expression of CD4 and CDS on the T cell surface. T cell precursors referred to as double negative
cells express neither CD4 nor CDS. As the T cells progress to commit to their expression of either
the a:f or y:0 T cell receptor (TCR), T cells enter the double positive stage at which they express
both CD4 and CD8. The presence of both molecules in addition to the TCR enables the T cell to
interact with peptide-bound MHC on thymic cortical epithelial cells, and commit to either the CD4
or CD8 single positive lineage™S. CD8" cytotoxic T cells interact via their TCR to peptides
presented on MHC class I, and CD4" helper T cells with those on MHC class IT7.

T cells undergo another phase of development that is comprised of apoptotic and anti-
apoptotic events and ensures the egress of T cells that are restricted to self-MHC, but tolerant to
self antigen. T cells that recognize self-MHC molecules are positively selected in the thymic cortex,
whereas T cells that do not recognize self-MHC do not progress past the double positive stage.
Positively selected T cells that have an excessively strong affinity for self antigens are removed
by the process of negative selection, as they could potentially be reactive to host tissue and increase
the risk of autoimmune disease. Taken together, these selection events in principle promote the
survival only of T cells that have a diverse repertoire of antigen receptors which can survey for a
wide array of foreign antigens including bacterial and viral proteins, but which are not reactive to

self®.



T cell activation

The engagement of three signals coordinates the activation of naive T cells after they leave
the thymus®!°. The interaction between the TCR on CD8* and CD4" T cells with a cognate antigen
presented on MHC class I and MHC class Il respectively provides the first critical signal. The TCR
complex includes CD3 which is required to carry out signal transduction following peptide:MHC
engagement. Signal 2 follows the engagement of T cell co-stimulatory receptors by ligands on an
antigen presenting cells®. The predominant co-stimulatory pathway involves the binding of CD28
on the T cell with B7 (CD80 or CD86) on the antigen presenting cell. Interaction with both antigen
and co-stimulatory ligands is critical for initiating the intracellular signaling cascade that promotes
T cell proliferation, survival, and effector functions. In addition to these two signals, Signal 3
which is provided by surrounding cytokines, further drives the fate of the activated T cell. Signal
3 controls the differentiation of T helper (Tu) subsets, influences the polarization of specific T
effector responses, and shapes the balance between immune activation and tolerance!®!4. In
addition to receiving cytokine signals, T cell activation is followed by a program of increased
protein synthesis and cytokine secretion by T cells themselves®. T cell-derived secreted factors can
influence both activating and inhibitory immune cell functions. Among T cell-derived cytokines,
IL-2 regulates important aspects of T cell survival, differentiation, and proliferation. While it is
critical for the development of T effector cell responses, it also is involved in the development and
maintenance of T regulatory cells (Tregs)!®. The cytokines that signal to — and are secreted by — T
cells signal through distinct pathways, and thus dysregulation of cytokine secretion can impair

protective immune responses against pathogens, or exacerbate pathologic autoimmune events.



Cytokines and Acute Graft-versus-Host Disease

The biological significance of T cell secretory functions is underscored by human diseases
that arise when the regulation of cytokine networks is aberrant. Indeed, understanding the
specificity of the immune system and its molecular regulators has been a driving force in basic
science research, and the fine-tuning of its response in humans continues to be a primary objective
in the clinic. One disease that illustrates this, and is of particular interest to the Reddy lab, is acute
Graft-versus-Host Disease (GVHD). Acute GVHD is a major cause of non-relapse morbidity and
mortality in patients receiving allogeneic hematopoietic stem cell transplantation (allo-HCT)!617,
Allo-HCT holds curative potential for many hematological disorders. However, the
pathophysiology of the desired graft-versus-tumor effect is linked to life-threatening complications
of acute GVHD. While the development of GVHD is dependent on numerous factors, HLA
polymorphisms that trigger antigen-induced activation of donor-derived T cells and their activity
against recipient tissue is a key determinant in the induction and severity of GVHD!S.

The cytokine milieu in patients following bone marrow transplantation is complex, and
includes both immune cell and target tissue sources. Prior to transplantation, patients first receive
conditioning treatments that are damaging to host tissue and lead to the release of inflammatory
cytokines including IL-1, IL-6, and TNFa!®-2°. These cytokines activate antigen presenting cells
that subsequently activate donor alloreactive T cells, leading to the increased production of
additional effector molecules. These include cytokines and cytotoxic factors that are directly
damaging to tissue, or indirectly form the milieu that support T cell proliferation and
differentiation. Thus, in GVHD, cytokines are released following conditioning treatments and

amplified by tissue destruction from T cell-mediated lysis?!.



In both experimental models of allo-HCT and in patients affected by GVHD, cytokines
significantly impact the alloreactive T cell response??. Many current existing therapies for GVHD
are aimed at targeting donor T cells, and a number of therapeutic approaches aim to target Signal
1 and Signal 2 in alloreactive T cell activation in the prevention and treatment of GVHD?*-%,
However, donor T cells are also critical for the Graft-versus-tumor (GVT) effect, and as such,
balancing therapies has been a challenge to preserve sufficient GVT activity while minimizing
GVHD-related tissue damage.

One strategy has been to target the inflammatory byproducts of immune cells including
cytokines that promote alloreactive T cell toxicity, and also cause direct inflammation-related
organ damage, thus contributing to symptoms and pathology. While the success of these
approaches has been modest thus far, a growing basic science understanding of relevant cytokines,
the regulation of cytokine secretion, and the specific impact each has on immune and target cells
will inform future strategies for the prevention and treatment of GVHD. Selectively targeting the
cytokines that promote alloreactive T cells remains an attractive therapeutic strategy, and further
exploring the intracellular transport pathways that are utilized by T cells and are shared by these

effector molecules may shed light on new translational opportunities.

1.3 Overview of the early secretory pathway

Introduction to intracellular membrane transport

A characteristic feature of eukaryotic cells is the spatial organization of cellular processes
in discrete organelles. The presence of distinct organelles separated by membrane bilayers enables
the maintenance of distinct biochemical environments and unique resident proteins. Inherent in

this is the existence of regulated transport systems via which molecules reach their correct



intracellular locations. One way this is achieved is via protein coats that transport membrane
bound vesicles between specific compartments. The entry point for proteins into the classical
secretory pathway is the ER, and proteomic studies suggest that about one-third of the proteins
encoded by mammalian cells traffic from this multifunctional organelle?®?’. Signal sequences play
an important role in targeting many secreted and membrane proteins for insertion into the ER?,
Following entry into the ER lumen, proteins undergo a series of modifications that enable protein
folding and oligomerization, after which they are able to exit the ER toward their final destinations
including various intracellular organelles, the plasma membrane, and the extracellular space. ER
quality control mechanisms not only facilitate the proper folding of these newly synthesized
proteins, but also they direct misfolded proteins toward degradative processes, including
proteasomal degradation through the ER associated protein degradation (ERAD) pathway, or
autophagosomal pathways?>-*°. Properly folded proteins exit the ER and proceed distally toward

the Golgi apparatus where they may be further modified.

Introduction to the COPII pathway

A complex of proteins collectively known as COPII represents the required machinery for
generating transport vesicles from the ER membrane’!. COPII drives the formation of ER-derived
vesicles that transport newly synthesized proteins to the ER-Golgi intermediate compartment and
Golgi compartment®!-34, Many early discoveries about COPII are derived from studies that
performed genetic analysis in Saccharomyces cerevisiae’>*. The identification of proteins that
play a role in secretion was first achieved by genetic screens that focused on isolating secretory
(sec) mutants that exhibited ER distension and defective secretory capabilities under restrictive

growth temperatures®>3. Structurally, COPII is comprised of an inner and outer coat whose core



subunits are conserved in all eukaryotes and represent the components required to form COPII
coats. These subunits are Sarl, Sec23, Sec24, Sec13, and Sec31°'37-3 (Figure 1.1).

COPII formation begins with the activation of the small GTPase Sarl by the ER resident
membrane protein Sec12 on the cytoplasmic side of the ER membrane®**°, The activation of Sarl
induces a conformational change that exposes an alpha helix that lodges in the ER membrane and
initiates membrane curvature*'*2, Membrane-bound SARI-GTP binds the SEC24-SEC23
heterodimer by direct association with SEC23, which together form the COPII inner layer also
referred to as the pre-budding complex that represents a crucial intermediate for full COPII
assembly*-*°, SEC23 is a GTPase activating protein (GAP) that activates the SAR1-GTPase, and
the transition from SAR1-GTP to SAR1-GDP ultimately leads to the dissociation of the COPII
coat!*, SEC24 is the primary subunit that engages in cargo recognition and serves to select the
repertoire of cargo molecules incorporated into COPII vesicles by association with ER export
motifs located on cargo proteins***>->!, Together, the SEC23-SEC24 heterodimer recruits the
SECI13-SEC31 complex which forms the outer layer. SEC13-SEC31 by its structural nature drives
further membrane curvature, vesicle budding, and scission from the ER membrane at ER exit
sites’%32-54 Tt also serves to facilitate the uncoating of COPII coats by optimally positioning SEC23
with SAR1 to stimulate GTPase activation®. Mammals exhibit greater complexity of the COPII
system, in part by the presence of multiple COPII subunit paralogs. Mammals have two paralogs

of SAR1, two paralogs of SEC23, four paralogs of SEC24, and two paralogs of SEC31°°,
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Figure 1.1 Overview of COPII vesicle formation and function in the secretory pathway

The COPII coat drives the population and formation of vesicles from the ER membrane. (a) Coat
formation is initiated by the activation of SAR1. SARI-GTP recruits the SEC23-SEC24
heterodimer, which binds SAR1 by SEC23, and form the COPII inner coat. Cargo receptors (red)
mediate the interaction of COPII with cargo proteins, and can facilitate the incorporation of select
transport molecules. SEC13-SEC31 which forms the outer layer of the COPII coat, facilitates
vesicle budding and scission. (b) Fully formed COPII vesicles are targeted to the ERGIC and cis-
Golgi compartment from where they are further sorted to other intracellular compartments or to
the extracellular space.

The COPII pathway is primarily associated with the transport of secretory cargoes, but its
impact is multifaceted. In the following section, we focus on the SEC23 subunit and highlight the

diverse biological functions that depend on its activity.



1.4  Introduction to SEC23

SEC23 is a critical component of the COPII inner layer, and it is highly conserved across
eukaryotes8. It is a GTPase activating protein (GAP) that directly binds SAR1, and contributes to
SAR1-GTP hydrolysis. Humans and mice carry two SEC23 paralogs, SEC23A and SEC23B.
These paralogs share 85% identity in amino acid sequence®. Structural homology combined with
functional studies suggest that the functions of SEC23A and SEC23B are highly conserved and
overlapping. It has been demonstrated that SEC23A and SEC23B can functionally compensate for
each other, but and are expressed differentially in particular tissues in mice and humans due to
evolutionary shifts in gene expression®’.

SEC23 has five domains: a zinc finger domain, 3-barrel domain, a-helical domain, gelsolin
domain, and a trunk domain®®. Several binding partners of SEC23 have been described in addition
to other COPII subunits. Among them, SEC23 interacts with dynactin which facilitates ER exit
and vesicle transport between the ER and ER-Golgi Intermediate Compartment (ERGIC)*>. SEC23
also binds TRAPPI, which facilitates tethering of COPII vesicles to the ERGIC and Golgi
membrane®®S!. The soluble NSF-attachment protein receptor (SNARE) protein SEC22 is another
known SEC23 binding partner that is critical for trafficking of COPII vesicles to the ERGIC and

cis-Golgi compartment®53,

SEC23 in human disease

The significance of the COPII pathway is demonstrated by a spectrum of diseases that arise
in humans who carry mutations in core COPII proteins. Mutations in SEC234 result in Cranio-
lenticulo-sutural Dysplasia (CLSD)®*%, CLSD is an autosomal recessive disorder that results in

abnormal craniofacial development and skeletal dysplasia. Clinical features include late-closing
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fontanelles, sutural cataracts, and other facial dyspmorphisms®*6, It is thought that a defect in the
secretion of collagen contributes to the disease, with fibroblasts being characterized by dilated ER
due to intracellular accumulation of procollagen®®.

By contrast, homozygous or compound heterozygous mutations in SEC23B give rise to
Congenital Dyserythropoietic Anemia Type II (CDAII), also known as hereditary erythroblastic
multinuclearity with positive acidified serum lysis test (HEMPAS)*®%7. CDAII is characterized
primarily by red blood cell abnormalities®’®°, Patients with CDAII exhibit a mild to moderate
anemia, ineffective erythropoiesis, and other erythroid abnormalities including bi- and multi-
nucleated erythroblasts in the bone marrow, abnormal lipid glycosylation of some red blood cell
membrane proteins such as Band3, and double membrane appearance by electron microscopy,
with the inner membrane representing remnant ER¢7°, No abnormalities to date have been
reported in other hematopoietic cells. A diverse mutational landscape has been characterized for
CDAII, and variants have been described along the entire Sec23b coding sequence®. However, no
patients to date have been reported to harbor two nonsense mutations, suggesting that complete
absence of SEC23B is not compatible with life. SEC23B variants have also been described in
association with Cowden syndrome, thyroid cancer, and colorectal cancer metastasis, and
mutations in SEC23B have been hypothesized to increase risk of tumorigenesis by dysregulated
ER stress responses that favor cell survival, or by inhibiting the surface transport of cell adhesion

molecules and thus promoting metastasis’!-’3.

Mouse models used to study SEC23B
Genetically modified animal models have demonstrated roles for SEC23 in development,

while illuminating other aspects of its biology. Humans with biallelic loss-of-function mutations
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in SEC23B develop CDAII. However, the generation of a mouse model that contains a gene-trap
cassette insertion in the Sec23b genomic locus demonstrated that mice lacking SEC23B do not
develop the same anemia phenotype’. Rather, they exhibit abnormalities in the pancreas and other
exocrine tissues that upregulate the unfolded protein response and pro-apoptotic pathways, and die
shortly after birth. Gene-trap insertion in the murine Sec23a locus is lethal at the mid-embryonic
stage, and is associated with failure of neural tube closure in the midbrain, and defects in collagen
secretion”. Mice generated to have a SEC23B deficiency restricted to the pancreas demonstrated
that pancreatic SEC23B deficiency was sufficient to cause the perinatal lethality observed in mice
with germline Sec23b deletion’®. Further restricting the Sec23b deletion to pancreatic acinar cells
highlighted the importance of SEC23B specifically in the highly exocrine compartment of the
pancreas’’. The generation of another mouse model in which SEC23B deficiency was restricted to
the hematopoietic cell compartment enabled the analysis of the adult hematopoietic lineage, as
these mice survive into adulthood’®. Unlike humans, however, mice with SEC23B deficiency in
the hematopoietic compartment did not display an anemia phenotype, or other abnormalities in
RBCs associated with CDAII such as a double membrane, or defect in band 3 glycosylation’®. The
discrepancy in phenotype between mice and humans harboring mutations in homologous genes
has raised questions about the underpinnings of these observations. A recent study reports the
generation of a novel Sec23%#*¢ mouse model that harbors the Sec23a coding sequence in the
endogenous genomic Sec23b locus®’. Analysis of mice with this modification demonstrated that
when expressed at adequate levels , SEC23A can rescue the pancreatic degeneration and perinatal
lethality phenotype that results from the loss of SEC23B. Taken together, these findings support a
unifying theory that SEC23 paralogs are functionally overlapping, but are expressed with a tissue-

and species-specific pattern. The generation of these mice presented an opportunity to study the
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role of the COPII pathway in T cells. In this work, we utilized Sec23a"" Vavi©, Sec23b" Vav1©r,
and Sec23"“"“mice generated in previous studies®”’%78, We also generated Sec23a"~ Cd4¢" and

Sec23a"- Cd4" mice to focus on the role of this protein in T cells.

1.5 The post-Golgi apparatus transport of secreted factors in T cells

In mammalian cells, the secretory cargoes from the ER travel to the ERGIC and the cis-
Golgi compartment’-8!, The Golgi apparatus, which consists of stacked cisternae with cis to trans
orientation, represents a major site for post-translational modification and sorting of cargoes. From
the Golgi apparatus, cargoes are further targeted towards the extracellular space, plasma
membrane, endosomal and lysosomal compartments, or back to the ER”. Activated T cells
undergo morphologic changes that affect intracellular cytokine transport by first establishing
polarity and forming immune synapses with antigen presenting cells. A dynamic cytoskeleton
enables T cells to both adhere to the APC, and transport secretory vesicles containing cytokine
cargoes®?,

CD8" cytotoxic T lymphocytes (CTLs) directly kill virally infected cells and tumor cells,
and deficiencies in their cytotoxic function are associated with a range of disorders as well as an
increased risk of prolonged viral infection and cancer in humans. In the 1980s, it was discovered

83.84 and granzymes®’.

that this killing is mediated by the secretion of two main proteins, perforin
Perforins induce pore-like membrane lesions in the cell, and granzymes which are cytotoxic
granules capable of inducing apoptosis, enter through the pores destroying the target cell.
Subsequent studies described the post-Golgi transport of these important factors, showing that

CD8" T cells engaged with cognate APCs reorient their microtubule organizing center toward the

immunological synapse, and transport secretory granules along microtubules towards the point of
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cell-cell contact for targeted lysis of the APC86. Defects in cytotoxic function are associated with
a number of human diseases. While some disorders are due to mutations in perforin itself, others
are secondary to defects in exocytosis of cytotoxic granules and secretory granule transport to the
immunological synapse. One example is Familial Hemophagocytic Lymphohistiocytosis, which
arises both from mutations in perforin and mutations in proteins involved in membrane fusion
preceding exocytosis®’. The molecules that regulate secretion are thus critical to immune
homeostasis, and studies of the pre-Golgi transport of these proteins would complement current
understanding of post-Golgi processes that have thus far been illuminated.

CD4" T cells remain less well characterized in their regulated secretory pathways than
CD8" T cells. There is growing evidence that like CD8" T cells, CD4" T cells contain secretory
lysosomes for secretion of some proteins. It is likely that the secretory lysosomes of CD4" T cells
use an analogous system and depend on the same or similar molecules that carry out key functions
in CD8" T cells. CTLA-4 and FasL produced in CD4" T cells co-localize with secretory lysosome
associated proteins, suggesting these are among the cargo proteins that are exported via this
pathway®®%. CD8" T cells directionally secrete perforin and granzymes toward the immunological
synapse, and this phenomenon was also observed in CD4"* T cells in which cytokines can be found
concentrated at the site of contact with an interacting cell®®. This was corroborated in studies that
showed CD4" T cells release their cytokines near the area of receptor cross-linking under activated
conditions’'. However, some important questions remain about how these processes are regulated.

One study by Huse et al offers a cell biological mechanism by which specificity of cytokine
secretion is controlled®?. Using video microscopy and intracellular staining techniques, they

demonstrated that while cytokines such as IL-2, IFNy, IL-3, and IL-10 were directed toward the

interface between T cells and cognate antigen presenting cells, others such as TNFa, CCL3, and
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CCLS5 showed a different staining pattern. Over the course of the T cell activation response, TNFa.
migrated to all edges of the cell and not just at the site of cell-cell contact®’. Mechanistically,
whether cytokines moved toward the synapse or in every direction was shown to be coordinated
by their co-localization with different trafficking proteins such as SNARE protein Syntaxin 3, or
Rab GTPases Rab3D and Rab19 respectively®. Thus, two pathways are proposed: a unidirectional
pathway that directs cytokines toward the immunological synapse and minimizes non-specific
cytokine release, and a multi-directional pathway to promote more generalized inflammation®2.
Since this study, several others have followed up on the consequences of directional and multi-
directional secretion®>**, However, more in-depth studies to elucidate the molecular mediators of
CD4" T cell regulated secretion are still needed and would help illuminate our understanding of T
cells under homeostasis and in disease.

Studies to elucidate the molecular mediators of regulated T cell secretion may enable novel
approaches toward controlling targeted cytokine release in disease states. These studies and others
underscore that in addition to cytokine expression, regulation of the membrane-bound organelles
that transport them significantly impact the consequences of T cell activation. However, to date,
studies have been limited to understanding the secretory pathway of cytokines through events that
occur after their egress from the Golgi apparatus.

APC L., APC
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Golgi
Apparatus

CD8* T cell CD4+ T cell
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Figure 1.2 Post-Golgi pathways that transport effector molecules in CD8" and CD4" T cells
In CD8" T cells, perforin and granzymes travel directionally toward the immune synapse to
efficiently lyse infected cells. CD4" T cells have at least two main pathways of cytokine secretion.
Factors including IL-2 and IFNy are transported directionally toward the immune synapse. Other

cytokines like TNFo which serve to promote inflammation are secreted in a multi-directional
manner’??3, Whether T cells utilize COPII-mediated ER to Golgi transport is unknown.

1.6 Organization of thesis

While COPII vesicles play a fundamental role in the secretory pathway, gaps remain in our
knowledge about their role in immunity. This thesis seeks to build on published peer-reviewed
literature to characterize the COPII pathway in immune cells with a primary focus on T cells.
Chapter 1 provides background information and highlights studies that provide a foundation for
our experiments. Chapter 2 investigate the consequences of Sec23b knock-out (KO) in murine T
cells, from which we gain novel basic biological insights into the role of the COPII pathway in T
cell secretion in vitro, and in experimental models of antiviral and alloimmunity in vivo. Chapter
3 utilizes Sec23a KO mice and Sec23“*<mice to gain insight into the role of Sec23 paralogs in
mammalian T cells. Chapter 4 expands on findings from Chapter 2 to propose complementary
effects of T cell metabolism on our observed phenotypes. Chapter 5 describes our findings in T
cells from both healthy humans, and humans with CDAII, a disorder caused by Sec23b mutation.
Finally, in Chapter 6, we provide a discussion on the conclusions of this thesis, future directions,

and a framework for how our findings can be interpreted for clinical translation.
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CHAPTER 2

The COPII Pathway Regulates T Cell Functions in vitro and in vivo

2.1  Abstract

T cell-mediated responses are dependent on their secretion of key effector molecules
including cytokines and cytotoxic factors as a fundamental mechanism of cell-cell communication.
However, the critical molecular determinants of the secretory pathway in immune cells are largely
undefined. Herein, we characterize ER-to-Golgi transport mechanisms that are critical for T cell
functions in vitro and in vivo. To study the functional role of this pathway, we generated mouse
models with a conditional hematopoietic- or T cell-specific deficiency in SEC23B, a core COPII
subunit. We demonstrate that unlike other hematopoietic cells, murine naive T cells express both
SEC23 paralogs, and harbor greater baseline expression of SEC23B than SEC23A. Our mice
demonstrated that SEC23B was not critical for T cell development, but played a key role in T cell
functions. The loss of SEC23B led to reduced secretion of select effector cytokines, an altered
functional phenotype in vitro, reduced pathogenicity in murine in vivo models of allogeneic
hematopoietic stem cell transplantation, and reduced protective functions in an in vivo model of
viral infection. Together, our findings offer the first demonstration that the COPII pathway is

critical for T cell immunity.
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2.2 Introduction

Naive T cells undergo a program of increased protein synthesis following their activation,
which includes secreted proteins that facilitate their growth and effector functions. In Chapter 1,
we highlight literature that describes the post-Golgi transport of effector molecules by CD8" and
CD4" T cells. These findings are significant not only because they shed light on molecular
mechanisms of T cell functions, but also because they suggest the existence of a sophisticated
system for secreting soluble factors.

T cells contribute to protective immune responses such as those targeting viral infections
and tumors, but also disease processes including autoimmunity and alloimmunity®>. For a
productive immune response, T cells must tightly control the release of numerous cytokines and
cytotoxic factors that direct their functions, but the intracellular pathways that lead up to their
release are not well known. Despite the significant consequences of T cell secretion in health and
disease, the intracellular pathways and molecular determinants that regulate this process remain
poorly characterized”**, Specifically, the pathways of protein transport prior to their access to the
Golgi compartment and whether they regulate T cell functions are not known.

COPII drives the formation of ER-derived vesicles that transport newly synthesized
proteins to the Golgi compartment. Among their critical roles, COPII-coated vesicles enable the
extracellular transport of proteins and their localization to other intracellular compartments®!-4,
While the fundamental COPII pathway is conserved in all eukaryotes, the presence of multiple
COPII subunit paralogs in mammals enables increased complexity and regulation of protein

secretion in mammalian cells®®?°, Mammals express both SEC23A and SEC23B, which share 85%

identity in amino acid sequence.
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In this chapter, we demonstrate our initial observation that wild-type (WT) T cells engage
the ER following activation, suggesting that the COPII pathway is engaged in this cell type. We
endeavored to build on this observation by characterizing the consequence of targeting Sec23b in
murine T lymphocytes. Specifically, we examined Sec23b"" VavI© and Sec23b" Cd4“™ mice,
which lack SEC23B in hematopoietic cells and T cells respectively. Using both models, we report
that the absence of SEC23B does not impair T cell development. However, it leads to an altered
secretome that impacts select cytokine secretion, and results in reduced T cell proliferative
capacity in vitro.

We further hypothesized that the disruption of SEC23B-dependent COPII vesicles would
impact T cell-mediated immune responses. To test this, we determined the in vivo ramifications of
disrupting COPII following clinically relevant T cell-dependent models. We found that in the
absence of SEC23B, T cells demonstrated reduced Graft-versus-Host Disease (GVHD) in
experimental models with both major and minor histocompatibility mismatch. Additionally, in a
separate Lymphocytic choriomeningitis (LCMV) based model of acute viral infection, T cell
protective functions were impaired. Taken together, these data identify SEC23 as a critical
regulator of T cell immunity, and demonstrate that T cells utilize the COPII pathway to mediate

effector functions.
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23 Materials and Methods

Mice

All animal work in this thesis was performed in accordance with the recommendations of the
Institutional Animal Care and Use Committee of the University of Michigan. The generation of
Sec23b"" has been previously reported3”-7%78, Sec23b"- mice were bred with Cd4¢ (017336) or
Vavi©(008610) mice obtained from The Jackson Laboratory. Genotyping was performed using
primers previously described and listed in Table 1 below®”-7¢78, C57BL/6C (027) and BALB/c
(028) mice used as recipients in BMT experiments were obtained from Charles River Laboratories,

and C3H.SW (000438) recipient mice were obtained from The Jackson Laboratory.

Primer Sequence (5' to 3")

Sec23b F1 ATAGACCAGGCTGGCCTCAGTC
Sec23b F2 AACAGCCCAGGTGACTAGGA
Sec23b R CAAGTGAGTGCCTCCTCACA

Sec23a A GGAGCTGTTCCAAGCACATTCTCT
Sec23a E2 TCCCTGGGTCAAAGTGCTGTCCA
Sec23aD CCACGCAGTCCTGGCTCTCCTGA
RMCEF1 CCCAGCCATGATCTCTGTTTA
RMCERI1 CCAATGATGAGGACCCAGAG

Vavl intPCF |CTAGGCCACAGAATTGAAAGATCT
Vavl intPC R |G TAGGTGGAAATTCTAGCATCATCC
Vavl TG F AGATGCCAGGACATCAGGAACCTG
Vavl TGR |ATCAGCCACACCAGACACAGAGATC
CreF TTACCGGTCGATGCAACGAGT

CreR TTCCATGAGTGAACGAACCTGG

Table 2.1 List of all primers used to genotype mice in this dissertation

T cell isolation and in vitro cell culture

Primary murine T cells were purified by magnetic separation (Miltenyi Biotec) from single cell
homogenates of spleens and lymph nodes, and cultured in cell media (1640 RPMI supplemented
with 10% heat inactivated FBS, 2 mM L-glutamine, Penicillin-Streptomycin 100U/mL, 100mM

HEPES, Non-essential amino acids, 1 mM sodium pyruvate, and 50 uM B-mercaptoethanol). T

cells were cultured alone, or with 5 pg/mL aCD3 (145-2C11; Biolegend) and 2.5 pg/mL aCD28
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(37.51; Biolegend) soluble antibodies for the specified timepoints. For proliferation studies, T cells
were first labeled on day 0 with 5 uM CFSE (ThermoFisher) for 10 min at 37°C. Prior to analysis
of cytokine production by intracellular flow cytometry, T cells were additionally stimulated on
day 3 with a phorbol 12-myristate 13-acetate (PMA) and ionomycin (Invitrogen) in the presence

or absence of BFA (Biolegend) for 5 h at 37°C.

Preparation of T cells for TEM Analysis

Cells were fixed in 2.5% glutaraldehyde in 0.1 M Sorensen’s buffer, pH 7.4 (overnight, 4°C), and
rinsed 0.1 M Sorensen’s buffer. Cells were then fixed in 1% osmium tetroxide in 0.1 M Sorensen’s
buffer for 1 h, and rinsed in double distilled water to remove phosphates. Samples underwent en
bloc staining with 3% uranyl acetate in double distilled water for 1 hour, and were dehydrated for
5 min each in 50%, 70%, 90%, and two changes of 100% ethanol. Samples were soaked in Epon
per the following: 3:1 100% ethanol:resin for 1 hour, 1:1 100% ethanol:resin for 3 hours, 1:3
100% ethanol:resin overnight, full strength resin for several hours, new full-strength resin for
several hours. Samples were arranged in molds with new full-strength resin and allowed to sit for
several hours. Samples were polymerized at 60°C for 24 hours and analyzed on a JEOL JEM-1400

transmission electron microscope.

Flow cytometric analysis

Flow cytometric analysis was performed using fluorophore-conjugated antibodies to mouse CD3
(145-2C11), CD4 (GK1.5), CDS8 (53-6.7), CD69 (H1.2F3), CD25 (3C7), IL-2 (JES6-5H4), TCRp
(H57-597), pZAP70 (n3kobu5), pERK1/2 (6B8B69), Annexin V, and 7-AAD (Biolegend). For

surface immunophenotyping, single cell suspensions were incubated with the relevant antibodies
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for 30 min at 4°C, washed, and fixed with 1% paraformaldehyde prior to analysis. Intracellular
staining was performed following surface staining and fixation, in permeabilization buffer
(eBioscience) for 30 min at room temperature. Staining of phosphorylated proteins was performed
on methanol-fixed cells permeabilized with True-Phos Perm Buffer (Biolegend) according to
manufacturer’s instructions. All samples were run on an Attune NxT flow cytometer and analysis

was performed using FlowJo v10.3.

T cell immunofluorescence confocal microscopy

Purified T cells were fixed on coverslips with 3% paraformaldehyde in PBS, and quenched with
50 mM NH4Cl in PBS. Cells were then permeabilized in 0.3% Triton X-100 in PBS and blocked
with 10% normal goat serum. Cells were then sequentially stained with IL-2 (JES6-5H4,
Biolegend), and Calnexin (ab2595, abcam) or SEC23B (PAS5-52533, Invitrogen) followed by
staining with secondary antibodies against Rat [gG2bk and Rabbit IgG respectively. DAPI (Life
Technologies) was used to detect nuclei. Acquisition of images was performed using an inverted

point-scanning confocal microscope with standard PMT detectors (Nikon Al).

Quantitative RT-PCR

RNA was isolated from T cells with the Qiagen RNeasy kit. cDNA was synthesized using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and quantified on a NanoDrop
Lite Spectrophotometer (ThermoFisher). Quantitative RT-PCR was performed using PowerUP
SYBR Green Master Mix (Applied Biosystems) and the primers listed in Table 2.12 on a

Mastercycler RealPlex? (Eppendorf).
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Primer Sequence (5' to 3")

Eif2a F CACCGCTGTTGACAGTCAGAG
Eif2aR GCAAACAATGTCCCATCCTTACT
Atféa F CTTCCTCCAGTTGCTCCATC
AtféaR CAACTCCTCAGGAACGTGCT
Grp9%4 F TCGTCAGAGCTGATGATGAAGT
Grp94 R GCGTTTAACCCATCCAACTGAAT

BiP F CATGGTTCTCACTAAAATGAAAGG
BiP R GCTGGTACAGTAACAACTG

IL-2 F GCAGCTCGCATCCTGTGT

IL-2R GGGAGTTTCAGGTTCCTGTAATTICTC

IL-10 F CAGTACAGCCGGGAAGACAA
IL-10 R AGCTGGTCCTTTGTTTGAAAGAA
TNFaF TGACAAAGAAGGCTGGATTCTCA
TNFaR CACCAGCCCTTGAATGAGGT
GAPDHF [ATGGTGAAGGTCGGTGTGA
GAPDH R |[TCGTTGATGGCAACAATCTC

Table 2.2 List of primers used for qRT-PCR in Chapter 2

Western Blotting

Whole cell lysates obtained from purified T cells were fractionated by gel electrophoresis through
a 10% Bis-Tris gel and transferred onto polyvinylidene difluoride membrane (Millipore) in a semi-
dry transfer cell (Bio-Rad). Blots were blocked and stained in 5% nonfat milk in TBST, with
primary antibodies against SEC23B and SEC23A"8, and anti-B-Actin (8226; Abcam). Binding
affinity of these antibodies were determined following normalization of anti-GFP antibody against
GFP-conjugated SEC23A and SEC23B. Normalization is reflected in densitometric analysis.
according to Incubation with secondary antibody conjugated to HRP (Santa Cruz) was performed
for 2 h at room temperature. Blots were detected using the SuperSignal ECL substrate system
(ThermoFisher), on a Konica SRX-101A film processor. Densitometric analysis was performed

with Image] software.

Bone Marrow Transplantation (BMT)
BMTs were performed as previously described””8. Briefly, syngeneic [C57BL/6J—C57BL/6C]

and allogeneic [C57BL/6J—-BALB/c or C57BL/6J—-C3H.SW] recipients received lethal total
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body irradiation on day -1. BALB/c recipients received a total of 8 Gy ('*’Cs, split dose separated
by 3 h), and C57BL/6C and C3H.SW recipients received a single dose of 10 Gy (*’Cs, single
dose). All mice received 1x10° T cells from the specified donors, and 5x10° WT T cell-depleted
bone marrow cells. Survival was monitored daily, and recipient GVHD clinical scores were
measured weekly according to the severity of disease on recipient weight loss, posture, mobility,

skin, and fur integrity as described previously®’.

Collection of T cell secretome samples

Purified T cells were stimulated by plate-bound aCD3 (10 pg/mL) and soluble aCD28 (5 png/mL)
in CTS OpTmizer serum free medium (37°C, 5% CO»). After 24 h, cultures were centrifuged
(400xg, 10 min). Cells underwent flow cytometric analysis to confirm activation (CD69) and
degree of cell death (Annexin V, 7-AAD). Supernatants were passed through a 40um filter and
underwent ultracentrifugation (120,000 x g, 90 min) to remove exosomes. Samples were then
concentrated using a 3kD cutoff ultrafilter (5,000xg, 40 min). Protein concentration was
determined by BCA protein assay, and samples were stored at -70°C until use. ProteomeXchange

Accession Number: PXD015766

Protein Identification and relative quantitation by TMT labeling and LC-Tandem MS

TMT labeling and offline fractionation: The Tandem Mass Tag (TMT) labeling was performed
using TMT-10plex isobaric labeling kit (ThermoFisher, 90110). The labeling of the sample was
performed according to the manufacturer’s protocol with minor modifications. Briefly, 50 ug of
protein from each sample was reduced with DTT (5 mM) at 45 °C for 1 h followed by alkylation

with 2-chloroacetamide (15 mM) at room temperature for 30 min. Proteins were precipitated by
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adding 6 volumes of ice cold acetone and incubating overnight at -20 °C. Precipitated proteins
were pelleted by centrifuging at 8,000xg for 10 min at 4 °C and supernatant was discarded. The
pellet was resuspended in 100 ml of 100 mM TEAB and digested overnight at 37 °C by adding
1.5 mg of sequencing grade, modified porcine trypsin (Promega, V5113). TMT reagents were
reconstituted in 41 mL of anhydrous acetonitrile and digested peptides were transferred to the TMT
reagent vial and incubated at room temperature for 1 h. The reaction was quenched by adding 8
mL of 5% hydroxylamine and incubating it for further 15 min. The samples were combined and
dried. Prior to MS analysis, two dimensional separation of the samples was performed. For the 1st
dimension, an offline fractionation of an aliquot each sample mix (200 mg) using high pH reverse
phase fractionation kit into 10 fractions was performed following the manufacturer’s protocol
(Pierce, Cat #84868). Fractions were dried and reconstituted in 12 pL of loading buffer (0.1%

formic acid and 2% acetonitrile).

Liquid Chromatography-mass spectrometry analysis (LC-Multinotch MS3): In order to
obtain superior quantitation accuracy, recently developed multinotch-MS3 method was employed
(McAlister GC et al). Orbitrap Fusion (ThermoFisher) and RSLC Ultimate 3000 nano-UPLC
(Dionex) were used to acquire the data. Two ml of each fraction was resolved in the 2nd dimension
on a nano-capillary reverse phase column (Acclaim PepMap C18, 2 micron, 75 mm i.d. x 50 cm,
ThermoFisher) using a 0.1% formic/acetonitrile gradient at 300 nl/min (2-22% acetonitrile in 150
min;22-32% acetonitrile in 40 min; 20 min wash at 90% followed by 50 min re-equilibration) and
directly sprayed on to Orbitrap Fusion using EasySpray source (ThermoFisher). Mass
spectrometer was set to collect one MS1 scan (Orbitrap; 120K resolution; AGC target 2x105; max

IT 100 ms) followed by data-dependent, “Top Speed” (3 seconds) MS2 scans (collision induced
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dissociation; ion trap; NCD 35; AGC 5x103; max IT 100 ms). For multinotch-MS3, top 10
precursors from each MS2 were fragmented by HCD followed by Orbitrap analysis (NCE 55; 60K

resolution; AGC 5x104; max IT 120 ms, 100-500 m/z scan range).

Data analysis: Proteome Discoverer (v2.3; ThermoFisher) was used for data analysis. MS2
spectra were searched against UniProt homo sapien database (release 2019-06-20; 20353
sequences) using the following search parameters: MS1 and MS2 tolerance were set to 10 ppm
and 0.6 Da, respectively; carbamidomethylation of cysteines (57.02146 Da) and TMT labeling of
lysine and N-termini of peptides (229.16293 Da) were considered static modifications; oxidation
of methionine (15.9949 Da) and deamidation of asparagine and glutamine (0.98401 Da) were
considered variable. Identified proteins and peptides were filtered to retain only those that passed
<1% FDR threshold. Quantitation was performed using high-quality MS3 spectra (Average signal-

to-noise ratio of 6 and <40% isolation interference).

Statistics

Experiments were conducted with technical and biological replicates at an appropriate sample
size, as estimated by our prior experience. An unpaired Student t-test (two-tailed) was used for
statistical evaluation of data between two groups, using a statistical software package (GraphPad
Prism). Bars and error bars represent the mean and SEM respectively. Survival curves were
plotted using Kaplan-Meier estimates. The Mann-Whitney U-test was used for statistical analysis
of GVHD clinical scores, and the Mantel-Cox log-rank test was used to analyze survival data. P
values <0.05 were considered significant: *p<0.05, **p<0.01, ***p<0.001, and ****p<(0.0001.

Sample sizes and statistical tests used are detailed in each figure legend.
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24 Results
2.4.1 T cells demonstrate ER dilation following activation

We first sought to examine ER morphology following T cell activation. To do this, we
examined naive WT T cells by transmission electron microscopy (TEM) before and after activation
with aCD3 and aCD28 antibodies, and analyzed rough ER size in a blinded manner. Unstimulated
T cells exhibited narrow cisternae of the rough ER typical of resting cells. Upon activation, the
rough ER demonstrated a significant dilation of the cisternae (Figure 2.1a). This change was
associated with increased induction of the ER stress-associated genes Eif2a, Atf6a, Grp94, and Bip

(Figure 2.1b).
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Figure 2.1 Murine T cells exhibit expansion of the rough ER cisternae and upregulation of
the unfolded protein response following activation

(a) Transmission electron micrographs of WT murine T cells that received no stimulation, or
stimulation with oCD3 and a.CD28 for 3 days. Measurements of rough ER widths were taken from
three different ERs from five cells in each group (n=15). Scale bar = 100 nm. (b) qRT-PCR
analysis of ER stress-associated genes in WT murine T cells that received no stimulation, or 24 h
stimulation with aCD3 and aCD28 (n=3). Data are mean = SEM, : **p < 0.01, ***p < 0.001,
(two-tailed unpaired Student’s t-test).
2.4.2 A mouse model for studying SEC23B deficiency in murine T cells

We next hypothesized that the increase in ER size following T cell activation may reflect
an upregulation of proteins that traffic from the ER and depend on COPII vesicles for export to
the ERGIC and Golgi compartment. To test this, we examined the consequence of abrogating
COPII-dependent protein transport following naive T cell activation. To this end, we generated
Sec23b" Vavi©* mice which carry a hematopoietic cell-specific SEC23B deficiency (Figure
2.2a). We also generated Sec23b"" Cd4“* mice which harbor a T cell-specific deficiency in
SEC23B (Figure 2.2a). The addition of another mouse model added rigor to our findings, and
helped rule out potential confounding factors from the absence of SEC23B in other hematopoietic
cells. Of note, WT murine T cells expressed both paralogs, but harbored a greater baseline level
of SEC23B than SEC23A. The relative expression of paralogs was corrected for affinity of our
western blot antibodies via analysis of their binding to GFP-tagged SEC23B and SEC23A. Using

these antibodies, we confirmed the selective downregulation of SEC23B in both models by

western blot and observed no significant differences in SEC23A expression (Figure 2.2b).
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Figure 2.2 Characterization of the T cells derived from conditional Sec23b6 KO mouse models
(a) Breeding of mice carrying Sec23b-floxed alleles with mice that express Cre-recombinase driven

by the Cd4 or Vavl promoter results in a conditional excision in Sec23b exons 5 and 6 in T cells
and hematopoietic cells respectively that results in a frameshift mutation and the presence of a stop

codon in exon 7% (b) Western blots showing protein levels of SEC23B, SEC23A, and B-actin in
Sec23b"- Cd4“* T cells relative to Sec23b" controls. Densitometric analysis on the right plot
indicates normalized levels of SEC23A and SEC23B relative to 3-actin expression (n=4). Data are
mean = SEM: **p < (.01, (two-tailed unpaired Student’s t-test).

We reasoned that in the absence of SEC23B, T cells would demonstrate a greater increase
in dilation of the rough ER cisternae secondary to accumulation of COPII cargo proteins.
Compared with Sec23b" controls, Sec23b" Cd4<" T cells displayed significantly distended rough

ER as shown by TEM, both when unstimulated, and following stimulation with «CD3 and aCD28

antibodies (Figure 2.3). Similar results were observed in Sec23b"" Vavi T cells (data not
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shown). These data suggest that T cells depend on adequate levels of SEC23B for secretory

proteins to exit the ER.
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Figure 2.3 TEM reveals increased ER dilation in activated T cells in the absence of Sec23b
TEM highlighting an increase in rough ER dilation in Sec23b"- Cd4“"* T cells when compared
with Sec23b"- controls following activation with aCD3 and aCD28 for 3 days (n=15). Scale bar
=100 nm in representative micrographs. Data are mean = SEM, :*p <0.05, ***p<0.001, and ****p
< 0.0001 (two-tailed unpaired Student’s t-test).
2.4.3 SEC23B KO does not affect mature T cell development but regulates its secretome
Because SEC23B-dependent COPII formation appeared to be essential for the efficient
egress of proteins from the ER in activated T cells, we next determined whether SEC23B was
critical for T cell development in vivo. We examined both Sec23b" Cd4"¢ and Sec23b"" Vav1¢re
models and found that absolute numbers and ratios of thymic subsets (double negative, double
positive, single positive) and the various mature T cell subsets from spleen and lymph nodes from

both models were similar when compared to age matched WT animals, suggesting that the

deficiency of Sec23b did not affect T cell development (Figures 2.4 and 2.5).
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Figure 2.4 Mature T cell development in Sec236"- Cd4¢™ mice

Percentages and absolute numbers of Sec23b"- (FL) and Sec23b"- Cd4“* (KO) CD3" T cells in
whole thymus (n=3), spleen (n=5), and lymph node (n=5) homogenate samples (left), and those of
CD4" and CD8" T cell subsets gated on CD3" cells (right). Significance was determined by two-
tailed unpaired Student’s t-test, and ns is p > 0.05.
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Figure 2.5 Mature T cell development in Sec236" Vav1¢ mice
Absolute numbers of CD3" T cells and CD4* and CD8" T cell subsets gated on CD3* cells derived
from whole thymus, spleen, and lymph node homogenate samples from Sec23b" Vavi© (KO)
compared to Sec23b"- (FL) littermates (n=5 for all). Significance was determined by two-tailed
unpaired Student’s t-test, and ns is p > 0.05.

We next tested whether disrupting SEC23B-mediated COPII formation would impact the
profile of T cell secreted proteins following their activation. To enable high-throughput
identification of secreted proteins, we analyzed the T cell secretome with LC-MS/MS. We

stimulated WT and Sec23b"- Cd4¢™ naive T cells with aCD3 and aCD28, and enriched the protein

fraction in the supernatant for mass spectrometric analysis. Activated Sec23b"- Cd4“ T cell
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supernatants exhibited a gross reduction in the amount of secreted proteins when compared with
WT T cells. Among the reduced secreted proteins were those involved in the inflammatory
response such as IFNy (Figure 2.6a). Next, we validated the protein secretion pattern by focusing
on cytokines utilizing a multiplex assay, and confirmed decreased levels of IFNy and other
cytokines such as IL-2 and TNFa in SEC23B-deficient T cell supernatants. Of note, the secretion
of a few other cytokines by SEC23B-deficient T cells were similar to that by WT T cells, indicating

that reduced secretion of cytokines by COPII deficient T cells was not a global phenomenon

(Figure 2.6b).
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Figure 2.6 Targeting SEC23B regulates the T cell secretome

(a) Volcano plot representing 3 biological replicates of SEC23B-deficient T cell secretomes after

24 h of stimulation compared with WT. Log2 ratios were calculated based on p-values. (b)

Luminex panel showing mean cytokine levels derived from Sec23b" (FL) and Sec23b"- Cd4¢"

(KO) T cell supernatants following 3 days of stimulation with aCD3 and alCD28. Plots represent

mean = SEM, with *p < 0.05 (two-tailed unpaired Student’s t-test).

2.4.4 Deficiency of SEC23B-dependent COPII leads to accumulation of secreted proteins
The reduction in secreted proteins we observed could be secondary to differences in

activation of T cells in the absence of SEC23B. Therefore, we next analyzed whether the reduction

in the secretome was secondary to defects in T cell activation. When compared to WT T cells,
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Sec23b"- Cd4¢* T cells expressed similar levels of surface TCRB (Figure 2.7a) and
phosphorylated TCR signaling components such as ZAP-70 and ERK1/2 (Figure 2.7b) following
activation. Furthermore, Sec23b" Cd4“ T cells expressed similar levels of the activation marker
CD69 after stimulation (Figure 2.7c¢). These data suggest that abrogating SEC23B-dependent

COPII formation does not affect TCR activation.
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Figure 2.7 The absence of SEC23B does not impair T cell activation
(a) Histograms based on flow cytometry of surface TCR on Sec23b" and Sec23b" Cd4“™ T cells

relative to isotype levels present on naive unstimulated WT T cells. (b) Flow cytometry of
phosphorylated ZAP70 and ERK1/2 molecules in Sec23b" and Sec23b"- Cd4¢™ T cells that

received no stimulation, or stimulation with oCD3 and a.CD28 for 30 min. (¢) Flow cytometry of
surface CD69 present on Sec23b" and Sec23b"- Cd4“* T cells stimulated with aCD3 and aCD28
for 6 h compared to isotype levels present on naive unstimulated WT T cells.

We next determined whether the reduction of secreted proteins in the supernatants is
secondary to defects in protein synthesis, with a focus on IL-2. SEC23B-deficient T cells expressed
normal levels of IL-2, as well as IL-10 and TNFa , at the mRNA level post-stimulation with aCD3

and aCD28 (Figure 2.8), suggesting that T cell activation was intact, and that the SEC23B-

deficient T cells were able to produce, but unable to secrete, IL-2.
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Figure 2.8 Transcription of cytokines is normal in the absence of SEC23B

qRT-PCR of IL-2, IL-10, and TNFa in SEC23B-deficient T cells compared to WT following
stimulation with aCD3 and aCD28 for 4 days (n=5/group). Plots represent mean + SEM, with ns
p > 0.5 (two-tailed unpaired Student’s t-test).

To confirm this, we stimulated cytokine production in T cells with phorbol 12-myristate
13-acetate (PMA) and ionomycin in the presence or absence of Brefeldin A (BFA), an inhibitor of
anterograde transport between the ER and Golgi apparatus®. In the presence of BFA, both WT
and SEC23B-deficient T cells demonstrated similar levels of intracellular IL-2 following
activation (Figure 2.9a), suggesting that the absence of SEC23B does not impact IL-2 protein
synthesis. By contrast, in the absence of BFA, WT T cells contained less intracellular IL-2 than in
the presence of BFA, suggesting that some intracellular IL-2 was secreted by WT T cells in a
COPII-dependent manner. However, in SEC23B-deficient T cells, the intracellular levels of 1L-2
remained high despite the absence of BFA in culture (Figure 2.9a).

To further confirm SEC23B expression levels and to localize IL-2 intracellularly, we
examined T cells by immunofluorescence confocal microscopy. T cells lacking SEC23B displayed
greater accumulation of intracellular IL-2 when compared with WT cells, and importantly, in WT
cells, IL-2 co-localized with SEC23B (Figure 2.9b). We also stained IL-2 with Calnexin, an ER-

localized chaperone protein, and observed overlapping fluorescence (Figure 2.10). Together, these
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data demonstrate that SEC23B-dependent COPII-mediated ER-to-Golgi transport is critical for the

release of T cell secreted proteins such as IL-2.
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Figure 2.9 Deficiency of SEC23B leads to accumulation of IL-2 intracellularly

(a) Flow cytometry measuring intracellular IL-2 levels. T cells were stimulated with aCD3 and
aCD28 for 3 days followed by a 5 h stimulation with PMA and ionomycin in the presence or
absence of BFA (n=6/group). (b) Immunofluorescence confocal micrographs of SEC23 (green)

and IL-2 (pink) in WT or SEC23B-deficient T cells after 3 day aCD3 and alCD28 stimulation, and
5 h PMA and ionomycin stimulation with or without BFA. Data are mean + SEM, **p < 0.01,
*#%p <0.001 (two-tailed unpaired Student’s t-test).

36



Figure 2.10 IL-2 co-localizes with Calnexin in WT T cells
(a) Immunofluorescence confocal micrographs of Calnexin (green) and IL-2 (red) in WT T cells
after 3 day aCD3 and aCD28 stimulation, and 5 hour stimulation with PMA and ionomycin in the
presence of Brefeldin A.
2.4.5 SEC23B-dependent COPII regulates naive T cell functions in vitro

Given the importance of cytokine secretion for T cell-mediated functions, we next
investigated the functional consequences of abrogating the COPII pathway in T cells. Because of
the differential effects observed on cytokine release, we first determined the impact of SEC23B
deficiency on the ability of naive CD4" T cells to differentiate into helper T subsets. Helper T cell
differentiation is plastic and subject to the surrounding cytokine milieu. Differentiating cytokines
serve as signals to induce different programs of transcription that lead to the development of Th
subsets'®. When cultured in polarizing media, naive Sec23b"- Cd4“¢ CD4" T cells exhibited a

normal capacity to differentiate into Tul, Tu2, and Tul7 cells as measured by lineage-specifying

transcription factors T-bet, GATA3, and RORyt respectively (Figure 2.11).
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Figure 2.11 Absence of SEC23B does not impair capacity for Tu cell differentiation
Overlay of histograms based on flow cytometry plots indicating expression of intracellular T-bet,
GATA3, and RORyt compared to isotype controls in WT and SEC23B-deficient naive CD4" T
cells that were cultured in media containing Tul, Tu2, and Tul7-polarizing cytokines respectively
(n=3). Plots represent mean + SEM, with ns p > 0.5 (two-tailed unpaired Student’s t-test).

We next analyzed the impact of SEC23B deficiency on T cell proliferation in vitro. T cells
were stimulated with aCD3 and aCD28 for 3 days following staining with carboxyfluorescein
diacetate succinimidyl ester (CFSE). CFSE is a fluorescent dye that non-specifically and

covalently binds to cellular proteins. Proliferation of CFSE-stained T cells can thus be measured

by a dilutional decrease in fluorescence intensity by flow cytometry with each cell division!®!. As
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measured by CFSE dilutions, SEC23B-deficient T cells exhibited reduced proliferative capacity
when compared with WT T cells (Figure 2.12a). Proportions of Annexin V and 7-AAD were
similar in SEC23B-deficient and WT T cells (Figure 2.12b), suggesting that this observation was
primarily due to defects in proliferation and not secondary to increased cell death. We next
examined whether the proliferation defect was secondary to decreased COPII-dependent secretion
of proteins such as IL-2, a critical T cell growth factor. The addition of exogenous recombinant
murine IL-2 partially corrected the proliferation defect in vitro, suggesting that the altered
secretome, and specifically the release of IL-2, contributed only in part to the reduction in
proliferation (Figure 2.12a). Taken together, these data demonstrate that SEC23B regulates in

vitro T cell proliferation, but not differentiation.
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Figure 2.12 SEC23B KO T cells exhibit a proliferative defect in vitro that is partially rescued
by the addition of exogenous IL-2

(a) Proliferative capacity of WT and SEC23B-deficient T cells as measured by CFSE dilutions in
vitro (n=6/group). Partial rescue of proliferation upon addition of exogenous murine IL-2 in T
cells stimulated with aCD3 and aCD28 for 3 days (n=6/group). (b) Cell death as measured by
Annexin V and 7AAD staining (n=3/group) in SEC23B-deficient T cells compared to WT
following stimulation by aCD3 and alCD28 for 3 days.
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2.477 SEC23B-dependent COPII regulates T cell alloimmunity in experimental models of
acute GVHD

To determine the relevance of SEC23B-dependent effects on T cells in vivo, we utilized a
well-defined model of T cell stimulation, experimental allogeneic hematopoietic stem cell
transplantation (allo-HCT). We hypothesized that SEC23B deficiency in donor T cells would show
reduced proliferation and confer reduced pathogenicity in the clinically relevant major
histocompatibility-mismatched [C57BL/6J->BALB/c] model of allo-HCT. WT or SEC23B-
deficient CFSE-stained T cells were first transferred to allogeneic BALB/c mice that received total
body irradiation (TBI) on day -1, and recipient spleens were analyzed 3 days post-transplant.
Allogeneic SEC23B-deficient T cells proliferated significantly less than WT T cells and
significantly lower numbers were recovered in the spleen (Figure 2.13), demonstrating an in vivo

proliferative defect similar to in vitro responses.
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Figure 2.13 SEC23B KO T cells exhibit a proliferative defect in vivo in allogeneic recipients

Schematic of BMT donor and recipient pairings, and in vivo proliferative capacity of SEC23B-
deficient T cells compared with WT as measured by CFSE dilutions following their transfer into
allogeneic BALB/c recipient mice. Decreased proliferation was observed with reduced absolute
numbers of SEC23B-deficient T cells in the spleen (n=3/group). Significance determined by two-
tailed unpaired student’s t-test ***p < (0.001.
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Donor T cells are essential for driving Graft-versus-Host Disease (GVHD) in recipient
mice?>*, and the network of cytokines secreted by T cells are both important in the initiation and
maintenance of GVHD?2. To test whether the proliferative defect of SEC23B-deficient T cells
impacted its pathogenicity in vivo, we assessed their ability to drive murine GVHD!7:102,
Specifically, C57BL/6J WT bone marrow combined with either C57BL/6J WT or SEC23B-
deficient T cells were transferred into allogeneic BALB/c and syngeneic C57BL/6C recipient mice
(Figure 2.14a). All recipients of syngeneic T cells survived, while all recipients of allogeneic WT
T cells died by 9 weeks post-transplant (Figure 2.14a). However, recipients of allogeneic SEC23B
KO T cells demonstrated a dramatic improvement in survival with only 6% mortality. Clinical
GVHD scores in these recipients were significantly lower than those of recipients of WT T cells
during the post-transplant period (Figure 2.14a). To rule out strain-dependent artifacts, we next
corroborated these data in a second MHC matched and minor histocompatibility-mismatched
model of allo-HCT using C3H.SW recipients [C57BL/6J>C3H.SW] (Figure 2.14b). Together,

our data demonstrate a critical in vivo requirement for SEC23B in T cells, and suggest that

targeting it may have salutary effects in T cell dependent immune pathologies.

41



a Bone Marrow Tcells

8 Gy
WT B6 WT B6 WT B6 y
—
WT B6 BALB/c ;GV
—
KO B6 BALBLc 8%V
—p
100 == . 79
[ A *kk
] 6 Hkk Kekke
801 w T e
.I ................ @ 5 IJ;-”' % i
— o //
g 60 ] *kk (8 44 *k
c a % *k /
=2 3 N
@ 4 oS s AN
021 / -
20+ - / }
- \
0 T T - T |
0 20 40 60 80 100
Time after BMT (weeks) Time after BMT (weeks)
—— WTB6-WTB6 -#- WTB6-WTBALB/c &~ SEC23B KO B6-WT BALB/c
b Bone Marrow Tcells
10 Gy
WT B6 WT B6 WT B6
N\- Af‘
WT B6 C3H.SW }° Gy
—p
KO B6 caHsw 100Gy
—
100 - . 51
80
© 601
=1 -
a 40 .
201 .
0 T T T
0 5 10 15
Time after BMT (weeks) Time after BMT (weeks)

—&— WTB6-WTB6  -#- WTB6-WT C3H.SW &~ SEC23B KO B6~WT C3H.SW

Figure 2.14 SEC23B KO T cells demonstrate reduced GVHD pathogenicity

(a,b) Survival and GVHD scores of mice that received syngeneic T cell-depleted bone marrow,
and T cells from either syngeneic donors, allogeneic WT C57BL/6J donors, or allogeneic Sec23b"
Cd4¢* C57BL/6J donors. Allogeneic recipients were BALB/c (a) or C3H.SW (b) strain. (a,b)
Significance was determined by Mantel-Cox log rank test.
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2.4.6 SEC23B-dependent COPII regulates T cell-mediated antiviral immunity

We also tested whether the absence of SEC23B affects T cell-dependent protective immune
responses in vivo. To do this, we measured T cell-mediated antiviral immunity in LCMV
Armstrong-infected mice. Following infection and interaction with viral foreign antigen, T cells
undergo clonal expansion and differentiate into diverse subsets which carry out specialized
effector functions!®. A characteristic response to a primary viral infection involves three phases:
expansion, contraction, and memory. Upon presentation of viral antigen with co-stimulatory and
cytokine signals, T cells undergo rapid clonal expansion. Cytotoxic T cells target infected cells
and secrete cytokines including IFNy, TNFa, and IL-2 which further promote antiviral
immunity!%+1%, Following a decrease in viral load and clearance of the pathogen, most antigen-
specific cells undergo cell death while a subset of memory T cells persist and provide long-term
immunity against a secondary challenge!?7-119,

We infected Sec23b"" or Sec23b"- Cd4“™ mice with 2x10° p.f.u. of LCMV Armstrong i.p.,
and harvested tissue samples for analysis on day 8, which represents the time point at which LCMV
Armstrong is cleared in WT mice but before antigen-specific T cells undergo full contraction
(Figure 2.15a). We performed tetramer staining to detect LCMV-specific CD8" T cells by their
binding to peptide GP33, and CD4" T cells by their specificity for GP66. By day 8 post-infection,
both virus-specific CD8" and CD4" T cells were reduced in Sec23b"- Cd4“* mice when compared
with WT in the spleen (Figure 2.15b). To confirm this was not a tetramer-specific artefact, we
also tested for CD8+ T cells specific for GP276, and observed the same trend (data not shown).
The absence of viral peptide-specific T cells was observed in additional tissues including

peripheral blood mononuclear cells (PBMCs), lung, liver (Figure 2.15¢). This was accompanied

by a reduction in CD8" T cells that produced IFNy and TNFa (Figure 2.15d). Immunocompetent
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mice clear the virus at by day 8 post-infection. However, at this timepoint Sec23b%- Cd4“ mice

exhibited a failure to clear serum viral load, indicating loss of a normal antiviral immune response

(Figure 2.15e).
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Figure 2.15 Sec23b"" Cd4* mice exhibit reduced antiviral immunity following LCMV
Armstrong infection

(a) LCMV Armstrong injection experimental setup (b) Representative flow plots gated on CD8*
and CD4" T cells harvested day 8 post-infection from spleens of Sec23b"- (FL) and Sec23b"
Cd4¢" (KO) mice that received 2x10° p.f.u. of LCMV Armstrong i.p. Activation was measured
by CD44, and percentage of antigen-specific CD8" and CD4" T cells was detected with tetramers
against GP33 and GP66 respectively. Absolute numbers of LCMV-specific CD8" and CD4" T
cells are quantified on the right. (¢) Additional flow plots indicating percentage of LCMV-specific
T cells in PBMCs, Lung, and Liver. (d) Proportions of IFNy and TNFa producing CD8" T cells
present in the spleen (e) Viral titer day 8 post-infection measured in the serum. All measurements
in Sec23b"" mice were below detection levels.
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Next, we examined CD4" and CD8" T cell-dependent anti-viral processes. While CD4" T
cells do not directly participate in the killing of infected cells, they provide critical helper functions.
We used a peptide vaccination model that preferentially elicits CD4* T cell responses!!!. To do
this, we immunized mice on day 0 with I-Ab restricted peptide GPsi1-s0. Following challenge on
day 8, we harvested tissue for analysis on day 14 (Figure 2.16a). At this time point, absolute
numbers of CD4+ T cells in the spleen were similar between Sec23b"- and Sec23b" Cd4¢™ mice
(Figure 2.16b). Furthermore, there was no difference in the proportions and absolute numbers of
GPgs-specific CD4+ T cells (Figure 2.16¢). These data did not elicit a difference in the CD4" T
cell response, and altogether suggested CD4" T cells may produce normal immune responses in
vivo in this system.

We therefore tested the requirement for SEC23B in CD8" T cells. To do this, we utilized
an intracerebral (i.c.) LCMV Armstrong infection model. In this model normal immunocompetent
mice die approximately 7 days following intracerebral LCMV Armstrong infection coinciding
with seizures, edema, and brain herniation. CD8" T cells are essential for the pathophysiology of
this process and lethal disease, as CD8* T cell-deficient mice survive i.c. LCMV challenge (Figure
2.16d)!'>114, As expected, all WT mice died by day 7 post-infection. However, all Sec23b"- Cd4¢"
mice survived and appeared healthy by day 14. revealing the critical role of SEC23B in the CD8"

T cell response during the acute phase of viral infection (Figure 2.16e).
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Figure 2.16 . Sec23b™ Cd4¢ mice demonstrate reduced CD8" T cell response following
intracerebral LCMV-Armstrong infection

(a) Experimental setup for analyzing LCMV peptide vaccine-elicited response. (b) Absolute
numbers of total CD4" T cells present in the spleen on day 14 (n=5/group) (¢) Representative flow
plots indicated proportions and plot indicating absolute numbers of LCMV GP66-specific CD4*
T cells in the spleen (n=5/group). (d) Pathogenesis following i.c. LCMV Armstrong infection
adapted from Matullo et al''?. (e) Survival curve of Sec23b" and Sec23b"- Cd4°™ mice following
infection i.c. (n=5/group).



2.5 Discussion

Taken together, our data demonstrate a critical role for COPII-mediated ER-to-Golgi
transport in T cell immunity. Using genetically modified mice, we show that Sec23b mutation
significantly alters the T cell secretome and impacts T cell proliferative and effector functions.
Notably, we observed that the secretion of important T cell-derived factors including IL-2 is
impacted by the loss of SEC23B, and that IL-2 is retained intracellularly when SEC23B is reduced.
The observation that proximal TCR signaling events and transcription of secretory proteins are
similar to WT in SEC23B-deficient T cells, combined with the observation that protein levels are
increased intracellularly in these cells, suggests that production of these proteins is intact, but that
their post-translational release is impaired.

The finding that the secretion of some cytokines but not others raises the question of
specificity in the COPII pathway. Because murine T cells harbor both SEC23 paralogs, a possible
explanation for the finding is that SEC23B and SEC23A mediate the secretion of a non-
overlapping spectrum of secretory cargoes. SEC24 is considered the major COPII component that
interacts with transmembrane cargos or cargo receptors. However, it remains open to consideration
not to rule out SEC23 in this process, given its role in the COPII inner coat, the identification of
multiple direct binding partners including SEC22 and TRAPPI, and the structural similarity
between SEC23 and SEC24*+!!5, Chapter 3 builds on this observation using additional mouse
models.

The analysis of the T cell secretome represented a novel endeavor in primary T cells, but
it was met with technical challenges. This method allows for analysis of secreted proteins against
the murine proteome database, and also enables the measurement of relative abundance changes

among multiple samples in the same run, thus allowing for direct comparison of biological
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replicates of WT and KO cultures. However, T cells in this experiment must be activated in serum-
free media, as serum contamination reduces the ability to detect low abundance proteins. This is
complicated by our observations as well as others’ that activating T cells in the absence of serum
greatly increases cell death, and the resulting cell lysis releases intracellular proteins into the
supernatant!!6, To optimize this, we added bovine serum albumin (BSA) into T cell cultures which
improved survival, and employed BSA depletion steps downstream of secretome collection. While
we uncovered some known secreted proteins including IFNy, others were possibly released into
the sample by non-specific events such as cell lysis. In the future, it would be beneficial to revisit
this experiment with further optimization of conditions that favor maximal secretion with cell
viability, and employ more rigorous purification procedures, for example, by enriching for newly
synthesized glycoproteins via metabolic marking and affinity purification methods!!”.

Targeted analysis of the COPII pathway by specific deletion of SEC23B in T cells and
hematopoietic cells provides insight into its role in specific cytokine secretion, and also raises
additional questions. When we supplemented our T cell cultures with exogenous IL-2, T cell
proliferation was rescued only partially, raising the likelihood that other T cell processes are also
affected by Sec23b deletion and contribute to its overall impact. Thus, the net functional effects of
disrupting Sec23b expression is likely a result of a reduction in the extracellular transport of
effector molecules and growth factors such as IL-2, and the intracellular transport of proteins such
as transcription factors, including but not limited to SREBPs. Our work exploring this is the topic
of Chapter 4.

The secretion of inflammatory cytokines by T cells is central to the pathogenesis of
multiple diseases, and we were able to examine two experimental models to test the ramifications

of T cell-specific SEC23B deficiency in vivo. Our findings suggest the reduction of SEC23B-
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dependent COPII formation is sufficient to significantly reduce morbidity and mortality related to
GVHD in mice without affecting T cell development. These findings are dramatic, and future
studies are needed to determine the full biological underpinnings of these differences. The use of
both a major and minor mismatch model adds rigor to our findings.

In LCMV experiments, our data show a dramatic difference between WT and SEC23B KO
mice. Our data demonstrate reduced absolute numbers of activated T cells and also reduced
antigen-specific T cells that correlate with a defect in viral clearance. Our in vitro data would
suggest that T cell activation is intact. Therefore, SEC23B-deficient T cells may exhibit a defect
in clonal expansion following viral infection, or in this model system and at the specific day 8§ time
point analyzed, increased cell death may have occurred. Intracerebral infection with LCMV-
Armstrong revealed suppression of the CD8" T cell response during the acute phase of viral
infection, and we are planning follow up experiments to determine the mechanisms underlying
this difference.

In future studies, examining the basis of the observed bias in select cytokine secretion may
inform therapeutic applications. The notion that intracellular pathways for T cell secreted proteins
including several but not all cytokines may present an opportunity to target SEC23 in COPII as a
novel strategy to mitigate T cell-mediated pathologies such as GVHD in humans. Conversely, it
is possible that enhancing COPII may increase T cell function as a therapeutic approach to other

disorders.
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CHAPTER 3

Insights into the Role of SEC23 Paralogs in T Cell Immunity

3.1  Abstract

The mammalian genome encodes for two SEC23 paralogs, SEC23A and SEC23B, which
share 85% sequence identity at the amino acid level*-*%!18, We sought to build on our observations
in Chapter 2 that WT murine T cells express both paralogs, though SEC23B predominantly. We
first generated Sec23a"- Cd4“* mice which lack SEC23A expression selectively in T cells. In
contrast to our Sec23b KO model, Sec23a KO did not significantly affect T cell cytokine secretion
or proliferation in vitro. We therefore tested whether SEC23B harbors unique functions in T cells,
or if our observations could be attributed to the presence of greater baseline SEC23B in WT murine
T cells. To do this, we examined T cells derived from Sec23?%%-* mice, which have been modified
to express the Sec23a coding sequence in the Sec23b genomic locus. In these mice, SEC23A is
expressed at the same level as total SEC23A and SEC23B. We found this modification restored T
cell functions, indicating that the phenotypes we observed in our Sec23b"- Cd4“" mice were not
specific to the loss of SEC23B. Rather, these observations may be a consequence of decreased
overall COPII levels that does not occur to the same extent in Sec23a”" Cd4"¢ mice. Taken
together, our data demonstrate that T cells harbor a tissue-specific bias for SEC23B in mice, as
when either SEC23 paralog is expressed at adequate levels, T cell functions are normal both in

vitro and in vivo.
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3.2  Introduction

Mutations in Sec23a and Sec23b paralogs result in two different disorders in humans,
Cranio-lenticulo-sutural dysplasia (CSLD)%*%*> and Congenital Dyserythropoietic Anemia Type II
(CDAID)%, respectively. Recent studies suggest that SEC23A and SEC23B are functionally
complementary during development and have indistinguishable interactomes®’, but are expressed
in a tissue- and species-specific manner, thus lending to distinct phenotypes in mice and humans
when deficient or mutated’*76-78, In Chapter 2, we demonstrated that WT murine T cells express
both SEC23A and SEC23B paralogs, and that SEC23B-deficient T cells maintained expression of
SEC23A (Figure 2.2b). Despite the presence of SEC23A, however, the absence of SEC23B
critically impacted T cell functions.

We therefore investigated mechanisms for the T cell defects in SEC23B-deficient T cells.
Specifically, we focused on understanding the paralog specific roles and considered two mutually
exclusive hypotheses: (a) SEC23B possesses independent functions that are not compensated for
by SEC23A, or (b) as mature T cells express both SEC23B and SEC23A, the functional effect of
Sec23b deletion is from a net loss of total SEC23. If the latter is true, we reasoned that increased
expression of SEC23A, in the absence of SEC23B, to a total level of SEC23 similar to that present
in WT would rescue T cell functions.

To test this, we used two genetically modified mouse models: Sec23a" Cd4¢" and Sec23"
@b-a mice. Sec23a" Cd4°" mice harbor floxed Sec23a alleles and express Cre-recombinase
downstream of the Cd4 promoter. They therefore achieve excision of Sec23a conditionally in T
cells during their double positive stage of development, in which all thymocytes transiently express

both CD4 and CD8. Sec23"%*<mice express the Sec23a coding sequence (from C367 to A2298)
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followed by a poly(A) termination signal within the Sec23b coding sequence as described
previously®”’.

In this chapter, we characterize T cells from these additional mouse models. First, we
demonstrate that the absence of endogenous levels of SEC23A is not sufficient to impair T cell
functions. We then show data to support the hypothesis that SEC23A can rescue T cell functions
in the absence of SEC23B. Finally, we use an experimental model of allo-HCT to demonstrate that
the patterns we observed in vitro are consistent in a T cell-dependent disease model in vivo. The
data in this chapter advance our understanding of paralog specificity in T cell immunity and further

illuminate the core COPII components required by T cells.
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33 Materials and Methods

Mice

The generation of Sec23b"", Sec23a”"", and Sec23>**-¢ mice has been previously reported®’-7678,
Sec23b" and Sec23a”- mice were bred with Cd4< (017336) or Vav1¢*(008610) mice obtained
from The Jackson Laboratory. Genotyping was performed using primers previously
described’”-7678, C57BL/6C (027) and BALB/c (028) mice used as recipients in BMT experiments

were obtained from Charles River Laboratories.

T cell isolation and in vitro cell culture

Primary murine T cells were purified by magnetic separation (Miltenyi Biotec) from single cell
homogenates of spleens and lymph nodes, and cultured in cell media. T cells were cultured alone,
or with 5 ug/mL aCD3 (145-2C11; Biolegend) and 2.5 pg/mL aCD28 (37.51; Biolegend) soluble
antibodies for the specified timepoints. To measure proliferation, T cells were first labeled on day
0 with 5 uM CFSE (ThermoFisher) for 10 min at 37°C. Prior to analysis of cytokine production
by intracellular flow cytometry, T cells were additionally stimulated on day 3 with PMA and

ionomycin (Invitrogen) in the presence or absence of BFA (Biolegend) for 5 h at 37°C.

Flow cytometric analysis

Flow cytometric analysis was performed using fluorophore-conjugated antibodies to mouse CD3
(145-2C11), CD4 (GK1.5), CD8 (53-6.7), and IL-2 (JES6-5H4). For surface immunophenotyping,
single cell suspensions were incubated with the relevant antibodies for 30 min at 4°C, washed, and
fixed with 1% paraformaldehyde prior to analysis. Intracellular staining was performed following

surface staining and fixation, in permeabilization buffer for 30 min at room temperature.

53



Western Blotting

Whole cell lysates obtained from purified T cells were fractionated by gel electrophoresis through
a 10% Bis-Tris gel and transferred onto polyvinylidene difluoride membrane (Millipore) in a semi-
dry transfer cell (Bio-Rad). Blots were blocked and stained in 5% nonfat milk in TBST, with
primary antibodies against SEC23B and SEC23A78, and anti-B-Actin (8226; Abcam). Incubation
with secondary antibody conjugated to HRP (Santa Cruz) was performed for 2 h at room
temperature. Blots were detected using the SuperSignal ECL substrate system (ThermoFisher), on

a Konica SRX-101A film processor. Densitometric analysis was performed with ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)
Supernatants from cell culture were harvested at the specified timepoints and analyzed for levels

of [L-2 (555240; BD Biosciences) by ELISA according to the manufacturer’s protocol.

Bone Marrow Transplantation (BMT)

BMTs were performed as previously described””%8. Briefly, syngeneic [C57BL/6J—C57BL/6C]
and allogeneic [C57BL/6J—-BALB/c] recipients received lethal total body irradiation on day -1.
BALB/c recipients received a total of 8 Gy (*¥’Cs, split dose separated by 3 h), and C57BL/6C
recipients received a single dose of 10 Gy (}¥’Cs, single dose). All mice received 1x10° T cells
from the specified donors, and 5x10°® WT T cell-depleted bone marrow cells. Survival was
monitored daily, and recipient GVHD clinical scores were measured weekly according to the
severity of disease on recipient weight loss, posture, mobility, skin, and fur integrity as described

previously®’.
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3.4  Results
3.4.1 Genetic SEC23A KO does not replicate the phenotype of SEC23B KO

We first generated Sec23a”~ Cd4¢™ mice which lack SEC23A in T cells. As in Sec23b"
Cd4°" mice, Cre-recombinase is expressed in thymocytes at the double positive stage of T cell
development, and therefore Sec23a excision occurs in both mature CD4" and CD8" T cells. We
confirmed by western blot that these mice lack SEC23A specifically in T cells, but harbor normal
levels of SEC23B (Figure 3.1a). We analyzed cells derived from the thymus, spleen, and
peripheral lymph nodes to assess proportions and absolute numbers of CD4* and CD8" T cells,
and measured no significant differences between SEC23A KO T cells and WT T cells, suggesting
that SEC23A KO T cells developed normally and in the usual ratios (Figure 3.3). We next tested
SEC23A KO T cells in their capacity to secrete IL-2, given our observation that IL-2 secretion is
impaired in the absence of SEC23B. In contrast to this finding in SEC23B KO T cells, SEC23A
KO T cells demonstrated normal IL-2 secretion, as measured by ELISA (Figure 3.1b). When we
measured intracellular levels of IL-2, we found similar levels in both WT and SEC23A KO T cells
that were stimulated both in the presence and absence of BFA (Figure 3.1c¢). Following activation
with aCD3 and aCD28 for 3 days, SEC23A KO T cells also underwent similar proliferation
following activation when compared to WT (Figure 3.4).

Given its homology with its paralog SEC23B, these data raised further questions about the
relevance of SEC23A in murine T cells. We hypothesized that SEC23B may confer unique
functions to T cells. Alternatively, T cells may be sensitive to levels of total available SEC23
protein, and the observed defects in Sec23b"- Cd4“" mice may result from a larger loss of total
SEC23 level than in Sec23a"- Cd4<"* mice, as SEC23B is predominantly expressed in murine T

cells at baseline.
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Figure 3.1 Characterization of T cells derived from Sec23@" Cd4 mice

(a) Representative western blot showing SEC23B and SEC23 A expression in purified T cells from
Sec23b"", Sec23b" Cd4“"¢, and Sec23d"- Cd4°™ mice. Normalized levels of each protein relative
to B-actin are plotted on the right. (b) ELISA assay measuring IL-2 secreted by WT and SEC23A-
deficient T cells over 3 days in culture with aCD3 and aCD28 stimulating antibodies (n=5/group).
(¢) Flow cytometry measuring levels of intracellular IL-2 in WT and SEC23A-deficient T cells
following their stimulation in vitro for 3 days with aCD3 and aCD28, and 5 h with PMA and
ionomycin in the presence or absence of BFA (n=3/group).
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3.4.2 T cells from Sec23%“%-mice exhibit normal T cell functions in vitro

We next analyzed Sec23”“"¢ mice which lack Sec23b, but express Sec23a from the
endogenous Sec23b genomic locus (Figure 3.2a). As a result, these mice express SEC23A but
only at a level comparable to the total sum of WT SEC23A and SEC23B%’. We confirmed that
Sec23v4a T cells developed normally, as indicated by normal T cell proportions in the thymus,
spleen, and lymph nodes (Figure 3.3). We also confirmed that T cells from Sec23%%*- lacked
SEC23B, but contained increased levels of SEC23A (Figure 3.2b).

d

Sec23b
Exon 1 4 7 20

Sec23a cDNA (0367 to A2298) S::O

£
b 8 201
b,am'a L
ot e 1.5
8
SEC23B - E 10
SEC23A =
B-ACTIN - g 05
ACTN - g
S 0.0-
w

Sec23b-ab-a

Figure 3.2 Characterization of T cells derived from Sec23%“%-“ mice

(a) Schematic diagram of Sec23b endogenous genomic locus in Sec23%%*“mice in which a portion
of the Sec23b genomic locus is substituted by the Sec23a coding sequence (from C367 to A2298)
followed by a poly(A) termination signal’’. (b) Representative western blot showing SEC23B and
SEC23A expression in purified T cells from Sec23%¢*-¢ mice. Normalized levels of each protein
relative to B-actin are plotted on the right.
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Figure 3.3 T cell development is normal in Sec23¢/” Cd4¢™ and Sec23%“*“ mice
Representative flow cytometric plots indicating CD4" and CDS8" ratios in thymus, spleen, and
lymph nodes homogenates derived from Sec23b" (FL), Sec23b"- Cd4¢ (BKO), Sec23d"- Cd4"
(AKO), and Sec23"-*"- (B-A)mice. Absolute numbers are plotted on the right. Significance was
determined by two-tailed unpaired Student’s t-test. Differences between Sec23b"- and the
remaining groups were not significantly different (n=3, p > 0.05 for all).

We hypothesized that this increased SEC23A expression would functionally compensate
for the absence of SEC23B. Following activation with aCD3 and auCD28 for 3 days, Sec23>-¢b-
T cells exhibited normal proliferative capacity, as measured by the percentage of T cells that have
undergone at least one division as measured by CFSE (Figure 3.4). Taken together, our data

demonstrate that SEC23A and SEC23B have overlapping functions, and suggest that T cells

depend on total levels of SEC23 for their secretory and effector functions in vitro.
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Figure 3.4 Comparison of T cell proliferative capacity in different mouse models
Proliferation of isolated T cells from the indicated mice stimulated in vitro with oCD3 and aCD28,
as measured by CFSE dilutions. Data are mean + SEM, *p<0.05, ***p < 0.001 (two-tailed
unpaired Student’s t-test).
3.43 T cells from Sec23**%* mice demonstrate equivalent GVHD to WT T cells in
allogeneic recipients

To confirm that SEC23A can compensate for SEC23B when expressed at sufficient levels
in vivo, we performed allo-HCT to determine the pathogenic capacity of SEC23A-deficient T cells
and SEC23>“"-4T cells. We hypothesized that in contrast to SEC23B-deficient T cells, SEC23A-
deficient T cells and SEC23%%-4 T cells would cause similar severity of GVHD as WT T cells. All
control recipients received a dose of WT C57BL/6J bone marrow and syngeneic T cells.
Allogeneic recipients received WT C57BL/6J bone marrow, and either allogeneic WT C57BL/6J
T cells, SEC23A-deficient T cells, or SEC23>%%2 T cells. Consistent with our hypothesis, all
recipients of allogeneic SEC23A-deficient and SEC23%#"4 T cells died (Figure 3.5), and survival
was similar in recipients of SEC23%#"% and SEC23A-deficient T cells as those of WT T cells.

Transfer of SEC23b2b2 and SEC23A-deficient T cells also resulted in similar GVHD clinical
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scores when compared to WT T cells (Figure 3.5). These data demonstrate that while SEC23B is

the predominantly expressed paralog in T cells, SEC23A can compensate for its loss.
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Figure 3.5 GVHD following allo-HCT with T cells from Sec23a”- Cd4¢ or Sec23%“*mice

Survival and composite GVHD scores of mice that received syngeneic T cell-depleted bone
marrow and T cells from either syngeneic donors, WT C57BL/6J, Sec23d"- Cd4¢"¢ C57BL/6J, or
Sec23>#b-« C57BL/6] allogeneic donors. Syngeneic n=12, Allogeneic n=12 per group,
significance determined by Mantel-Cox log rank test.
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3.5  Discussion

Most COPII subunits in mammals exist in multiple paralogs, and mutations in different
paralogs often lead to distinct disease phenotypes***¢. Earlier studies have proposed that SEC23A
and SEC23B may contribute to increased complexity of COPII by carrying out non-overlapping

46:47.62 Tn contrast, recent studies that have shown that mice and humans have distinct

functions
phenotypes when they lack SEC23B supported the hypothesis that tissue-specific patterns of
Sec23a or Sec23b expression directed by evolutionary shifts in gene expression contribute to the
differences’*’%78, This is corroborated by findings that SEC23A and SEC23B have
indistinguishable interactomes and are interchangeable during development in vivo®”.

Our observations extend on these findings on the role of paralog specificity in COPII-
mediated transport in vivo, while demonstrating for the first time a role for this intracellular
pathway in T cell immunity. In light of our findings that SEC23A can compensate for SEC23B in
Sec23b-@a T cells, the absence of a secretory defect in SEC23A KO T cells suggests that when
total SEC23 is reduced, T cells can carry out normal secretory functions following activation in
vitro. Under other conditions, some differences are apparent, as in proliferation and demonstration
of GVHD in Figures 3.4 and 3.5, in which SEC23A-deficient T cells strike an intermediate
between SEC23B-deficient and Sec23>#% T cells. One interpretation is that the need for SEC23
is dose-dependent as proposed previously, as targeting SEC23A still represents a net decrease in
total SEC23. Another hypothesis is that while SEC23A can fully functionally compensate for
SEC23B, the same is not true vice versa. To that end, additional experiments could analyze the
effects of overexpressing Sec23b, probe the T cell phenotype in heterozygotic Sec23b*" and

Sec23a™" mice, or examine a murine model in which the Sec23a genomic locus is modified with

the coding sequence of Sec23b.
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Collectively, the data in this chapter support the conclusion that SEC23 paralogs have
overlapping function in T cells, and that increased expression of SEC23A can rescue to the
proliferative and cytokine secretion defects in vitro from the loss of SEC23B. This is consistent
with the report that SEC23A can also rescue the perinatal lethality and pancreatic degeneration
phenotype from the loss of SEC23B in murine development®’. Importantly, rescue of T cell
functions is maintained in vivo, as demonstrated by intact allogeneic donor T cell pathogenicity in

an experimental model of GVHD.
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CHAPTER 4

COPII Regulates T Cell Metabolism

4.1  Abstract
T cells undergo metabolic reprogramming upon their activation, and this is critical for the
synthesis of metabolic intermediates to support T cell proliferation, differentiation, and effector

functions!!-121

. However, the cell biological mechanisms that control metabolic activity remain
poorly characterized in T cells. We sought to examine T cell metabolic functions in the absence of
SEC23B, given the effect on proliferative functions described in Chapter 2. We demonstrate that
SEC23B KO T cells exhibit a deficiency in glycolysis following activation that was associated
with a decrease in transcription of Hexokinase II, as well as genes involved in cholesterol and fatty
acid synthesis. SREBPs (sterol regulatory element binding proteins) are transcriptional regulators
of multiple genes involved in metabolism including Hexokinase II. Furthermore, the activation of
SREBPs is dependent on the COPII pathway. Thus, we examined the relationship between
SEC23B and SREBP activity. We demonstrate that SREBP-1 and SREBP-2 co-localize with
SEC23B in T cells. Furthermore, we show that expression of Sec23a in SEC23B KO T cells via
analysis of Sec23"%"¢ mice rescues SREBP-mediated gene expression, as well as glycolytic

activity in T cells. Taken together, these data demonstrate a critical role for the COPII pathway in

regulating T cell metabolic functions.
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4.2  Introduction

In addition to enabling the extracellular transport of proteins, the COPII pathway is
involved in the localization of other proteins to different intracellular compartments®!-34, In this
chapter, we explore a scenario in which COPII is involved in the nuclear transport of a
transcriptional regulator.

Activated T cells undergo rapid changes in gene expression that stimulate proliferation and
the adoption of diverse effector functions.!'” This process is supported by changes in metabolic
pathways that increase the availability of metabolites and precursor molecules that support
biosynthesis of proteins including effector molecules. Metabolic reprogramming of T lymphocytes
upon their activation including changes in glycolysis, oxidative phosphorylation, and fatty acid
synthesis, are critical for T cell proliferation, differentiation, and effector functions!!*-!?!. Thus,
alterations of metabolism are tightly linked to T cell functions.

In Chapter 2, using a mouse model that is conditionally SEC23B-deficient in T cells, we
found that abrogation of the COPII pathway by Sec23bh KO led to altered T cell proliferation.
However, this phenotype was only partially rescued upon addition of exogenous IL-2, which
implied contributions of other cell extrinsic or intrinsic processes to this defect. As changes in
metabolism can drive T cell phenotype, we explored the significance of ER-to-Golgi transport
mechanisms in T cell metabolism.

We found that SEC23B-deficient T cells exhibit altered metabolic reprogramming
following activation, and a defect in the upregulation of genes that play a role in glycolysis and
cholesterol synthesis. On further exploration of mechanisms, we found that the COPII pathway is
not only important for its classical role in transporting secreted proteins, but also for SREBP-

dependent regulation of metabolism in T cells.
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4.3 Materials and Methods

Mice

All animal work was performed in accordance with the recommendations of the Institutional
Animal Care and Use Committee of the University of Michigan. The generation of Sec23b" and
Sec23b-#b-¢ mice has been previously reported’’-’%78. Sec23b"- mice were bred with Cd4¢"

(017336) or Vavi©*(008610) mice obtained from The Jackson Laboratory.

T cell isolation and in vitro cell culture

Primary murine T cells were purified by magnetic separation (Miltenyi Biotec) from single cell
homogenates of spleens and lymph nodes, and cultured in cell media (1640 RPMI supplemented
with 10% heat inactivated FBS, 2 mM L-glutamine, Penicillin-Streptomycin 100U/mL, 100mM
HEPES, Non-essential amino acids, 1 mM sodium pyruvate, and 50 uM [B-mercaptoethanol). T
cells were cultured alone, or with 5 pg/mL aCD3 (145-2C11; Biolegend) and 2.5 pg/mL aCD28

(37.51; Biolegend) soluble antibodies for the specified timepoints.

Flow cytometric analysis

Flow cytometric analysis was performed using fluorophore-conjugated antibodies to mouse CD3
(145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD69 (H1.2F3), and GLUTI. For surface
immunophenotyping, single cell suspensions were incubated with the relevant antibodies for 30
min at 4°C, washed, and fixed with 1% paraformaldehyde prior to analysis. All samples were run

on an Attune NxT flow cytometer and analysis was performed using FlowJo v10.3.
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T cell immunofluorescence confocal microscopy

Purified T cells were fixed on coverslips with 3% paraformaldehyde in PBS, and quenched with
50 mM NH4Cl in PBS. Cells were then permeabilized in 0.3% Triton X-100 in PBS and blocked
with 10% normal goat serum. Cells were then sequentially stained with SREBP-1 (2A4, Santa
Cruz Biotechnology) or SREBP-2 (A-12, Santa Cruz Biotechnology) and SEC23B (PA5-52533,
Invitrogen) followed staining with secondary antibodies against Rat IgG2bk and Rabbit IgG
respectively. DAPI (Life Technologies) was used to detect nuclei. Acquisition of images was
performed using an inverted point-scanning confocal microscope with standard PMT detectors

(Nikon Al).

Metabolic Analysis

Metabolic analyses were performed on a Seahorse XFe96 Analyzer (Agilent). 3x10"5 purified T
cells/well were seeded onto Cell-Tak (Corning) coated wells. Mitochondrial stress and glycolytic
rate were measured by oxygen consumption rate (OCR, pmoles/min) and extracellular
acidification rate (ECAR, mpH/min) respectively. In the Mito Stress test, cells were resuspended
in XF assay media supplemented with L-glutamine (2mM), sodium pyruvate (ImM), and glucose
(10mM). Cells were sequentially treated with oligomycin (1uM), FCCP (10uM), and rotenone
(0.1uM) and antimycin (1uM). In the glyco stress test, cells were resuspended in XF assay media
supplemented with L-glutamine (2mM). Cells were sequentially treated with glucose (10mM),
oligomycin (1uM), and 2-Deoxy-D-glucose (50mM). Data were collected in the Seahorse Wave

Desktop Software and analyzed on GraphPad Prism.
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Quantitative RT-PCR

RNA was isolated from T cells with the Qiagen RNeasy kit. cDNA was synthesized using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and quantified on a NanoDrop
Lite Spectrophotometer (ThermoFisher). Quantitative RT-PCR was performed using PowerUP
SYBR Green Master Mix (Applied Biosystems) and the primers listed in Table 4.1 on a

Mastercycler RealPlex? (Eppendorf).

Primer Sequence (5' to 3')

Hmger F [ TGGTCCTAGAGCTTTCTCGTGAA
Hmger R [GGACCAAGCCTAAAGACATAATCATC
Hmges F [CAGGGTCTGATCCCCTTTG
Hmgcs R [CAGAGAACTGTGGTCTCCAGGT
AcacaF [GGCCAGTGCTATGCTGAGAT
AcacaR [CCAGGTCGTTTGACATAATGG
Sqle F GCCTCTCAGAATGGTCGTCT
SqleR CGCATCTCCCAGAATAAGGA
Hk2-1 F |TGATCGCCTGCTTATTCACGG
Hk2-1R [AACCGCCTAGAAATCTCCAGA
Hk2-2F |[TTCCGTGTGCTCCGAGTAAG
Hk2-2 R [CAGGCATTCGGCAATGTGG
Gapdh F |ATGGTGAAGGTCGGTGTGA
Gapdh R |TCGTTGATGGCAACAATCTC

Table 4.1 List of primers used for qRT-PCR in Chapter 4

Statistics

Experiments were conducted with technical and biological replicates at an appropriate sample size,
as estimated by our prior experience. An unpaired Student t-test (two-tailed) was used for statistical
evaluation of data between two groups, using a statistical software package (GraphPad Prism).
Bars and error bars represent the mean and SEM respectively. P values <0.05 were considered
significant: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Sample sizes and statistical tests

used are detailed in each figure legend.
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4.4  Results
4.4.1 Absence of SEC23B results in altered T cell glucose metabolism

In Chapter 2, we examined Sec23b"- Cd4¢ mice, which lack Sec23b expression in T cells.
We activated T cells derived from these mice with aCD3 and aCD28 for 3 days, and observed that
they have a reduced proliferative capacity when compared with WT T cells. Given the central role
of COPII in secretion, we reasoned that the proliferation defect was secondary to a reduction of T
cell-derived growth factors. When we supplemented the cultures with exogenous IL-2, however,
Sec23b-deficient proliferative capacity was only partially restored (Figure 2.12). We also
demonstrated that Sec23b" Cd4<™ T cells undergo normal development, activation, and similar
levels of cell death. Therefore, we hypothesized that in addition to extrinsic factors of T cell
function, T cell intrinsic processes were impacted by the loss of Sec23b that additionally account
for the proliferative defect.

As T cell metabolism is linked to its function, we aimed to gain a better understanding of
the metabolic profile of SEC23B-deficient T cells. We first probed T cell glycolytic activity and
mitochondrial respiration in real-time using a Seahorse Extracellular Flux. Specifically, we
examined rates of both oxygen consumption (OCR) and extracellular acidification (ECAR) by T
cells before and after 24 hours of activation with aCD3 and aCD28. Following activation, there
were no significant differences in OCR between WT and SEC23B KO T cells throughout the
conditions of the assay. However, activated SEC23B KO T cells displayed significantly reduced
glycolytic capacity when compared with WT (Figure 4.1a). Although ECAR was similar
throughout the assay among unstimulated cells, activated SEC23B KO T cells exhibited less
glycolytic activity upon addition of a saturating concentration of glucose, and decreased glycolytic

capacity upon addition of oligomycin (Figure 4.1a).
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Given the known role of SEC23B in transporting diverse cargoes including membrane
proteins, we hypothesized that this phenotype may be a consequence of decreased transport of
glucose transporters to the surface. GLUT]1 is the primary glucose transporter expressed on T
cells!%122.123  Therefore, we measured Glutl transcription by qRT-PCR, and found that Glutl
expression was normal in SEC23B KO T cells (Figure 4.1b). Both at baseline and after activation,
levels of GLUT1 on the surface of SEC23B KO T cells were also similar to WT as measured by
flow cytometry (Figure 4.1c). Furthermore, when we measured glucose uptake, SEC23B KO T
cells demonstrated normal 2-NBDG levels 24 hours after activation (data not shown). To further
investigate this, we measured a panel of genes important in the glycolytic pathway by qRT-PCR
and found that Hexokinase Il (Hk2) expression was decreased in SEC23B KO T cells, which we

confirmed with two separate primer pairs (Figure 4.1d).
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Figure 4.1 SEC23B regulates T cell glucose metabolism

(a) Oxidative phosphorylation of FL and KO T cells as measured by the OCR following injections
with oligomycin (1uM), FCCP (10uM), and rotenone (0.1uM)/antimycin (1uM). Glycolysis of
Sec23b"- (FL) and Sec23b"- Cd4" (KO) T cells as measured by the ECAR following injections
glucose (10mM), oligomycin (1uM), and 2-Deoxy-D-glucose (50mM) (b) qRT-PCR analysis of
Glutl expression in FL and KO T cells without or with stimulation with a«CD3 and aCD28 for 24
hours. (¢) Flow cytometric analysis of GLUT1 surface expression (d) qRT-PCR analysis of Hk2
expression with two different primers.

Naive T cells have low metabolic needs and undergo basal nutrient uptake and oxidative
phosphorylation!!®. Following TCR stimulation, T cells undergo an increase in glycolytic flux to
rapidly adapt to higher energy demand that is accompanied by a dramatic increase in expression
of Hexokinase II'**'?°, Hexokinase II mediates the phosphorylation of glucose to glucose 6-
phosphate in the glycolytic pathway, and is considered the rate limiting enzyme for glycolysis!2!.
One group that generated Hk2™" Cd4“ mice found that HK2-deficient T cells have greatly

reduced ECAR, but maintain normal OCR, a pattern we observed in our own Seahorse analysis'?>.

We therefore looked into the basis of decreased Hk2 expression.

4.4.2 SEC23B KO T cells demonstrate altered SREBP-dependent transcription

Given the observation that Hk2 transcript levels were reduced, we examined its
transcriptional regulators. We found that Hexokinase II and its closely related isozyme,
Glucokinase, are downstream of sterol regulatory elements which are regulated by SREBP-1!27-
129, SREBPs represent a group of transcription factors that bind sterol regulatory elements and
control the expression of genes involved in metabolic processes including cholesterol and fatty
acid synthesis'*%!132, While they have overlapping functions, SREBP1 is primarily involved in the
synthesis of fatty acids, and SREBP2 is associated with upregulating molecules that increase in

cholesterol synthesis and lipid transport. Cholesterol is an important component of cell
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membranes, and it was previously demonstrated that proliferating T cells meet the increased
demand for cholesterol during cell division by upregulating SREBP-dependent transcription'?>.

Mechanistically, the activation of SREBP is dependent on their intracellular localization,
and SREBP activity is regulated by a feedback system that controls its transport between
organelles'®*. Specifically, SREPBPs utilize the classical secretory pathway, and its activation is
dependent on the COPII pathway?®2’. SREBPs are initially present as inactive precursors on the
ER membrane where it is bound by the cholesterol sensor Scap (SREBP cleavage-activating
protein), which itself associates with the ER membrane protein Insig (insulin-induced gene)!*.
Insig acts as a retention protein that masks the COPII sorting signal on Scap, and precludes its
binding to Sec24!'%%. However, in cholesterol deplete conditions, Scap undergoes a conformational
change that leads to its dissociation from Insig, and incorporation into COPII vesicles!37:138,
Following its transit to the Golgi apparatus, SREBP undergoes a proteolytic cleavage that releases
its amino-terminal transcription factor domain which enters the nucleus!*-1%, Thus, the
intracellular transport of SREBPs is dependent on its transport from the ER to the Golgi apparatus
for their activity!4>-!46, SREBP activation leads to target gene transcription which includes but is
not limited to the uptake and synthesis of cholesterol, and the increased availability of cholesterol
negatively feeds back to inhibit the COPII-dependent ER-to-Golgi transport of SREBP!46, It is not
known whether SREBP activity is regulated by SEC23B in T cells.

Given the importance of the COPII pathway in SREBP activation, we tested whether the
expression of known SREBP targets was altered in SEC23B KO T cells. We activated naive T
cells with aCD3 and aCD28 for 24 hours, and measured the transcription levels of genes
commonly associated with SREBP activity. When compared with WT T cells, SEC23B-deficient

T cells exhibited significantly reduced expression of Hmgcr, Hmgcs, Acaca, and Sqle (Figure 4.2).
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As demonstrated previously, this difference in transcription is not likely attributed to differences

in proximal TCR signaling events or T cell activation.
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Figure 4.2 T cells lacking SEC23B exhibit transcriptional downregulation of SREBP-
regulated genes following activation

gqRT-PCR analysis of expression of Hmgcr, Sqlp, Acaca, and Sgle by Sec23b"- (FL) and Sec23b"-
Cd4¢ (KO) T cells following stimulation with aCD3 and aCD28 for 24 hours.

We hypothesized that while present intracellularly, SREBP activity would be reduced in
SEC23B KO cells due to reduced COPII-dependent ER-to-Golgi transport. To test this, we
performed confocal immunofluorescence microscopy to confirm the intracellular localization of
SREBP. We found that in activated WT T cells, SREBP co-localized with SEC23B, and that

SREBP is present in Sec23b"- Cd4<™ T cells.

72



Sec23b"-

SREBP-2 =

Sec23b™" Cd4cre
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Figure 4.2 SREBP-1 and SREBP-2 co-localize with SEC23B in WT T cells
(a) qRT-PCR analysis of expression of Hmgcr, Sqle, Acaca, and Fasn by WT T cells following
stimulation with «CD3 and aCD28 for 24 hours. (b) Immunofluorescence confocal micrographs
of SEC23 (green) and SREBP-1 or SREBP-2 (red) with DAPI (blue) in Sec23b"- and Sec23b"-
Cd4¢ T cells after 24a.CD3 and aCD28 stimulation.
4.4.3 Rescue of Sec23b deletion by Sec23a expression restores glucose metabolism

We have previously shown in Chapter 3 that in T cells, SEC23A can rescue SEC23B-
deficient T cell secretory and proliferative functions. We therefore tested whether increasing
Sec23a expression could rescue the metabolic phenotype. We first measured expression of Hk2 in
T cells derived from Sec23”%"-@ mice. We found that following activation, Hk2 expression was
similar to WT in these cells (Figure 4.4a). Using the seahorse method, we also found that Sec23
@b-a T cells exhibited normal glycolytic capacity compared to WT T cells (Figure 4.4b).

Additionally, the expression of Hmgcr, Sqlp, Acaca, and Sqle was rescued in activated T cells

(Figure 4.4c¢).
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Figure 4.4 Sec23%4 T cells demonstrate normal glycolysis and SREBP-dependent gene
expression

(a) qRT-PCR analysis of Hk2 expression using two separate primers. (b) Glycolysis of Sec23b"-
(FL) and Sec23b4*-« (B-A) T cells as measured by the ECAR following injections glucose
(10mM), oligomycin (1uM), and 2-Deoxy-D-glucose (50mM) (¢) qRT-PCR analysis of expression
of Hmgcr, Sqlp, Acaca, and Sqle by Sec23b"- (FL) and Sec23>*** (B-A) T cells following
stimulation with aCD3 and aCD28 for 24 hours.

Given that SREBPs act in conjunction with several different transcription factors, we
performed RNA-seq to examine other pathways that are influenced by the loss of COPII-dependent
SREBP activation. Principal component analysis indicates that stimulation is a major source of
variation in separating Sec23b"" and Sec23b"- Cd4“" T cells (Figure 4.5a). Differential expression
analysis comparing fold change in gene expression in activated Sec23b"" and Sec23b"- Cd4“" T
cells when compared with unstimulated controls revealed differences in relative changes in gene

expression (Figure 4.5b). In future studies, we plan to follow up on these initial results and

perform gene ontology analysis.
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Figure 4.5 RNA-seq analysis

(a) Principal component analysis (b) Differential expression analysis comparing unstimulated vs
stimulated FL T cells with KO T cells. FDR<=5% and |log2FC|>=|1| criteria were used.
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4.5  Discussion

Taken together, our data demonstrate that abrogation of the COPII pathway by Sec23b
mutation impacts SREBP-dependent gene expression. In particular, Hk2 expression is impaired
following T cell activation, and a reduction in glycolytic capacity is observed in T cells lacking
SEC23B. Rescue of this phenotype is observed in T cells derived from Sec23%%- mice.

SREBPs have important functions in multiple cell types cells, and have been demonstrated
to be critical in activated T cells for proliferation and effector functions!34!47:148 T cells upregulate
SREBP upon their activation, which leads to the synthesis of cholesterol and lipids critical for cell
membranes, and supports the increased demand by activated T cells for growth and
proliferation!?. Alteration of SREBP availability has been demonstrated to decrease T cell

proliferative capacity and reduce effector functions and anti-viral immunity in mice!4’

. However,
the role of the COPII pathway in regulating SREBP activity in T cells, and its downstream
implications for T cell function, is not well known. In this chapter, we build on previous studies
by demonstrating that the COPII pathway regulates T cell metabolism, and that SREBP-dependent
gene expression is altered in the absence of SEC23B.

Altogether, our findings suggest that the COPII pathway is not only important for its
classical role in transporting secreted proteins, but also for the intracellular transport of SREBP
and regulation of T cell metabolism. In future studies, we plan to perform CRISPR/Cas9 studies
to confirm that the targeted downregulation of SREBP activation and Hk2 expression regulates the
T cell proliferation or metabolism. Furthermore, we also plan to determine if SEC23B KO T cells
can be rescued by incorporation of modified/cleaved SREBP or Hexokinase II. Finally, we will

explore the contribution of the COPII pathway to SREBP activity and metabolic reprogramming

in human T cells.
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CHAPTER 5

Characterizing the Role of SEC23 in Human T Cells

5.1  Abstract

Homozygous or compound heterozygous mutations in SEC23B give rise to Congenital
Dyserythropoietic Anemia Type II in humans®®®’. Given our observations in SEC23B-deficient
murine T cells, we examined the relevance of SEC23B in human T cells. We found that like murine
T cells, healthy human T cells harbor both SEC23 paralogs. We first targeted Sec23b by
CRISPR/Cas9 and found that this results in an IL-2 secretory defect associate with intracellular
IL-2 accumulation as in murine KO T cells. T cells derived from a patient with CDAII, however,
did not exhibit the same phenotype. Mechanistic studies demonstrated that unlike murine KO T
cells, T cells from patients with CDAII harbored increased levels of SEC23A. This finding was
reminiscent of our Sec23%*%“ mice in which increased expression of Sec23a from the Sec23b
genomic locus restored T cell functions. Together, our data demonstrate a critical role for the
COPII pathway with evidence for functional overlap in vivo between SEC23 paralogs in regulation
of T cell immunity in both mice and humans. Furthermore, they provide a possible explanation for

why immune deficiencies are not associated with CDAIL.
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5.2  Introduction

Patients with CDAII exhibit a mild to moderate anemia primarily due to ineffective
erythropoiesis and other red blood cell abnormalities®®’°. While CDAII manifests predominantly
as a disorder of erythrocytes, a reduction in SEC23B has also been documented in lymphocytes in
patients with CDAII compared with healthy controls'#°. This raised the question of whether this
bears consequences for T cell functions in these patients, as we observed in our SEC23B-deficient
mouse models. Previous studies have demonstrated that mice deficient in SEC23B do not exhibit

747678 - Furthermore, immunodeficiency is not a commonly

the same phenotype as humans
associated symptom of CDAII, though this may depend on the mutation!*’. To examine the full
impact of SEC23B, we sought to directly study human lymphocytes.

CRISPR/Cas9 (Clustered, Regularly Interspaced, Short Palindromic Repeats)/(CRISPR-
associated protein 9) is a gene editing method that has facilitated the study of single gene KO in
various cell types. One recent study optimized an approach to introducing guide RNAs complexed
with Cas9 into primary human T cells by nucleofection without the need for T cell activation!>!.
Using this approach, we achieved efficient Sec23b KO in healthy human T cells, and assayed their
function. We describe the results of these experiments in this chapter.

CDAII is a rare disorder, with under 400 cases reported as of 2003!52, However, we were
able to obtain PBMCs from three patients with clinically diagnosed CDAII at the University of
Michigan and University of Cincinnati. Intriguingly, T cells from the first patient we analyzed
exhibited a phenotype that contrasted with those of healthy donor T cells subjected to
CRISPR/Cas9-mediated Sec23bh KO. When we measured the levels of SEC23 by western blot, we

found that unlike the CRISPR/Cas9-mediated KO T cells, T cells from this patient in addition to

two others harbored increased levels of SEC23A when compared with healthy human T cells.
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Together, the data in this chapter data sheds light on the consequences of targeting SEC23
in human lymphocytes, and add to the conclusions derived from our experiments in mice that
SEC23A can compensate for SEC23B in its absence in T cells. They also provide insight into

mechanisms behind the presence of normal immunity in patients with CDAII.
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5.3 Materials and Methods

Isolation and Culture of Human T Lymphocytes

PBMCs were isolated from whole blood by density centrifugation with Ficoll-Paque Premium (GE
Healthcare) according to the manufacturer’s instructions. PBMCs were then treated with red blood
cell lysis buffer (Sigma) and cryopreserved in heat-shocked fetal calf serum (Gibco) containing
10% DMSO (Sigma). Prior to use, PBMCs were thawed in a 37°C water bath and immediately
resuspended in complete cell media supplemented with 50 U/mL of Benzonase (EMDMillipore).
T cells were isolated from PBMCs by magnetic separation (Miltenyi Biotec) and cultured in cell
media (1640 RPMI supplemented with 10% heat inactivated FBS, 2 mM L-glutamine, Penicillin-
Streptomycin 100U/mL, 100mM HEPES, Non-essential amino acids, ] mM sodium pyruvate, and
50 uM B-mercaptoethanol). T cells were cultured alone, or with 5 pg/mL aCD3 (145-2C11;
Biolegend) and 2.5 pg/mL aCD28 (37.51; Biolegend) soluble antibodies for the specified
timepoints. For proliferation studies, T cells were first labeled on day 0 with 5 uM CFSE
(ThermoFisher) for 10 min at 37°C. Prior to analysis of cytokine production by intracellular flow
cytometry, T cells were additionally stimulated on day 3 with PMA and ionomycin (Invitrogen) in

the presence or absence of BFA (Biolegend) for 5 h at 37°C.

CRISPR/Cas9-mediated KO in T cells by ribonucleoprotein (RNP) nucleofection

CRISPR/Cas9 RNP nucleofection was carried out as previously described!®!. Briefly, T cells were
isolated from healthy human PBMCs by magnetic separation (Miltenyi Biotec) and incubated in
media containing IL-7 (10 ng/mL) for 2-24 h (37°C, 5% CO3). Control non-targeting crRNA (IDT)
or Sec23b-targeting crRNA (AGGTCTGGACGTTCTTTCAA,

GACGTTCTTTCAAAGGAGTA, AAGAGACCTTTGCGATCCAC) were complexed with
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tractrRNA (IDT) at equimolar concentrations and annealed at 95°C for 5 min. crRNA-tracrRNA
duplexes were complexed with Cas9 protein (IDT) at room temperature for 10 min. T cells were
resuspended in primary cell nucleofector solution (Lonza) and mixed with Cas9/RNPs for 2 min
at room temperature. Combined samples were transferred to a nucleofection cuvette, and
electroporated on a Lonza 4D Nucleofector. Nucleofected T cells were incubated in media at 37°C
for 3 days in the presence of IL-7 (10 ng/mL). KO efficiency was confirmed by qRT-PCR and

western blot. T cells were used on day 3 for downstream applications.

Flow cytometric analysis

Flow cytometric analysis was performed using fluorophore-conjugated antibodies to human CD3
(UCHTT1), CD69 (FN50), CD25 (BC96), IL-2 (MQ1-17H12), IFNy (4S.B3), and TNFa (Mabl11).
For surface immunophenotyping, single cell suspensions were incubated with the relevant
antibodies for 30 min at 4°C, washed, and fixed with 1% paraformaldehyde prior to analysis.
Intracellular staining was performed following surface staining and fixation, in permeabilization
buffer (eBioscience) for 30 min at room temperature. All samples were run on an Attune NxT flow

cytometer and analysis was performed using FlowJo v10.3.

Quantitative RT-PCR

RNA was isolated from T cells with the Qiagen RNeasy kit. cDNA was synthesized using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and quantified on a NanoDrop
Lite Spectrophotometer (ThermoFisher). Quantitative RT-PCR was performed using PowerUP

SYBR Green Master Mix (Applied Biosystems) on a Mastercycler RealPlex? (Eppendorf), using
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the  primers  Sec23b F: TGGCACGAGTCAGTGGAAAA, and Sec23b R:

AAACTGGATGGCTCCTCTGC.

Western Blotting

Whole cell lysates obtained from purified T cells were fractionated by gel electrophoresis through
a 10% Bis-Tris gel and transferred onto polyvinylidene difluoride membrane (Millipore) in a semi-
dry transfer cell (Bio-Rad). Blots were blocked and stained in 5% nonfat milk in TBST, with
primary antibodies against SEC23B and SEC23A", and anti-B-Actin (8226; Abcam). Incubation
with secondary antibody conjugated to HRP (Santa Cruz) was performed for 2 h at room
temperature. Blots were detected using the SuperSignal ECL substrate system (ThermoFisher), on

a Konica SRX-101A film processor. Densitometric analysis was performed with ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)
Supernatants from cell culture were harvested at the specified timepoints and analyzed for levels
of IL-2 (555190; BD Biosciences), IFNy (555142; BD Biosciences), and TNFa (555212; BD

Biosciences) by ELISA according to manufacturer instructions.

Statistics

Experiments were conducted with technical and biological replicates. An unpaired Student t-test
(two-tailed) was used for statistical evaluation of data between two groups, using a statistical
software package (GraphPad Prism). Bars and error bars represent the mean and SEM respectively.
P values <0.05 were considered significant: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Sample sizes and statistical tests used are detailed in each figure legend.
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5.4  Results
5.4.1 Healthy human T cells express both SEC23 paralogs

We first measured the levels of SEC23A and SEC23B in healthy human T cells. Like mice,
humans express both SEC23A and SEC23B in T cells (Figure 5.1). However, the relative
expression of both paralogs in human T cells is similar, with neither paralog being predominant as

indicated by densitometric analysis of western blot band intensity.
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Figure 5.1 Protein expression levels of SEC23 paralogs in healthy human T cells
(a) Western blot measuring SEC23B and SEC23A expression in naive T cells isolated from
healthy humans. Densitometric analysis indicating normalized expression levels relative to B-actin
is quantified on the right (n=3).
5.4.2 Sec23b KO by CRISPR/Cas9 in primary human T cells

Given the presence of SEC23B in healthy human T cells, we examined the consequences
of SEC23B KO via CRISPR/Cas9 (Figure 5.2). We chose to perform Sec23b KO in primary
human T cells by CRISPR/Cas9, as it presented important advantages to other methods of genetic

KO. First, this method enables transfection of Cas9/RNPs without TCR stimulation. Previous

methods such as lentiviral delivery or electroporation of guide RNAs with Cas9 have been less
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efficient and toxic to primary T cells'**!%6, Furthermore, the activation required by these methods
to achieve increased efficiency is suboptimal for functional studies downstream that seek to
analyze T cells following initial activation. Upon confirming a reduction in SEC23B expression
by qRT-PCR and western blot (Figure 5.3a), we assessed T cell functions and observed an
increase in IL-2 retention as measured by intracellular flow cytometry (Figure 5.3b). When
stimulated with PMA and ionomycin in the presence of BFA, control and KO T cells contained
similar levels of IL-2. However, when stimulated in the absence of BFA, only KO T cells
maintained those same levels, consistent with observations in murine T cells as noted in Chapter
2. These data suggested that patients with CDAII who are deficient in SEC23B might have similar

T cell defects.

Healthy human PBMCs T cells SEC23B KO T cells
T cell isolation @ @ ﬁ\rudeofection @

Cas9:gRNA RNP ;
S

SEC23B-targetin
chNAg 9 4 tacrRNA  Cas9

guide RNA complex

Figure 5.2 Schematic of RNP transfection for CRISPR/Cas9-mediated Sec23b KO

T cells isolated from healthy human PBMCs by magnetic separation underwent nucleofection of
Sec23b-specific guide RNAs pre-complexed with Cas9 Protein by nucleofection. Non-specific
guide RNAs were used as a control. T cells were used for downstream functional assays 3 days
post-nucleofection, at which detected protein levels were reduced.
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Figure 5.3 Functional impact of CRISPR/Cas9 Sec23b KO in primary human T cells
(a) qRT-PCR analysis and Western blots indicating the KO efficiency of T cells that underwent
CRISPR/Cas9-mediated Sec23b KO. T cells were analyzed 3 days following nucleofection with
control or Sec23b-targeting crRNA-tracrRNA duplexes complexed with Cas9 protein. (b) Flow
cytometry measuring intracellular IL-2 in healthy T cells that underwent CRISPR/Cas9-based
Sec23b KO compared with those that received control guide RNA. T cells were stimulated in vitro
for 3 days with aCD3 and alCD28, and additionally stimulated for 5 h with PMA and ionomycin
in the presence or absence of BFA.
5.4.3 Analysis of T cells from a patients with CDAII

We next analyzed T cells obtained from a patient with CDAIIL. We first activated these T
cells for 3 days with aCD3 and aCD28, and measured their proliferation and cytokine secretion.
In contrast to murine SEC23B KO T cells and healthy human T cells that underwent acute KO of
Sec23b, T cells from this patient exhibited normal proliferative capacity (Figure 5.4a). They also
appeared to produce and release IL-2 normally, as well as TNFa and IFNy, as indicated by the
presence of normal intracellular cytokine following stimulation in the presence or absence of BFA
(Figure 5.4b). The patient’s T cells also expressed similar levels of surface CD69 and CD25,
indicating they were similarly activated (Figure 5.4c). Because mechanistic murine studies
demonstrated that SEC23 A, when expressed in sufficient quantities, can rescue cytokine secretion
in the absence of SEC23B, we hypothesized that preservation of the T cell response from this

patient with CDAII may be from a compensatory increase in SEC23A. Consistent with this

hypothesis, we measured SEC23A levels in this patient’s T cells, and found that it was expressed
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at about twice the levels observed in healthy controls (Figure 5.4d). We further corroborated this
finding in T cells from two additional patients. Together, these data confirm the interchangeability
of SEC23 paralogs in T cells from mice and humans, and also provide a potential explanation for

the lack of significant immunodeficiencies in patients with CDAII!5%152,
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Figure 5.4 Phenotype of T cells derived from a patient with CDAII

(a) Proliferative capacity of T cells derived from a patient with CDAII compared with healthy
controls, as measured by CFSE dilutions following stimulation in vitro with aCD3 and aCD28
for 3 days (n=5/controls, n=1/CDAII). (b) Flow cytometry measuring the levels of intracellular
IL-2, TNFa, and IFNy in T cells from a patient with CDAII and healthy controls, following their
stimulation in vitro with aCD3 and aCD28 for 3 days, and an additional 5 h with PMA and
ionomycin in the presence or absence of BFA (n=5/controls, n=1/CDAII). (¢) Quantification of
surface CD69 and CD25 expression as measured by flow cytometry in T cells from healthy T cells
or T cells from a patient with CDAII on day 3 after no stimulation, or stimulation with aCD3 and
aCD28 (n=6/controls, n=1/CDAII). (b) Western blots showing expression of SEC23B and
SEC23A relative to B-actin in naive unmanipulated T cells from healthy human donors or patients
with CDAIL (n=4/controls, n=3/CDAII).
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5.5  Discussion

In this chapter, we first demonstrate that human T cells express both SEC23B and SEC23A.
Given this observation, we tested the impact of targeting SEC23B by CRISPR/Cas9 and found
that this impacts IL-2 release. In contrast to this, T cells from a patient with CDAII did not exhibit
the same functional defect. Importantly, T cells from three different patients with CDAII exhibited
increased expression of SEC23A, while CRISPR/Cas9-mediated KO of Sec23b in mature T cells
from healthy humans did not accompany an upregulation of SEC23A, potentially due to the acute
nature of the knockdown method. Assayed functions of T cells from the patient with CDAII are
comparable to those derived from healthy controls in their ability to become activated, proliferate,
and secrete cytokines.

These observations may be due to differences in genetic compensation mechanisms in
human T cells that manifest in gene KO when compared with knock-down methods!®’. Although
poorly understood, functional compensation by paralogs is a common phenomenon in mouse KO
studies'®8, and the regulated expression of a protein by its paralog has been observed in T cells in
other contexts!>’, BBF2 human homolog on chromosome 7 (BBF2H7) is a transcription factor that
directly binds to the Sec23a promoter region and is implicated in the secretion of collagen, a
process that is deficient in patients with CLSD'6%16!_ One study transduced the transcriptionally
active N-terminal p60 fragment of BBF2H7 into PBMC-derived erythroblasts from healthy
humans and patients with CDAII'62. They observed a concomitant increase in SEC23A expression
in both conditions. Importantly, overexpression of this transcription factor rescued the hypo-
glycosylation of proteins that is observed in patients with CDAII'®2. In a separate study, Sec23b
expression has been associated with EGF-dependent upregulation of the transcriptional regulator

RNF11, which normally localizes in endosomes, but is translocated to the nucleus following EGF
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receptor engagement!®, The data in this chapter suggest that strategies to target SEC23A or
SEC23B may also have implications for functions in T cells.

In future studies, understanding the molecular regulators of SEC23A and SEC23B
expression may be informative in efforts to therapeutically target SEC23A or SEC23B. If a patient
harbors a germline mutation in one paralog, growing evidence would support that upregulation of
the other paralog can rescue the resulting phenotype. In addition to increasing the availability of
COPII subunits, strategies to increase the efficiency of coat formation and disassembly may also
play an important role. A recent example that highlights this is a study that demonstrated that
alternative splicing of ER resident protein SEC16 can determine the efficiency of its binding to
SEC23 and formation of ER exit sites, and increase COPII-dependent ER-to-Golgi transport!,
Thus, different regulatory strategies have been identified as critical to the COPII pathway.

CDALII is a rare disorder, and therefore we were only able to perform functional assays in
blood from a single patient, and perform expression analysis in three patients. We understand the
limitations given the rarity of this disorder and are actively seeking additional patient samples to
analyze in future studies. Further studies will also include the analysis of SREBP-dependent
processes in human T cells, which will contribute to our efforts in arriving at a more integrated

interpretation of the role for COPII in T cells and possible implications for therapy.
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CHAPTER 6

Conclusion

In summary, our data demonstrate a critical role for COPII-mediated ER-to-Golgi transport
in T cell functions. Through the generation of a novel mouse model with a T cell-specific deletion
in Sec23b, we demonstrate that SEC23B KO T cells develop normally and in the usual proportions.
Furthermore, following activation, TCR signaling and transcription of cytokines is intact in these
cells. However, they produce an altered secretome following activation as determined by mass
spectrometry and a cytokine multiplex assay. Using IL-2 as an example, we confirm that in the
absence of adequate levels of SEC23B, T cells exhibit defective secretion that is coupled with
accumulation intracellularly. Taken together, these data show that the COPII pathway is involved
in the transport of important T cell-derived factors. In addition to in vitro functional studies, we
show that deletion of SEC23B has profound implications for T cell-mediated protective and
pathogenic functions in vivo. In the absence of SEC23B, T cells are deficient in conferring anti-
viral immunity in mice infected with LCMV Armstrong, and also demonstrate reduced GVHD-
related pathogenicity in allogeneic recipients.

Our data also yield insights into the significance of SEC23 paralogs in immunity.
Intriguingly, T cells derived from Sec23b"" Cd4¢ and Sec23d"- Cd4"* mice exhibited different
phenotypes. Specifically, while SEC23B KO T cells demonstrated a secretory and proliferative

defect, SEC23A KO T cells were comparable to WT. We made the initial observation that murine
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T cells express both SEC23B and SEC23A, but harbor greater baseline levels of SEC23B.
Therefore, it was possible that SEC23B harbored unique functions critical for T cell secretion. T
cells from Sec23%%" mice, however, exhibited normal functions in vitro and were fully
pathogenic in vivo in an experimental model of allo-HCT. These findings together suggest that
both SEC23 paralogs, when present at adequate levels, are sufficient to support T cell effector
functions.

We also demonstrate that SEC23B KO T cells exhibit a deficiency in glycolytic metabolic
reprogramming following activation. Given the diverse roles of COPII not only in secretion but in
other cellular functions, we examined the SREBP-dependent pathway and found that the metabolic
phenotype is linked to decreased expression of SREBP-dependent genes critical for glycolysis and
cholesterol synthesis. We demonstrate that expression of Sec23a in SEC23B KO T cells via
analysis of Sec23>#%¢ mice rescues SREBP-mediated gene expression as well as glycolytic
activity in T cells. T cell metabolism is linked to its activity and differentiation, and therefore
modulating metabolic functions dependent on the COPII pathway may be a strategy for driving
specific T cell phenotypes.

Finally, we demonstrate the relevance of our data to human lymphocytes. CRISPR/Cas9-
mediated Sec23b KO in healthy human T cells conferred a secretory and proliferative defect
similar to that observed in murine T cells. T cells derived from a patient with CDAII did not exhibit
the same defects, and upon further examination, these T cells were discovered to harbor increased
levels of SEC23A. The mechanisms of this increase are not known, but it may arise from either
tissue-specific bias for SEC23A or a compensatory increase in expression following the lack of

functional SEC23B.

91



Future Directions

The data presented in this dissertation touch on the complexity of contributions of COPII-
dependent processes to T cell biology. There are several future directions we would like to pursue.
Elucidating the role of SEC23B in other immune cell subsets

While our work focuses on bulk T cells, our LCMV peptide immunization data and
intracerebral infection studies indicate that much remains to be learned about the differential
impact on CD8* and CD4" cell functions. To extend this to our GVHD studies, different
experimental models will be used to determine the context-specific requirements for these
differences. Specifically, we will use the CD8" dependent [C57BL/6>bm1] and CD4" dependent
[C57BL/6>bm12] transplant schemes.

CD4" cells can be further separated into distinct T helper subtypes (e.g. Tul, Tu2, Tul7,
Treg) prior to analysis, as they have distinct secretory profiles, and it is becoming increasingly
appreciated that they have different metabolic requirements. We have preliminary data that suggest
the impact of COPII is significant in Treg cells. Treg suppression assay data indicate that suppressive
capacity is not significantly impacted in SEC23B KO FoxP3™ cells. Intriguingly, however, 3 days
following transfer of SEC23B KO T cells into allogeneic hosts, SEC23B KO FoxP3+ cells undergo
a profound expansion when compared with WT (Figure 6.1). While the mechanisms remain
unclear, this phenomenon may play a role in the survival difference we see in our Allo-HCT
recipients of SEC23B KO T cells when compared with WT.

In addition to T cell subsets, innate immune cells will be analyzed in future studies. We
gathered preliminary data in BMDCs derived from our Sec23b"" VavI¢ model that suggest that

abrogating COPII in DCs affects select cytokine secretion. Specifically, while the secretion of IL-
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12 and TNFa is impaired, IL-6 is released normally by SEC23B KO DCs (Figure 6.2). As DC-
derived secreted factors contribute significantly to controlling immune responses, we plan to
follow up on these studies.
Potential directions for further elucidating basic T cell mechanisms

The impact of Sec23b knock-out is striking, and we gained valuable insights from
analyzing the impacted secretome. Additional agnostic approaches may be warranted to appreciate
the full phenotypic spectrum of our model. For instance, as COPII is critical for the transport of
surface membrane proteins, many of which act as functional receptors or markers on T cells, mass
cytometry could uncover which among these proteins are critically dependent on COPII.
Furthermore, as Chapter 4 alluded to, the absence of SEC23B can lead to some transcriptional
differences, and thus we plan to follow up on our RNA-seq experiments with gene ontology
analysis to identify additional processes and cargoes with regulatory roles that may be affected.

In this study, we focus on SEC23 due to its central role in COPII formation, but examining
the contribution of other COPII proteins may yield additional insights. One question that remains
from our data is one of specificity. Some hypotheses for the observed differences in cytokine
secretion may be that the cytokines differ in their signal sequences, post-translational
modifications, or post-Golgi sequestration into differentially regulated intracellular compartments.
Alternatively, there may be contributions from the COPII cargo component SEC24.
Future human studies

Future work could extend into informing the development of novel treatments. Targeting
COPII activity might be approached from several different angles, such as modulating COPII
stability, efficiency, selectivity, or kinetics. A framework for contextualizing our findings in the

frontiers of GVHD treatment is described in the Appendix. Given our observation that select
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cytokine secretion is impaired following targeting of SEC23B, the COPII pathway may present an
opportunity to target an intracellular pathway that is shared by some cytokines but not others. Our
observation that T cells from a patient with CDAII upregulate SEC23A when Sec23b is mutated
raises questions about the mechanisms of this upregulation. Future studies could also focus on
understanding distinct regulators of Sec23a and Sec23b expression, and on developing strategies
to selectively modulate the expression of one paralog.

Much remains to be learned about the intracellular pathways and molecular determinants
that regulate T cell secretion. Taken together, pursuing these future directions may further
illuminate details of the COPII pathway in immune cell biology, and also inform their practical

application.
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Appendix

Allogeneic donor T lymphocytes are essential for causing GVHD, and their activation
relies on the coordination of TCR engagement and co-stimulation, also known as Signal 1 and
Signal 2. In addition to these signals, a network of secreted cytokines by immune cells provides a
third signal, Signal 3, that is critical for the initiation and maintenance of GVHD. Strategies to
target Signal 3 in human diseases have shown therapeutic benefit for inflammatory disorders such
as Rheumatoid Arthritis and Inflammatory Bowel Disease. However, despite our growing
understanding of their role in GVHD, the success of targeting individual cytokines has been
modest with some notable exceptions (Figure Al). Our findings add to the cell biological
understanding of T cells that may be harnessed for better clinical translation.

Direct T cell intrinsic cytokines and proliferative responses: Strategies to control donor T
cell activity begin with broadly acting anti-inflammatory prophylactic agents. The most widely
used approaches today include methotrexate in combination with cyclosporine or tacrolimus.
Methotrexate, a folate antagonist, can target rapidly proliferating allogeneic T cells and be
cytotoxic to their growth. Cyclosporine and Tacrolimus inhibit the calcineurin-dependent
activation of NFAT transcription factors and their translocation from the cytoplasm to the nucleus,
reducing the transcription of inflammatory cytokines such as IL-2 and IFNy by T cells. Targeting
the immune response at this level inhibits key T effector functions as well as their proliferation.

While instrumental in reducing GVHD risk, however, standard prophylaxis measures are

not completely effective in preventing the onset of GVHD. Furthermore, they confer non-specific
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anti-inflammatory functions that can increase the risk of tumor relapse and infection. Systemic
glucocorticoids which remain the mainstay of first-line treatment of acute GVHD is also broadly
immunosuppressive. However, T cells are responsive to the influence of select cytokine signals
which promote their growth, proliferation, cytotoxicity, and secretion of effector molecules.
Important signals include cytokines that promote inflammation and which also tend to be increased
following conditioning and allo-HCT such as IL-12, IL-4, IL-1, TNFa, and IL-6'6>1%, Therefore,
agents that attenuate the cytokine signals that promote the overactivity of T cells could be
beneficial in GVHD treatment. While all of these cytokines have been shown to be critical sources
of Signal 3, agents that block TNF, IL-6, and IL-1, as well as the T cell-derived growth factor IL-
2 have been studied as potential modes of treatment in acute GVHD. There remains active interest
in the use of specific anti-inflammatory cytokine blockade including agents that directly target
activating cytokine signals to T cells extracellularly.

Targeting the intracellular afferent arm of Signal 3 cytokine release: Following their
activation, T cells engage distinct signaling pathways that lead to the increased synthesis of
important effector molecules including cytokines and cytotoxic factors. These culminate in a pro-
inflammatory milieu that shapes the allogeneic T cell response and also causes direct tissue
damage. While targeting cytokines following their release by immune cells is gaining increasing
interest for their promising outcomes in both experimental models and clinical trials, there has
been renewed interest in targeting earlier steps following T cell activation such as the intracellular
signaling pathways that increase cytokine production. Therapeutic strategies have included
targeting the intracellular signaling pathways that lead to proinflammatory cytokine transcription
and translation with agents such as calcineurin inhibitors as described above, mTOR inhibitors,

JAK inhibitors, Alpha-1 Antitrypsin, histone deacetylase inhibitors, and proteasome inhibitors.
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Targeting the intracellular efferent arm of Signal 3 cytokine release: The majority of pre-
clinical studies have provided the foundation for the development of therapies that target cytokines
or cytokine receptors directly, or the signaling pathways that govern their transcription and
translation. A gap in knowledge remains, however, in the post-translational intracellular pathways
that coordinate the transport mechanisms that regulate cytokine release by immune cells. Multiple
transport steps coordinate the membrane biogenesis, transport, and fusion events that carry
cytokines between intracellular compartments and towards the cell surface for secretion. Better
understanding of these intracellular secretory pathways utilized by cytokines in immune cells may
provide important insights into novel therapeutic targets.

The relevance of cytokines that serve as Signal 3 for robust T cell responses is increasingly
well established in their role in promoting GVHD, and as promising therapeutic targets. However,
current approaches have yielded modest success and additional strategies are warranted. Moving
forward, identifying shared intracellular trafficking pathways that control cytokine release may be
of value in developing newer approaches to target Signal 3. Basic science research on the
fundamental and critical determinants of intracellular trafficking pathways that coordinate their
release remain to be understood. With a better mechanistic understanding of these pathways, the
identification of key molecular mediators in the allogeneic setting will be essential. Exploring
these questions will both enhance our fundamental understanding of immune regulation, and may

pave the way for controlling T cell immunity in inflammatory disorders.

98



N\

° ,° TNF
IL-6

." | ——2

"

Signal 1 Signal 2 Signal 3

[+
« Calcineurin Inhibitors

+ mTOR inhibitors
JAK/STAT inhibitors ?

« Alpha-1 antitrypsin b

+ HDAC inhibitors -
« Proteasome inhibitors Post-translational pathways
of cytokine transport
COPII pathway
NFkB pathway '} < S~

X
Inflammatory ﬁ
cytokines . J
.
%( Golgi

compartment

Endoplasmic
Reticulum

Figure A1l: Signal 3 pathways that are targeted in GVHD

Signal 3 critically shapes the allo-response, and existing treatment options have the potential to
modulate the cytokine milieu that accompanies allogeneic T cell activation. Current treatment
strategies include a) blockade of cytokines extracellularly and blockade of cytokine receptors, and
b) inhibition of the downstream signaling cascades that culminate in the production of
inflammatory cytokines. ¢) The pathways that regulate cytokine secretion following their synthesis
but preceding their release have not been therapeutically targeted.
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Approaches to targeting Signal 3 extracellularly in acute GVHD

Anti-TNF

Tumor Necrosis Factor (TNF) is a cytokine that acts on multiple immune cell types, and promotes
the production of Signal 3 cytokines including IL-1 and IL-6!7. Overexpression of TNF is
implicated in the development of multiple autoimmune and inflammatory disorders, and its
blockade has improved disease management and quality of life for patients with rheumatoid
arthritis, inflammatory bowel disease, and others!®®. In addition to innate immune cell-derived
TNFa, T cell-derived TNFa is implicated in the development of GVHD in experimental murine
models, and in humans, it was observed that early increased serum levels of TNFa are associated
with major transplant-related complications!¢®!7°, TNFa levels are initially increased following
conditioning treatments as measured by levels of TNF receptor-1 which correlate with those of
plasma TNFa!”:172. TNFa. is appreciated to play direct roles in acute GVHD pathogenesis by both
effecting direct tissue damage and by promoting allogeneic T cell cytotoxicity!”*. Therefore, the
use of neutralizing anti-TNFo agents has been studied for efficacy in GVHD prevention and
treatment. One such agent is Infliximab, an anti-TNFo monoclonal antibody that has been studied
in prophylaxis, and treatment of steroid-refractory acute GVHD (SR-aGVHD)!"*!75, However, in
patients with SR-aGVHD, the addition of infliximab did not improve survival and instead
increased post-transplant risk of infection when compared with treatment with corticosteroids
alone!”>!76, Clinical trials have also been performed to test the efficacy of Etanercept for the
blockade of soluble TNF. However, early results were not borne out by a multi-center randomized
study that demonstrated no impact of Etanercept on GVHD or on overall survival, infection, and

177-181

relapse of the primary malignancy . While TNFa is best known for its inflammatory

properties that promote T cell effector responses, its dual role as a suppressive cytokine is
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increasingly being appreciated with the characterization of functionally disparate TNF receptors

and their actions on different cell types such as Tregs'®?

. While the vast majority of current
therapies target TNF directly, future studies of specific inhibitors of TNF production, signaling,

and oligomerization, may clarify their potential in the treatment of GVHD!8,

Anti-IL-6

IL-6 is a member of a family of cytokines that shares the receptor complex gpl130, a widely
expressed signaling complex that leads to the activation of associated Janus kinase (JAK) and
signal transducer and activation of transcription (STAT) pathways. Levels of circulating IL-6 can
increase dramatically in settings of inflammation, and consequently, IL-6 is associated with the
acute phase inflammatory response!83. The biological consequences of IL-6 are wide-ranging and
include the pathologic stimulation of proinflammatory responses, such as by promoting Th17 cell
development and inhibition of regulatory T cell differentiation!®*. In murine models of GVHD,
donor T cell-derived IL-6 critically contributes to disease severity, and donor T cell-specific
deficiency of IL-6 decreases GVHD-related mortality!®>. Blockade of the IL-6 signaling in
experimental models also improved GVHD survival and led to an increase in regulatory T cells,
and decreased Th1 and Th17 cells in target organs while preserving GVT effects!®>18¢, A clinical
study examining the effect of tocilizumab, a humanized monoclonal antibody against the IL-6
receptor, showed favorable outcomes in a small number of patients with either acute or chronic
GVHD!'’. A phase I/II clinical trial further studied the effect tocilizumab administered one day
prior to allogeneic peripheral blood stem cell transplantation in patients that received cyclosporine

188

and methotrexate as GVHD prophylaxis'®®. A phase II trial in which patients received busulfan-

based conditioning prior to receiving tocilizumab with tacrolimus and methotrexate showed a low
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incidence of gastrointestinal GVHD!*, Recently, a phase IIT randomized and double-blinded trial
observed a trend towards a reduced overall incidence of grade II-IV GVHD in patients receiving

tocilizumab, but no difference in long term survival compared to controls!'®°.

Anti-1L-1

In addition to TNF and IL-6, IL-1 is an inflammatory cytokine that is increased following
conditioning and is critical for immune homeostasis, but when dysregulated, potentiate the
pathogenesis of GVHD?2. Although small early studies showed that targeting soluble IL-1 with a
recombinant human IL-1 receptor or administration of a recombinant IL-1 receptor antagonist
could ameliorated SR-aGVHD, these results were not confirmed in a randomized controlled
trial®11%3, Given its known potency in inflammatory disorders and association with GVHD in both
experimental models and humans, strategies that target IL-1 may be effective depending on the
phase of acute and/or chronic GVHD!*!%5, Key upstream regulators of IL-1 include intracellular
immune sensors NLRP3 and NLRP6, which assemble into inflammasomes in settings of cellular
damage and stress such as those induced by pre-transplant conditioning therapies. Following
allogeneic transplant in experimental models, NLRP3 inflammasomes induced the secretion of
pathogenic levels of IL-1B by multiple intestinal cellular sources, and also controlled the IL-1p-
dependent skewing of Th17 differentiation critical to the development of GVHD!?*. By contrast,
donor myeloid derived suppressor cells, which have immunoregulatory functions in GVHD, can
lose suppressive capacity following activation of the inflammasome!®. Thus, the cellular source
is an important determinant of the impact of inflammasome dependent effects on GVHD. In host
non-hematopoietic target tissues, NLRP3 inflammasomes serve a protective role in promoting

intestinal epithelial cell integrity and repair by increasing IL-18 secretion'®’. NLRP6, which has
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protective roles in intestinal colitis, plays a role in aggravating gastrointestinal GVHD when
expressed in host-nonhematopoietic tissue, and its absence in host intestinal epithelial cells helps
maintain gut homeostasis following allogeneic BMT in experimental models!®®. It is likely that the
effects mediated by NLRP6 may be IL-1 independent or dependent depending on the type of

immunopathology.

Anti-1L-2

IL-2 expression is increased upon activation, is released by T cells, and serves as a growth factor
for T effector cells and Tregs. IL-2 is one of the earliest cytokines to be studied as a target for
immunosuppression therapeutically!®-2°!, Intracellular targeting of the production and secretion
of IL-2 with Calcineurin inhibitors remains the first line prophylaxis strategy in the prevention of
GVHD. Studies have also explored the use of monoclonal antibodies against IL-2 receptor
including daclizumab, basiliximab, and inolimomab, to target the activity of secreted IL-2. One
randomized trial found that the addition of daclizumab to corticosteroids as an initial therapy for
acute GVHD resulted in increased GVHD-related mortality?®2. A phase IT study found that while
treatment of SR-aGVHD with daclizumab led to an increased complete response rate, it was
associated with higher rates of long-term complications of chronic GVHD?®. Although
basiliximab appears to be better tolerated by patients and not associated to the same degree of
adverse events in initial studies, future studies are needed to determine its safety and efficacy?*
206 Targeting IL-2 is nuanced by its dual roles in that addition to promoting the T cell-mediated
toxicity in GVHD, it is essential for the development and maintenance of Tregs which are
important regulators of immune tolerance, and may in turn be employed in the prevention of

GVHD?7-211 " Therefore, efforts to target IL-2 must balance its inflammatory and
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immunoregulatory effects that minimize GVHD but still prevent relapse of the primary disease.
The administration of low-dose IL-2 is of interest in the treatment of chronic GVHD, and has been
associated with expansion of Tregs, suppression of conventional T cell proliferation, and long-

term reduction of chronic GVHD symptoms?!2-214,

Approaches to targeting Signal 3 intracellularly in acute GVHD

mTOR inhibition

The mammalian target of rapamycin (mTOR) pathway is a major regulator of cellular growth and
metabolism that is also critical for T cell activation, differentiation, and function®'. Sirolimus, an
inhibitor of mTOR, has been demonstrated to exhibit anti-inflammatory effects through multiple
mechanisms including inhibition of both conventional T cell and dendritic cell activity, and
promotion of Treg development?!6-2!8, Early studies showed that sirolimus can be well tolerated in
patients and may be associated with a lower risk of GVHD?!%22°_ A prospective randomized trial
found that in combination with tacrolimus, sirolimus is a safe alternative to cyclosporine and
methotrexate for GVHD prophylaxis??!. A recent phase III trial reported that the addition of
sirolimus to cyclosporine and mycophenolate mofetil for prophylaxis showed efficacy in lowering
the incidence of GVHD?*2. However, its efficacy as a therapy for SR-aGVHD in combination with

other agents may be limited depending on the stage of GVHD, and warrants further studies??.

JAK1/2 inhibition
T cells are responsive to inflammatory cytokines including IL-6 and interferons via their
propagation of JAK/STAT pathways. Activation of the JAK family of proteins leads to the

phosphorylation of STATSs, which translocate to the nucleus and are critical regulators of T cell
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alloreactivity??*. Pre-clinical models demonstrated that targeting JAK1/2 targets GVHD but
preserves GVL, with the contribution of decreased serum levels of proinflammatory cytokines
including IL-6%232%7, This led to testing the effects of JAK inhibitors such as ruxolitinib, baricitinib,
and itacitinib. Ruxolitinib, a selective inhibitor of JAK1/2, in patients with SR-aGVHD. In an early
study, 6 patients experienced reduced GVHD in correlation with a decrease in proinflammatory
cytokines in the serum??. Additional clinical trials are underway to examine the effects of
ruxolitinib in patients with SR-aGVHD??, Ttacitinib, a selective JAK1 inhibitor, has also
demonstrated safety in a Phase I trial and studies of its efficacy in the treatment of SR-aGVHD are

ongoing®?’.

Alpha-1 antitrypsin

Alpha-1 Antitrypsin (AAT) is an endogenously circulating serine protease inhibitor that, when
deficient or mutated, has been described in the pathogenesis of disorders including COPD,
cirrhosis, and multiple neurodegenerative diseases?*. In addition, AAT has a suppressive role in
inflammatory settings with an appreciable inhibitory effect on TNF levels**!>32. When AAT is
administered in models of murine allo-HCT, it has been shown to reduce GVHD-induced mortality
while preserving the allogeneic T cell GVL effect?*3-23%, The therapeutic benefit in these models
has been linked to a decrease in alloreactive effector T cells and inflammatory cytokines, and an
increase in Tregs and immunoregulatory cytokines such as IL-10%%. AAT is an effective modulator
of the profile of circulating cytokines following allo-HCT leading to significantly reduced disease
murine models, underscoring the therapeutic potential of AAT and strengthening the rationale for
studying the effect of AAT therapy in humans. Recent studies showed complete recovery in 4 of

12 patients and improvement in the other 8 patients with SR-aGVHD?3*¢, A prospective multi-
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center study that followed tested AAT as a first line therapy for SR-aGVHD led to an overall
response rate of 65% and complete response rate of 35% by day 282%’. Findings on the ratio of T
effector cells and Tregs were consistent with those observed in experimental models®’. Both
studies found that AAT is well tolerated by patients, is not associated with an excessive risk of

infection, and are now being studied in a randomized manner in a Phase III study.

Histone deacetylase inhibition

Histone deacetylase (HDAC) inhibitors represent a diverse class of drugs that cause reversible
inhibition of HDAC enzymes, remodel chromatin structure, and modify gene expression in
different ways depending on the specific HDAC, cell type, and context. HDAC inhibitors have
been widely studied as anti-cancer agents. A clinically significant consideration of HDAC
inhibitors is that in addition to acting on histones, they can have non-specific effects on other
protein deacetylases that broadly regulate cell growth and signaling?*®. However, at non-cytotoxic
doses, HDAC inhibitors have recently been appreciated to be well tolerated and exhibit
immunoregulatory properties, lending to growing interest in their potential to treat inflammatory
diseases?*’. Among their diverse effects, HDAC inhibitors have shown immunomodulatory effects
on dendritic cell and macrophage antigen presentation, TLR pathways, and IFN signaling®®. As a
consequence, they can reduce the expression of cytokines involved in Th1 and Th17 differentiation
such as IL-6 and IL-12%%%24! In experimental models of GVHD, HDAC inhibition has been
observed to lead to reduced secretion of proinflammatory cytokines including IL-12, IL-6, and
TNFa by dendritic cells through enhancing the expression of indoleamine 2,3 dioxygenase”®242243,
Two phase II clinical trials have examined oral HDAC inhibitor vorinostat in the prevention of

GVHD. One study investigated the addition of vorinostat to tacrolimus and mycophenolate in
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patients that received reduced intensity conditioning prior to related donor hematopoietic stem cell
transplantation?*. Another study tested the effect of vorinostat when combined with tacrolimus
and methotrexate following myeloablative conditioning prior to unrelated donor allo-HCT?*. Both
studies showed that vorinostat is well tolerated and associated with a lower incidence of acute
GVHD*42%5_ A third study is ongoing to evaluate vorinostat as preventive therapy in adolescents
and young adults receiving allogeneic BMT when combined with standard preventive therapy
(NCT03842696). Future studies will elucidate the clinical benefit of HDAC inhibitors including
vorinostat, as well as other agents such as panobinostat that are more recently being evaluated as

primary therapy for acute GVHD?%,

Proteasome inhibition

The ubiquitin proteasome pathway is central to the selective of maintenance of proteins, and
regulates a diverse set of intracellular processes including quality control for misfolded proteins,
regulation of the cell cycle, and peptide processing for antigen presentation?”’. In immune cells,
the proteasome is also involved in cell signaling, notably by regulating the expression of NF-kB,
a transcription factor that promotes cell survival as well as the expression of numerous

inflammatory cytokines?*®

. Proteasome inhibitors have thus emerged as a drug class that is
associated with a number of immunomodulatory effects, and are currently approved for the
treatment of a number of hematologic disorders?*. Proteasome inhibitors have been shown
suppress NF-«kB activation, in part due to the reduction of proteasome-dependent degradation of
[kB%%2%! The inhibition of NF-kB is associated with reduced proliferation, survival, and toxicity

of allogeneic T cells, and has also been shown to abrogate T cell cytokine production?>22%3, In

addition to its effect on T cells, proteasome inhibitors such as bortezomib have suppressive effect

107



on dendritic cell maturation and inflammatory cytokine production, while increasing dendritic cell
apoptosis, highlighting their influence on multiple processes and cell types?>*. In murine models
of acute GVHD, treatment of recipients with proteasome inhibitor bortezomib led to increased
survival and protection from GVHD while maintaining GVT activity?>>-2°. However, the timing
of bortezomib administration may be critical in determining its efficacy as well as its overall safety,
as delayed administration (i.e. 5 or more days after BMT compared to 0 to 3 days following BMT
results in increased gastrointestinal toxicity that mechanistically correlates in other studies with
amplified IL-1B production by dendritic cells?>*”-?°8, While an early Phase I/Il study to test a
prophylaxis regimen of bortezomib combined with tacrolimus and methotrexate showed that the
combination was well tolerated and associated with a lower incidence of GVHD, a randomized
controlled trial failed to show an improvement in grade II-IV acute GVHD incidence with the
addition of bortezomib, compared to methotrexate and tacrolimus alone?*-2°, Another proteasome
inhibitor ixazomib improves acute GVHD upon early administration, impairs dendritic cell
development, cytokine production, and expression of co-stimulatory molecules consistent with
reduced proliferation of T cells, and clinical trials are underway to determine its efficacy in post-

transplant patients?6!.
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