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ABSTRACT

Human leukocyte antigen (HLA) class I molecules play a crucial role in immunity against
infectious pathogens and cancers by presenting antigens to cytotoxic T lymphocytes (CTLs) and
regulating natural killer (NK) cell activities. HLA class I assembly largely depends on peptide
availability via the transporter associated with antigen processing (TAP). Viral infections and
cancers often inhibit TAP to evade immune responses. While TAP deficiency typically leads to
HLA class I degradation, some TAP-deficient cells maintain low but detectable surface HLA class
I expression through poorly understood mechanisms. This thesis investigated the assembly and
trafficking of HLA class I molecules under TAP-deficient conditions. TAP deficiency induces
increased high mannose, Endoglycosidase H (Endo-H)-sensitive glycans on HLA class 1
molecules, but without activating canonical ER stress mediators. Factors implicated in
unconventional glycoprotein trafficking do not selectively affect surface HLA class I expression
in TAP-deficient cells. Instead, HLA class 1 surface expression in these cells is brefeldin A
sensitive, suggesting the involvement of the conventional Golgi-dependent secretory route. TAP
deficiency does not significantly alter ER and Golgi alpha-1,2 mannosidase levels, and other
conditions that compromise HLA class | assembly, such as tapasin deficiency, also induce
increased high mannose HLA class I surface glycans. Notably, TAP-deficient cells share over 80%
of HLA class I-eluted peptides with wild-type cells, and the surface HLA class I expression in both
cell types is sensitive to pH gradient-dependent assembly in endocytic compartments. Based on
these findings, we propose a model where saturated recognition mechanisms for misfolded HLA
class I molecules result in their partial Golgi-dependent secretory trafficking, accounting for
impaired glycan maturation. This Golgi-mediated export of HLA class I with high mannose

glycans may represent a homeostatic response to misfolded HLA class I accumulation in the
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ER. These results also highlight the relevance of supplemental HLA class I assembly in endocytic
compartments. Together, these findings provide new insights into HLA class I assembly and
trafficking in TAP-deficient cells and could inform the development of novel immunotherapies

against infectious pathogens and cancers that inhibit TAP.
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CHAPTER ONE

INTRODUCTION

1.1 Background

The major histocompatibility complex (MHC) class I, also known as human leukocyte antigen
(HLA) class I in humans, is a glycoprotein that mediates immune response by presenting antigens
to cytotoxic lymphocytes (CTLs) and regulating the activities of natural killer (NK) cells. The
conventional (canonical) pathway for endogenous antigen presentation involves the transport of
cytosolic peptides into the endoplasmic reticulum (ER) through the transporter associated with
antigen processing (TAP) and the subsequent assembly of peptides with HLA class I heavy and
light chains in the ER. This process is facilitated by generic and HLA class I-specific chaperones,
including calreticulin, calnexin, tapasin, and the ER oxidoreductase ERp57 (Blum et al., 2013;
Zaitoua et al., 2020). Upon assembly with peptides, HLA class I molecules exit the ER and transit
through the Golgi to the plasma membrane, where they are surveyed by effector cells (Blum et al.,

2013).

The conventional pathway largely depends on TAP, a peptide source for HLA class I assembly.
Given this crucial function of TAP, many viruses and cancers target TAP to subvert antigen
presentation and evade immune responses (Mantel et al., 2022). TAP dysfunction generally
deprives HLA class I molecules of peptides, retains empty HLA class I in the ER, and reduces the
stability of HLA class I expressed on the cell surface (de la Salle et al., 1999; Ljunggren et al.,
1990; Raposo et al., 1995). However, HLA class I allotypes exhibit reduced TAP dependence, and

can be expressed at measurable levels on the cell surface under TAP-deficient conditions (Geng et



al., 2018; Henderson et al., 1992; Lampen et al., 2010; Wei & Cresswell, 1992). The molecular

mechanism(s) underlying this TAP-independent antigen presentation is poorly understood.

A previous study also observed an altered glycosylation profile of HLA class I molecules expressed
on the plasma membrane of TAP-deficient cells (Geng et al., 2018). Specifically, Geng et al (2018)
noted that surface HLA class I molecules express endoglycosidase (Endo)-H sensitive glycans
under TAP deficiency. These Endo-H sensitive glycoforms on secreted glycoproteins are largely
attributed to ER stress-induced unfolded protein response and unconventional protein secretion
bypassing the canonical ER-trans-Golgi pathway (Grieve & Rabouille, 2011; Nickel & Seedorf,
2008). ER stress is a dysregulated cellular state induced by an accumulation of unfolded or
misfolded proteins beyond the ER’s homeostatic capacity (Haeri & Knox, 2012; Oslowski &
Urano, 2011). Under TAP deficiency, the burden of unfolded or misfolded empty HLA class I
molecules in the ER increases (de la Salle et al., 1994; Raposo et al., 1995). However, whether
TAP deficiency induces ER stress is understudied (Sabapathy & Nam, 2008), and whether TAP-

independent HLA class I proteins utilize unconventional secretory pathways is unknown.

Additionally, studies have shown that dysfunction of key chaperones, such as tapasin, increases
the amount of empty HLA class I in the ER, reducing overall cell surface HLA class I expression
(Grandea et al., 2000; Ortmann et al., 1997; Yabe et al., 2002). However, it has not been
investigated whether the altered HLA class I glycosylation profile induced by TAP deficiency is
TAP-specific or applies to the deficiency of chaperones required for efficient HLA class I assembly

and trafficking.

HLA class I molecules have a highly conserved asparagine residue (Asn86) to which a high

mannose precursor N-glycan, Glc3Man9GluAc2, is appended early in the ER (Ryan & Cobb,



2012). Generally, as glycoproteins traffic from the ER to the plasma membrane, the precursor
glycan is modified by glycan-processing enzymes, including mannosidases, in a manner that
dictates the fate of the proteins (Aebi, 2013; Bieberich, 2014). Generic ER and Golgi mannosidases
for glycoprotein processing include ER degradation-enhancing alpha-mannosidase-like 1 proteins
(EDEM1, EDEM2, and EDEM3) and 1,2-alpha-mannosidases (Bieberich, 2014). While previous
studies have implicated EDEM1 and EDEM?2 as regulators of HLA class I expression, targeting
misfolded HLA class I for degradation via ER-associated degradation (Burr et al., 2013; Timms et
al., 2016), the role of the other ER and Golgi 1,2-alpha-mannosidases in the regulation and
trafficking of HLA class I molecules has not been reported. The influence of TAP deficiency on

ER and Golgi-glycan processing enzymes has also not been reported.

Trafficking of MHC class I proteins via the endocytic recycling pathways is relevant to TAP-
independent MHC class I cross-presentation (of exogenous antigens) (Barbet et al., 2021; Colbert
et al., 2020; Sengupta et al., 2024). In these pathways, MHC class T molecules in endocytic
compartments, such as phagosomes or endosomes, acquire exogenous peptides that they present
to CD8" T cells. Recently, the involvement of the endocytic pathway in endogenous antigen
presentation has been observed in primary professional antigen-presenting cells, with functional
TAP (Olson et al., 2023). While there is evidence for MHC class I exogenous antigen presentation
under TAP deficiency (Barbet et al., 2021; Sengupta et al., 2024) and endogenous antigen
presentation under functional TAP (Olson et al., 2023; Olson & Raghavan, 2023), whether bulk
HLA class 1T molecules utilize the endocytic pathways or not for surface expression and

endogenous antigen presentation under TAP-deficient conditions has not been addressed.

The nature of peptides presented under TAP-deficient conditions and their source proteins could

offer relevant insights into the mechanisms governing TAP-independent HLA class I trafficking.
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Previous efforts, though using mass spectrometric analysis, have so far identified a relatively small
number of TAP-independent peptides (Marijt et al., 2018; Wei & Cresswell, 1992; Weinzierl et al.,
2008). These peptides are mostly restricted to HLA-A*02 allotype (Marijt et al., 2018; Wei &
Cresswell, 1992). Hence, more informative quantitative mass spectrometric analyses are needed
to increase the repertoire of peptides presented by HLA class I allotypes independent of TAP

(Mamrosh et al., 2023).

Understanding the pathways and mechanisms underlying bulk HLA class I trafficking and the
nature of peptides presented by HLA class I under TAP-deficient conditions could inform the
development of novel immunotherapeutics against infectious pathogens and cancers that evade
immune surveillance by inhibiting TAP. Thus, this study focuses on elucidating HLA class I
trafficking pathways in TAP-deficient cells, the influence of ER and Golgi mannosidases on HLA
class I regulation, and understanding the nature of peptides presented under TAP-deficient

conditions.

1.2 Statement of Problem

Many cancers and pathogenic viruses inhibit TAP, downregulating surface HLA class 1 and
subverting immune surveillance (Mantel et al., 2022). Some HLA class | allotypes can present
antigens even when TAP is inhibited (Geng et al., 2018; Henderson et al., 1992; Lampen et al.,
2010; Wei & Cresswell, 1992). However, the pathways through which this presentation occurs
have not been elucidated, and the nature of the peptides presented is poorly understood, making it

difficult to exploit TAP-independent antigens for immunotherapies.



1.3 Research Questions

1) What trafficking pathways do HLA class I proteins follow in cells deficient in TAP?
2) How do various ER and Golgi mannosidases influence HLA class I trafficking?
3) What is the nature of peptides presented by HLA class I proteins under TAP deficiency

and what is the relevance of endolyosomal pathways for HLA class I assembly?

1.4 Study Hypotheses

1) TAP deficiency induces canonical unfolded protein response, resulting in unconventional
(ER-trans-Golgi independent) HLA class I trafficking.
2) Supplemental HLA class I assembly and antigen presentation occur in endocytic

compartments of TAP-deficient cells in a pH gradient-dependent manner.

1.5.0 Aim of the Study

To elucidate HLA class I secretory pathways under TAP deficiency.

1.5.1 Specific Objectives

1. To determine HLA class I trafficking route(s) in TAP-deficient cells.

1.  To assess the human monocyte THP-1 cells for induction of canonical unfolded
protein response markers — spliced X-box binding protein 1 (XBP1s), binding
immunoglobulin protein (BiP), CCAAT-enhancer-binding proteins (C/EBP)
homologous protein (CHOP), and activating transcription factor 4 (ATF4) by
reverse transcriptase quantitative polymerase chain reaction RT-qPCR under TAP

deficiency.



1l.

1il.

To assess the influence of the Golgi reassembly-stacking protein of 55 kDa
(GRASPS55), a key mediator of unconventional protein secretion, and the vesicle-
trafficking protein SEC22 homolog B (Sec22B) on HLA class I trafficking in TAP-
deficient THP-1 cells.

To assess the influence of impaired conventional protein secretory pathway on HLA

class I trafficking in TAP-deficient THP-1 cells.

2. To assess the influence of ER and Golgi mannosidases on HLA class I trafficking.

1.

1l

1il.

To assess the influence of ER degradation-enhancing alpha-mannosidase-like 1
proteins (EDEM1, EDEM2, and EDEM3) on HLA class I trafficking in THP-1
cells.

To determine the influence of mannosyl-oligosaccharide 1,2-alpha-mannosidase IA
(MANTATL), mannosyl-oligosaccharide 1,2-alpha-mannosidase 1B (MAN1A2),
endoplasmic  reticulum  mannosyl-oligosaccharide  1,2-alpha-mannosidase
(MANI1BI1), and mannosyl-oligosaccharide 1,2-alpha-mannosidase IC (MAN1Cl1)
on HLA class I trafficking in THP-1 cells.

To assess the influence of TAP deficiency on the expression of EDEM1, EDEM?2,
and EDEM3, as well as MANI1A1, MAN1A2, MAN1B1, and MANIC1 in THP-1

cells.

3. To assess the contribution of endocytic compartments to HLA class I assembly and trafficking

in TAP-deficient THP-1 cells.

1.

To determine HLA class I immunopeptidome and identify TAP-independent

peptides in THP-1 cells.



ii.  To assess the influence of pH-dependent endocytic organelles on HLA class I
trafficking in TAP-deficient THP-1 cells.

iii.  To assess the influence of RAB11A small GTPase on HLA class I trafficking in
TAP-deficient THP-1 cells.

iv.  To assess the influence of HLA class II invariant chain (Ii or CD74) on HLA class

I assembly and trafficking in TAP-deficient THP-1 cells.

1.6 Significance of the Study

Several cancers and viruses disrupt the peptide transport function of TAP to downregulate the HLA
class I antigen presentation pathway (Mantel et al., 2022), evading their detection and elimination
by CTLs. With limited therapeutic options, the burden of cancers and the threat of pathogenic
viruses are a growing concern globally (Graham & Sullivan, 2018; Sung et al., 2021). Elucidating
HLA class I secretory pathways and understanding the nature of peptides presented by HLA class
I molecules under TAP-dysfunctional conditions could inform new therapeutic approaches for

malignant and viral diseases.



CHAPTER TWO

LITERATURE REVIEW

2.1.0 The human leukocyte antigen class I

Cells are constantly faced with assaults from pathogenic microorganisms or malignant conditions
that pose threats to their survival. To survive these threats, the immune system must distinguish
between normal cells and invading microorganisms or malignant conditions and mount an
appropriate response to eliminate or resist these pathogens. Central to the recognition of pathogens
and activation of the immune system is antigen presentation, a process through which proteins
from infectious pathogens or cancerous cells are processed into peptides and displayed on the cell
surface by two groups of proteins known as the major histocompatibility complex (MHC) class |
and class II. MHC class I proteins display peptides on all nucleated cells and activate cytotoxic T
lymphocytes (CTLs) or clusters of differentiation (CD)8" T cells (Raskov ef al., 2021). However,
MHC class II displays peptides on specialized antigen-presenting cells (APCs), such as dendritic
cells, macrophages, and B cells, and activates CD4" T cells (Roche and Furuta, 2015). Upon
activation, CTLs induce apoptosis of the infected or malignant cells and secrete cytokines that
enhance immune response (Raskov ef al, 2021). Similarly, activated CD4" T cells secrete
cytokines that modulate immune response but promote antibody production by B cells. By
presenting antigens to CTLs or CD4" T cells, MHC proteins play a crucial role in the adaptive

immune response (Roche and Furuta, 2015).

The human leukocyte antigen (HLA) class I (the MHC class I in humans) is a glycoprotein

expressed in all nucleated cells. Functionally, HLA class I presents peptides to CD8" T cells and



regulates natural killer (NK) cells. These peptides may be derived from the cell under physiological
conditions (self-peptides) or from infectious agents (non-self-peptides) invading the cells, or from
host proteins under malignant conditions (tumour antigens) (Li et al., 2023; Yewdell, 2022;
Yewdell et al., 1996; Yewdell & Nicchitta, 2006). The tumour antigens may be referred to as self-
peptides if they are derived from non-mutated proteins, or as non-self-peptides when they are
derived from mutated proteins. By presenting peptides to CD8" T cells and regulating NK cells’
activities, HLA class I mediates the surveillance and cytotoxic functions of the cells (Neefjes et

al., 2011; Zaitoua et al., 2020).

Structurally, HLA class I is a heterotrimeric protein comprising a heavy chain (a chain), a light
chain (B2 microglobulin (B2m)), and a short peptide (Figure 2.1). The a chain consists of three
domains: al, a2, and a3, with the first two domains forming the membrane-distal, peptide-binding
site, and the membrane-proximal a3 domain, as also the fom, adopting immunoglobulin (Ig)-like

folds (Bjorkman et al., 1987).



Figure 2.1: Crystal structure of HLA class I-peptide complex. The structure depicts HLA-A2
(PDB ID: 1HHI) at 2.50 A resolution (Madden et al., 1993). The heavy o chain (green) and the
light B2-microglobulin chain (purple) in complex with a peptide are shown. The structure was

obtained from the RCSB Protein Data Bank (https://www.rcsb.org/structure/1 HHI).
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2.1.1 Genetic diversity of HLA class I

To date, three classical HLA class I proteins have been described: HLA class 1 A (HLA-A), HLA-
B, and HLA-C. These proteins are encoded by three classical HLA class I genes: HLA-A, HLA-B,
and HLA-C, respectively (Zaitoua et al., 2020). The classical HLA class I genes are located within
the class I region of the MHC loci on the short arm of chromosome 6 (6p21.3). Additionally, HLA-
E, HLA-F, and HLA-G, encoding their respective non-classical HLA class I proteins on the MHC
region have been reported. Notably, the MHC region is the most polymorphic loci of the human
genome, encoding more than 140 protein-coding genes and accounting for about 0.75% of all
protein-coding genes on the human chromosome (Kulski et al., 2022; Wassenaar et al., 2024). As
of September 2024, the Immuno Polymorphism Database - International ImMunoGeneTics
Information System / Human Leukocyte  Antigen (IPD-IMGT/HLA) Database
(https://www.ebi.ac.uk/ipd/imgt/hla/) has recorded more than 26,000 combined confidential alleles
for HLA-A, -B, and -C, encoding more than 15 000 distinct HLA class T allotypes (Figure 2). This
polymorphism is considered to have evolved as a survival mechanism, enabling HLA-expressing
cells to cope with the constant assaults from a wide range of rapidly evolving pathogenic

conditions.
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Figure 2.2: Classical HLA class I factors. Classical HLA class I alleles (blue bars), the proteins
they encode (red), and HLA class I alleles encoding no known proteins (green bars) are presented.
Data was retrieved from IPD-IMGT/HLA Database

https://www.ebi.ac.uk/ipd/imgt/hla/about/statistics/ on September 28, 2024.

2.1.2.0 HLA class I antigen presentation

Classically, HLA class I proteins present endogenous peptides, which are peptides generated from
within the cell. These peptides are displayed on the plasma membrane through a series of molecular
processes involving the conventional (Golgi-dependent) protein secretory pathway (Figure 2.3).
In the classical HLA class [ antigen presentation pathway, proteins in the cells are degraded by the
proteasome, generating antigenic peptides that are then transported into the endoplasmic ER

through the TAP (Blum et al., 2013; Lehnert & Tampe, 2017). In the ER, the peptides are trimmed
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by ER aminopeptidase associated with antigen processing and assembled with HLA class I
proteins. The peptide-assembled HLA class I molecules then exit the ER and translocate to the
plasma membrane, passing through the ER-Golgi intermediate compartment (ERGIC) and the
Golgi apparatus (Figure 2.3). Peptide assembly with HLA class I is facilitated by many ER
chaperones, including the TAP-binding protein (TAPBP or tapasin), the protein disulfide isomerase
(ERp57), and two glycan-binding lectins — calreticulin and calnexin (Blum et al., 2013; Neefjes et

al., 2011; Zaitoua et al., 2020).

The peptides displayed by HLA class I on the cell surface are surveyed by CD8" T cells through
their T cell receptors (TCRs) (Figure 2.4). Upon encountering non-self (foreign) antigenic
peptides, CD8" T cells are activated through a cascade of reactions mediated by signaling factors.
Activated CD8" T cells undergo clonal expansion and exert many effector functions, including the
production of interferon-y (IFN-y, a pro-inflammatory cytokine), the release of perforin and
granzymes (cytotoxic granules), and apoptosis-inducing Fas ligand (FasL) interaction with Fas
receptors on target cells. Collectively, these effector functions promote the elimination of infected

or malignant cells (Zhang & Bevan, 2011).

Surface HLA class proteins are also surveyed by NK cells. Through their inhibitory receptors, such
as the killer immunoglobulin-like receptors (KIRs) (Figure 2.4), NK cell’s cytotoxic activation is
inhibited by self-HL A class I molecules expressed on the surface of healthy cells. In pathological
conditions, such as viral infections or malignancies that downmodulate surface HLA class I, the
inhibitory receptors are inhibited, resulting in the activation of NK cells (Greppi et al., 2024;
Yokoyama et al., 2010). HLA class I molecules can also interact with activating receptors on NK
cells. For example, the interaction of some HLA-C allotypes with the activating receptors, killer

immunoglobulin-like receptor two Ig domains and short cytoplasmic tail 1 (KIR2DS1), KIR2DS2,
13



and KIR2DS4 has been reported. Additionally, the NK cell receptor G2-C (NKG2C) in dimer with
CD9%4 has been reported to be activated by the non-classical HLA-E (Della Chiesa et al., 2015;
Greppi et al., 2024). By regulating NK cell activation/inhibition, HLA class [ molecules modulate

immune response.
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Figure 2.3: The HLA class I conventional trafficking pathway. Proteins in the cytosol (1) are
degraded in the proteasome (2) to generate antigenic peptides, which are funneled into the ER. In

the ER, the peptides are loaded onto the peptide-binding pocket of MHC class I (3). The peptide-
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MHC class I complex exits the ER and transits to the plasma membrane, traversing the Golgi

apparatus. Image created using Biorender.com.

TCR o chain

HLA class | a chain

Figure 2.4: HLA class I interaction with cytetoxic T cell receptor (TCR) and NK cell
KIR3DLI1. The left panel depicts a complex between HLA-*02 in complex with a peptide and
TCR (PDB ID: 5D2N) at 2.10 A resolution (Yang et al., 2015). The structure was obtained from
the RCSB Protein Data Bank https://www.rcsb.org/structure/SD2N). The right panel depicts HLA-
A*57:01 in complex with a peptide and NK cell KIR3DL1 (PDB ID: 3WUW) at 2.00 A resolution
(O'Connor et al., 2014). The structure was obtained from the RCSB Protein Data Bank

(https://www.rcsb.org/structure/3WUW).
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2.1.2.1 HLA class I antigen cross-presentation

In addition to endogenous antigens, HLA class I presents exogenous peptides, which are peptides
derived from proteins or pathogens internalized from the extracellular compartment. The
presentation of exogenous antigens by HLA class I is referred to as cross-presentation. By
presenting exogenous antigens, HLA class I functions like HLA class II but presents its antigens
to CD8" T cells instead of CD4" T cells, the effector cells of HLA class II (Figure 2.4) (Gutierrez-

Martinez et al., 2015; van Endert, 2016).

Endocytic organelles, such as phagosomes and endolysosomal compartments, have been
implicated in cross-presentation (Adiko et al., 2015; Blander, 2016, 2018). Endocytic
compartments could acquire HLA class I from the plasma membrane through constitutive
internalization via an adenosine diphosphate (ADP)-ribosylation factor 6 (Arf6)-dependent
clathrin-independent pathway (Blander, 2016; Naslavsky et al., 2004; van Endert, 2016) and,
possibly, clathrin-dependent endocytosis (Lizee et al., 2003; Montealegre & van Endert, 2018;
Munz, 2018). A fraction of HLA class I from the ER can also be transported into endolysosomes,

escorted by the HLA class II invariant chain (Ii, CD74) (Figure 2.5).

The rate and extent of this internalization vary depending on the conformational status of the HLA
class I molecules and the type of cells involved (van Endert, 2016). When internalized, HLA class
I molecules enter early endosomes and are sorted into the fast or slow recycling pathway or
targeted for lysosomal degradation (Figure 2.6). In the fast-recycling route, HLA class I proteins
are rapidly returned to the plasma membrane, predominantly regulated by Rab4 and Rab35 small
GTPases. The slow recycling pathway, on the other hand, directs HLA class I molecules to

endocytic recycling compartments (ERC) and is regulated by many proteins, including Rabl1,
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Arf6, and Rab22 professional antigen-presenting cells (APC) (Blander, 2016; Grant & Donaldson,

2009; Montealegre & van Endert, 2018; van Endert, 2016).

Although endocytic recycling of MHC class I molecules is mostly associated with cross-

presentation, the involvement of endolysosomal assembly of MHC class I for endogenous antigens

presentation is an emerging concept in the field, with strong evidence that HLA class I allotypes

indeed assemble in endolysosomes, but to different degrees (Olson et al., 2023; Olson & Raghavan,

2023).
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Figure 2.5: Similar role of invariant chain in HLA class II antigen presentation and HLA

class I cross-presentation. The involvement of invariant chain (Ii, or CD74) in HLA class 11

antigen presentation (left) and HLA class I cross-presentation (right) of exogenous antigens is
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shown. Antigens are internalized (1) into an endosome (2), which fuses with the lysosome to form
an endolysosomal compartment (3). HLA class II (MHC II) or HLA class I (MHC I) associates
with CD74 in the endoplasmic reticulum (ER) and is directed to the endolysosomal compartment
through the interaction of the two dileucine-based sorting signals in the cytosolic domain region
of CD74. Antigens processed by lysosomal enzymes are assembled on the HLA proteins, which
then traffic to the plasma membrane (4). HLA class II is surveyed by CD4" T cells and HLA class

I by CD8" T cells. Image created using BioRender.com.
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Figure 2.6: Endocytic recycling of HLA class I molecules. HLA class molecules are internalized
into early endosomes (EE) marked by early endosomal antigen (EEA) and Rab5 small GTPase.
This internalization occurs through clathrin-independent endocytosis (CIE) mediated by adenosine
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diphosphate ribosylation factor 6 (Arf6) (1). A possible clathrin-dependent internalization of HLA
class I molecules (not shown) has also been described (Lizee et al., 2003; Montealegre & van
Endert, 2018; Munz, 2018). HLA class I molecules in EE may rapidly recycle to the plasma
membrane through the fast-recycling pathway facilitated by the small GTPases Rab4 and Rab35
(2a) or proceed to the late endosome (2b), which then fuses with the lysosome. The fate of HLA
class I molecules in LE may be largely degradative after lysosomal fusion; however, a possible
assembly with peptides in this compartment and the EE has been proposed (Olson & Raghavan,
2023), enabling recycling to the plasma membrane (3b). HLA class I molecules from the EE could
also proceed to a perinuclear endocytic recycling compartment (ERC, also called endosomal
storage compartment) or tubular recycling endosomes (2¢). Both ERC and the tubular recycling
endosomes are collectively called recycling endosomes, marked by Rablla and Rab22a. In
addition, tubular recycling endosomes are marked by molecules interacting with CasL-like protein
1 (MICAL-L1). HLA class I proteins from recycling endosomes are transported to the plasma
membrane through the slow recycling route, also facilitated by Arf6 (van Endert, 2016). This figure

was adapted from (Olson & Raghavan, 2023) and slightly modified using BioRender.com.

2.1.3.0 HLA class I glycosylation and quality control

As glycoproteins, HLA class I molecules undergo glycosylation, a posttranslational modification,
and quality control from the ER to the Golgi before arriving at the plasma membrane. Generally,
upon arriving in the ER, nascent proteins destined to be glycoproteins are labeled with a precursor
glycan. This glycan is then sequentially modified by diverse glycan-processing enzymes during
the proteins’ ER-trans-Golgi odyssey. The covalent attachment of glycans to would-be
glycoproteins (such as HLA class I) or lipids is termed “glycosylation” (Aebi, 2013; Bieberich,

2014).
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Many types of glycosylation have been reported, but to date, the O- and N-glycosylation are the
two major types well-described (He et al., 2024). The O-glycosylation occurs primarily in the
Golgi and involves the covalent attachment of glycans to the oxygen atom of serine (Ser) or
threonine (Thr) residues. N-glycosylation is the most common type of glycosylation. It involves
the attachment of glycans to specific asparagine residues within three amino acid sequence: Asn-
X-Ser/Thr, where Asn, X, Ser, and Thr are asparagine, any amino acid, serine, and threonine
residues respectively. This tripartite amino acid sequence is referred to as “sequon” (Bieberich,

2014; He et al., 2024; Stanley et al., 2022).

HLA class I molecules could undergo O-glycosylation (Yoneyama et al., 2017) and N-
glycosylation (Barber et al., 1996). The O-glycosylation has been observed at least on the allotype
HLA-A*24, where N-acetylgalactosamine (GalNAc) transferase covalently links a precursor
GalNac to the threonine 187 (Thr187) residue of a2 domain below the peptide-binding cleft
(Figure 2.7A). The GalNac could be further modified into glycoforms that affect HLA class 1
functionally (Yoneyama et al., 2017). For N-glycosylation, a high-mannose precursor Glucose3-
Mannose9-N-acetylglucosamine2 (Gle3Man9GIcNAc2) is transferred from the lipid carrier,
dolichol phosphate, to the asparagine 86 residue (Asn86) on a3 domain of nascent HLA class |
heavy chain in the ER (Barber et al., 1996) (Figure 2.7B). The Gle3Man9GIcNAc2 is modified
into high mannose (Figure 2.7C), hybrid (Figure 2.7D), or complex N-glycans (Figure 2.7E)

through concerted activities of N-glycan processing enzymes in the ER and the Golgi.

Among the three broad classes of N-glycans, high mannose glycans can be differentiated from
complex glycans by their sensitivity to enzymatic cleavage by Endoglycosidase H (Endo-H)
(Bieberich, 2014). Unlike complex glycans, high mannose glycans possess two free terminal

mannose residues (black ring in Figure 2.7), accommodated by Endo-H, conferring the sensitivity
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(Du et al., 2020). Upon encountering the mannose residues, the Endo-H enzyme cleaves the
internal glycosidic bond between the two N-acetylglucosamine (GIcNAc) residues in the
chitobiose core of high mannose glycans (marked by * in Figure 2.7), leaving one GlcNAc attached
to the asparagine residue on the protein (Du et al., 2020). Like high mannose glycans, some hybrid
glycans that possess the two free terminal mannose residues are sensitive to Endo-H cleavage
(Williams et al., 2022). By discriminating complex glycans from high mannose glycans, the Endo-
H enzyme has become a crucial biochemical tool for studying protein glycosylation and trafficking

(Cleyrat et al., 2014; Du et al., 2020; Geng et al., 2018; Williams et al., 2022).
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Figure 2.7: Types of HLA class I glycosylation and broad classification of N-glycans. A) O-
glycans on 187 threonine residue of a2 domain observed on HLA-A*24 (Yoneyama et al., 2017).

B) Precursor N-glycan (Glc3Man9GIcNAc2) on asparagine 86 of al domain. This precursor
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glycan is transferred from the lipid carrier, dolichol phosphate, to HLA class I molecules early in
the ER. Asn 86 is conserved in all HLA class I molecules enabling their N-glycosylation on the
residue. C) High mannose N-glycan derived from Glc3Man9GIcNAc2 through hydrolytic
cleavage of the 3 glucose residues by glucosidase I and II. D) A hybrid glycan possessing a third
N-acetylglucosamine apart from the two in the chitobiose core. E) A complex glycan. The
precursor N-glycan (B), high mannose glycan (C), and hybrid glycan (D) have two free terminal
mannose residues and are sensitive to Endo-H. The enzyme cleavage site on these glycans is
marked with *. The complex glycan has no free terminal mannose residues and is not sensitive to

Endo-H enzyme. Image created using Adobe Illustrator.

2.1.3.1 N-glycans processing enzymes

Many enzymes are involved in processing the precursor N-glycans from the ER to the Golgi,
transitioning high mannose (immature) N-glycans in the ER to complex (mature) N-glycans in the
Golgi (Figure 2.8). This processing includes the sequential trimming of glucose and mannose
residues by ER glucosidases and ER and Golgi mannosidases (Bieberich, 2014; Stanley et al.,
2022). Two glucosidases involved in N-glycan glucose trimming have been reported to date:
Glucosidase I (Glu I) which catalyzes the hydrolytic cleavage of the terminal (first) glucose residue
from Glc3Man9GIcNAc2, generating Glc2Man9GIleNAc2, and Glucosidase I1 (Glu II) which
cleaves the second and third glucose residues from Gle2Man9GIcNAc2, converting the glycan into
the deglucosylated intermediate, Man9GIcNAc2 (Aebi, 2013; Bieberich, 2014; Stanley et al.,

2022).

The trimming of mannosidases depends on the folding state, dictates the fate of the glycoprotein,

and is performed by ER degradation-enhancing alpha-mannosidase-like 1 proteins (EDEMs) and
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1,2-alpha-mannosidases. EDEM1, EDEM2, and EDEM3 activities mark unfolded proteins for
degradation through endoplasmic reticulum-associated degradation (ERAD) (Bieberich, 2014).
The ER 1,2-alpha-mannosidase (Mannosidase alpha class IB member 1, MAN1B1) cleaves a
mannose residue from the middle branch of the Man9GIcNAc2, promoting anterograde transport
to the Golgi (Sakhi et al., 2021). MAN1BI has also been implicated in the retrograde transport of
unfolded glycoproteins from the Golgi back to the ER for refolding or degradation through ERAD
(Tannotti et al., 2014; Pan et al., 2013). In addition to this quality control measure, unfolded
deglucosylated proteins are reglucosylated by wuridine diphosphate-glucose: glycoprotein
glucosyltransferase 1 (UGGT1) into monoglucosylated glycoforms, which are refolded by
calreticulin/calnexin activities (Adams et al., 2021). Other mannosidases trim more mannose
residues in the Golgi, resulting in the glycoform Man3GlecNA c2, which is modified into a complex

glycan before the protein exits the Golgi (Bieberich, 2014).
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Figure 2.8 N-glycans processing by ER and Golgi exomannesidases. The precursor N-glycan
(Gle3Man9GIcNAc2) appended on the nascent glycoprotein is trimmed by glucosidases and
mannosidases. Glu I cleaves one glucose molecule from the precursor glycan and Glu II cleaves
the second and third glucose residues to generate deglucosylated glycan, Man9GIcNAc2. If the
protein is not in its native state, Man9GIcNAc2 is reglucosylated by UGGT1 to the

monoglucosylated form, GlulMan9GlcNAc2. GlulMan9GIlcNAc2-labelled glycoproteins are
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refolded by the ER chaperons, calreticulin/calnexin. Man9GIcNAc2 on proteins that failed
multiple rounds of refolding by calreticulin/calnexin is trimmed by EDEM2, EDEM1, and EDEM3
and proceeds to ERAD-mediated degradation. Man9GIcNAc2 on native proteins is sequentially
trimmed by mannosidases to form Man3GIluNAc2, a glycoform that could be modified into

complex glycans. This figure was created with Adobe Illustrator.

2.2 The transporter associated with antigen processing (TAP)

TAP is a heterodimeric transmembrane protein and a member of the adenosine triphosphate (ATP)
binding cassette (ABC) family. TAP consists of two subunits, TAP-1 and TAP-2 (Figure 2.9), both
required for its peptide transport function (Lehnert & Tampe, 2017). The chronological events
building up to the discovery and functional and structural elucidation of TAP have been well-
documented (Mantel et al., 2022). Briefly, Alain Townsend proposed about 35 years ago that a
protein could transport peptides across cellular membranes. Since then, concerted efforts by
different research groups have uncovered the structural composition and many additional details

about TAP (Lehnert & Tampe, 2017; Mantel et al., 2022).

Structurally, each TAP subunit consists of the transmembrane domain (TMD) and the nucleotide-
binding domain (NBD). The TMD forms the peptide binding site and the peptide translocation
pathway from the cytosol into the ER lumen. The NBD forms the ATP-binding and hydrolysis site.
The exact mechanism underlying peptide transport by TAP is not completely understood; however,
it is believed that the binding of the peptide to the TMD initiates the hydrolysis of ATP bound to
the NBD, resulting in a conformational change that translocates the peptide into the ER lumen
(Lehnert & Tampe, 2017). This model is supported by a recent structural analysis using cryo-

electron microscopy (Lee et al., 2024). The study revealed that a bridge-like occupation of peptides

25



in the peptide-binding pockets of the transmembrane domain approximates the two TAP subunits,
priming TAP isomerization and ATP hydrolysis (Lee et al., 2024). Although TAP can transport up
to 40 amino acids long peptides, it binds peptides of 8-16 amino acids more efficiently and mostly
transports 8-12 amino acids long (Abele & Tampe, 2004). The two TAP subunits provide
architecture for calreticulin, calnexin, and the oxidoreductase ERp57 interaction in the peptide-
loading complex (PLC) (Abele & Tampe, 2004; Lehnert & Tampe, 2017). Hence, TAP is a central

component of the PLC and the HLA class I antigen presentation pathway.

TMD

NBD

Figure 2.9: A crystal structure of TAP in complex with a peptide. The structure depicts TAP-

1 and TAP-2 subunits in complex with a peptide at 3.50 A (PDB ID: 8T4G). The nucleotide-
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binding domain (NBD) and transmembrane domain (TMD) are shown. The structure was obtained

from the RCSB Protein Data Bank (https://www.rcsb.org/structure/8T4G).

2.3 The role of tapasin in HLA class I antigen presentation

Tapasin is a transmembrane glycoprotein that is crucial to the PLC architecture in the ER. Tapasin
is covalently linked to ERp57 through a disulfide bond (Dick et al., 2002; Dong et al., 2009; Peaper
& Cresswell, 2008) and this heterodimer recruits HLA class I (Muller et al., 2022; Rizvi &
Raghavan, 2010; Tan et al., 2002; Wearsch & Cresswell, 2007) (Figure 2.10) and calreticulin (Del
Cid et al., 2010; Rizvi et al., 2011; Rizvi & Raghavan, 2010) to the PLC. Tapasin interacts with
and stabilizes TAP, hence contributing to the architectural frame of the PLC (Bangia et al., 1999;
Ortmann et al., 1997; Raghuraman et al., 2002). Tapasin also interacts with nascent (empty) HLA
class I, tethering the empty HLA class I to TAP and facilitating peptide loading (Ortmann et al.,
1997; Sadasivan et al., 1996). Another key function of tapasin is peptide editing, an iterative
process through which low-affinity peptides on HLA class I peptide-binding grooves are displaced
and replaced with high-affinity ones (Chen & Bouvier, 2007; Howarth et al., 2004; Praveen et al.,
2010; Williams et al., 2002). Due to these relevant functions, tapasin depletion reduces the
expression of HLA class I on the plasma membrane (Garbi et al., 2000; Greenwood et al., 1994).
However, the influence of tapasin on peptide loading and surface expression varies among HLA

class I alleles, with some less tapasin-dependent alleles able to maintain surface expression and
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antigen presentation under tapasin-deficient conditions (Bashirova et al., 2020; Peh et al., 1998;

Rizvi et al., 2014).

Figure 2.10: The structure of the peptide-loading complex. The structure depicts HLA class I-
tapasin-calreticulin-ERP57 complex (PDB ID: 6ENY) at 5.80 A resolution. Tapasin interacts with
HLA class I and ERp57, stabilizing the empty HLA class 1. Calreticulin interacts with HLA class
I through its glycan-binding domain. The structure was obtained from the RCSB Protein Data

Bank (https://www.rcsb.org/structure/6ENY).
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2.4 The role of calreticulin in HLA class I antigen presentation

Calreticulin is a lectin-like glycan-binding chaperone primarily resident in the ER. The structure
of calreticulin consists of a globular N-terminal domain possessing a lectin-like glycan-binding
property, a flexible proline-rich P-domain that interacts with polypeptides, and an acidic amino
acid-rich C-domain containing the ER-retention sequence (KDEL) and calcium ion (Ca®")-binding
region (Desikan et al., 2023). Calreticulin performs many critical functions for HLA class I
assembly and trafficking. Notably, its lectin-like N-terminal domain binds monoglycosylated HLA
class I, recruiting glycosylated, native HLA class I to the peptide-loading complex (Domnick et
al., 2022). In the peptide-loading complex, calreticulin stabilizes peptide-receptive HLA class |
proteins, and cells lacking calreticulin mostly have impaired HL A class I antigen presentation (Gao
et al., 2002). Calreticulin also contributes to the overall architecture of the peptide-loading
complex by facilitating an intricate network of interactions between HLA class I proteins and other
components of the peptide-loading complex (Figure 2.10) (Del Cid et al., 2010; Domnick et al.,
2022; Wearsch et al., 2011). To achieve this function, the glycan-binding domain of calreticulin
binds the HLA class [ monoglycosylated glycan, and its polypeptide-binding P-loop interacts with
the ER oxidoreductase ERp57, which connects to tapasin (Del Cid et al., 2010; Domnick et al.,
2022; Wearsch et al., 2011). Calreticulin also retrieves aberrantly folded HL A class I proteins from
post-ER compartments to the ER (Howe et al., 2009; Raghavan et al., 2013). Together, these

functions highlight the role of calreticulin in the HLA class I antigen presentation pathway.
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2.5 The role of calnexin in HLA class I antigen presentation

Calnexin is a transmembrane ER chaperone with some structural and functional similarities with
calreticulin. Like calreticulin, calnexin has an N-terminal domain that performs a lectin-like
glycan-binding function. Calnexin also has P- and C-terminal domains, but unlike calreticulin,
possesses a transmembrane domain. Calnexin is important in the early stage of HLA class I
assembly, protecting nascent HLA class I heavy chains from premature degradation (Rajagopalan
& Brenner, 1994). Besides directly interacting with empty HLA class I molecules, calnexin recruits
ERpS57 to catalyze disulfide bond formation that stabilizes nascent HLA class I heavy chains, prior
to their assembly with B2m (Adhikari & Elliott, 2003; Diedrich et al., 2001). Calnexin also
facilitates the assembly of f2m with HLA class I heavy chains (Adhikari & Elliott, 2003), and like
calreticulin, is involved in the ER-retention of unfolded HLA class [ for refolding, including those

retrieved from post-ER compartments (Adams et al., 2021).

2.6 ER stress and unconventional protein secretion

Proper protein folding is key to ER homeostasis; however, certain conditions, such as nutrient
deprivation, hypoxia, and protein mutations, can increase unfolded or misfolded proteins in a
manner that the ER is unable to maintain proper protein folding. The accumulation of unfolded or
aberrantly folded proteins in the ER causes an imbalanced homeostatic state referred to as “ER

stress” (Braakman & Hebert, 2013; Chen et al., 2023).
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The cell has evolved multiple mechanisms, collectively referred to as the unfolded protein
response (UPR), to relieve itself of misfolded proteins and counteract ER stress. Three ER
transmembrane sensors maintained in their inactive state by the ER chaperone binding
immunoglobulin protein (BiP) initiate and regulate the cell’s induction of UPR. They are inositol-
requiring enzyme 1 (IRE1), protein kinase R-like ER kinase (PERK), and activating transcription
factor 6 (ATF6) (Chen et al., 2023) (Figure 2.11). Upon sensing unfolded proteins, these sensors
are activated, initiating multiple signaling mechanisms that result in increased synthesis of ER
chaperones responsible for protein refolding, enhanced degradation of unfolded or misfolded
proteins, and transient inhibition of overall protein synthesis in the cell (Almanza et al., 2019;
Chen et al., 2023). Importantly, UPR activation reduces the ER-Golgi-dependent conventional
protein secretion but has been observed to increase alternative ER-Golgi-independent protein
secretory pathways, collectively known as unconventional protein secretion (trafficking) (Kim et

al., 2018; Meyer & Doroudgar, 2020).

By activating unconventional protein trafficking in response to the accumulation of unfolded or
misfolded proteins, cells can attenuate ER stress and restore protein homeostasis (proteostasis)
when protein folding or the conventional secretory pathway is impaired. One key protein
implicated in mediating unconventional trafficking is the Golgi reassembly-stacking protein
2 (GORASP2), also known as the Golgi reassembly and stacking protein of 55 kDa (GRASPS55).
Under homeostatic conditions, GRASPSS is resident in the Golgi and participates in maintaining
the Golgi stacking. However, upon ER stress induction, GRASP55 relocates from the Golgi and
mediates unconventional secretion of some transmembrane and soluble proteins, including mutant
cystic fibrosis transmembrane conductance regulator (CFTR) (Ahat et al., 2019; Ahat et al., 2022;

Chiritoiu et al., 2019).
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Figure 2.11: Unfolded protein response signaling pathways. BiP dissociates from IRE1, PERK,
and ATF6 when unfolded or misfolded proteins accumulate in the ER. IRE 1 has endoribonuclease
and serine/threonine kinase domains. Upon BiP dissociation, IRE1 dimerizes and is activated
through autophosphorylation. Activated IREl has endoribonuclease activity, allowing it to
unconventionally splice X-box binding protein 1 (XBP1) mRNA, producing spliced XBP1s, an

active transcription factor, increasing the transcription of the genes for ER chaperones (such as
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BiP), ER-associated degradation (ERAD), and lipid biosynthesis. IRE1 is also involved in the
regulated IRE1-dependent decay (RIDD) pathway, which transiently reduces protein synthesis by
selectively degrading mRNAs in the ER. Additionally, IRE1 can activate apoptotic signaling
pathways through c-Jun N-terminal kinase (JNK) (Siwecka et al., 2021). Like IRE1, protein kinase
R-like ER kinase (PERK) oligomerizes and phosphorylates when BiP dissociates from it.
Activated PERK phosphorylates the eukaryotic initiation factor-2a (eIF2a) and represses protein
synthesis globally. elF2a, however, selectively promotes the synthesis of activation transcription
factor 4 (ATF4), a transcription factor that upregulates the synthesis of CCA AT-enhancer-binding
protein (C/EBP) homologous protein (CHOP) and proteins involved in autophagy. Activated
PERK also phosphorylates nuclear factor erythroid 2-related factor 2 (Nrf2), causing it to
translocate to the nucleus and upregulate the synthesis of antioxidant proteins. When BiP
dissociates, ATF6 (a 90 kDa transmembrane protein) relocates from the ER membrane to the Golgi
and is cleaved by Site-1 (S1P) and Site-2 (S2P) proteases, releasing a 50 kDa fragment (ATF6-
p50), an active transcription factor. ATF6-p50 migrates to the nucleus and promotes the
transcription of the genes encoding XBP1, CHOP, and ER chaperones. Additional details about
these UPR pathways have been well-reviewed (Almanza et al., 2019; Chen et al., 2023). Image

created using BioRender.com.

2.7 HLA class I immunopeptidome

To mediate immune surveillance, HLA class I proteins present antigenic peptides to CTL
(Zinkernagel & Doherty, 1974). A collection of the diverse array of peptides presented by HLA
class I proteins is referred to as HLA class I immunopeptidome (Istrail et al., 2004; Yewdell, 2022).
Beginning from the discovery that HLA class I proteins present short amino acid sequences

(peptides) to CTL (Zinkernagel & Doherty, 1974) to the identification of allele-specific peptide
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motif (Falk et al., 1991) and the advent of mass spectrometry in the identification of HLA class I-
bound peptides (Henderson et al., 1992), HLA class I immunopeptidome analysis has undergone

a remarkable refinement that has increased the repertoire of peptides identified so far.

Recent studies assessing pan HLA class I or specific allotypes’ immunopeptidome have relied on
mass spectrometry to identify eluted peptides (Gravel et al., 2023; Kaur et al., 2023; Mamrosh et
al., 2023). In the more distant past, the mass spectrometric approach has enabled the identification
of HLA class I presented in the context of specific infectious pathogens, including Epstein-Barr
virus (Herr et al., 1999) and measles virus (van Els et al., 2000), placing this approach at the heart
of immunopeptidome analyses. Two quantitative mass spectrometry strategies have been reported
for HLA class I eluted peptides identification and quantification (Gravel et al., 2023; Kaur et al.,
2023; Mamrosh et al., 2023). These are label-free and tandem mass tag (TMT)-mass spectrometry.
Some studies have compared the relative performance of these methods, though not in the context
of immunopeptidome (Megger et al., 2014; O'Connell et al., 2018). Label-free mass spectrometry,
as the name implies, is used to determine the relative amount of proteins in biological samples
without subjecting peptides in the samples to chemical labeling. This approach infers peptide
abundance from spectral counting or precursor ion signal intensity. For TMT-mass spectrometry,
peptides are first labeled with chemicals of the same nominal mass but different isotopic
composition (isobaric chemical tags), allowing multiple samples to be analyzed together in a single
mass spectrometry run. Although the label-free approach can identify a broader breadth of
peptides, the TMT approach has more quantitative accuracy (Megger et al., 2014; O'Connell et al.,
2018). Notably, the TMT approach has been used recently to quantify the relative contributions of
various peptide sources, including the cytosolic proteasome and lysosome, to HLA class I

immunopeptidome (Mamrosh et al., 2023).
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2.8 Conclusion

HLA class I molecules play a crucial role in the immune response against infectious pathogens and
cancers by presenting antigens to CTLs and regulating NK cell activation and inhibition. Several
years of studies have uncovered many details about HLA class I assembly and trafficking,
including how peptides are generated in the cytosol, funneled into the ER, and assembled with
peptide-receptive HLA class I molecules (Blum et al., 2013; Neefjes et al., 2011; Zaitoua et al.,
2020). The cooperative roles of TAP subunits and many chaperones in the ER to achieve a
successful peptide assembly with HLA class I in the peptide-loading complex are well-researched
(Domnick et al., 2022; Lehnert & Tampe, 2017; Muller et al., 2022). However, the molecular
mechanism underlying peptide transport by TAP remains poorly understood. Additionally, TAP
inhibition by viruses and cancers as an immune evasion strategy has been studied (Mantel et al.,
2022), and persistent antigen presentation by some HLA class I allotypes under TAP-deficient
conditions has been observed (Geng et al., 2018; Wei & Cresswell, 1992). Nevertheless, the
mechanism driving this peptide presentation is not fully understood. Morecover, more studies are
needed to fully understand the glycosylation profile of HLA class I proteins and the regulation of

HLA class I secretion by glycan-processing enzymes such as the ER and Golgi mannosidases.
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CHAPTER THREE

Manuscript 1: Misfolded HLA Class I Accumulation in the Endoplasmic Reticulum
Induces the Cell Surface Expression of High Mannose Glycoforms via a Golgi-Mediated

Secretory Route

3.0 Abstract

HLA class I assembly depends largely on peptide availability via the transporter associated with
antigen processing (TAP). Many TAP-deficient cells display low but measurable cell surface HLA
class I, and increased levels of high mannose Endoglycosidase H (Endo-H)-sensitive cell surface
HLA class I glycans. Endoplasmic Reticulum (ER) stress signals and unconventional protein
trafficking are frequently implicated in the occurrence of high mannose cell surface glycoprotein
glycans. However, TAP deficiency does not induce canonical ER stress mediators and several
factors implicated in unconventional glycoprotein trafficking do not selectively affect HLA class
I expression in TAP-deficient cells. Rather, HLA class I cell surface expression in TAP-deficient
cells is brefeldin A-sensitive, similar to wild-type cells, implicating the conventional Golgi-
dependent secretory route. Furthermore, cell surface glycosylation changes in TAP-deficient cells
are HLA class I-specific rather than global. Moreover, other conditions that compromise HLA class
I assembly, such as tapasin deficiency, also induce high mannose HLA class I cell surface glycans.
Thus, Golgi-mediated export of HLA class I with high mannose glycans from the ER appears to
reflect a homeostatic response to misfolded HLA class I accumulation in the ER. Overall, these
findings suggest a model wherein saturated recognition mechanisms for misfolded HLA class 1
molecules result in their partial Golgi-dependent secretory trafficking and account for impaired

glycan maturation.
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3.1 Background

The human leukocyte antigen (HLA) class I molecule (major histocompatibility complex (MHC)
class I in humans) is a heterotrimeric protein comprising a heavy chain (a chain), a light chain, 2
microglobulin (Bom), and a short peptide. The a chain consists of three domains: al, a2, and a3,
with the first two domains forming the membrane distal peptide binding site and the membrane-
proximal a3 domain as also fom adopting immunoglobulin (Ig)-like folds (Bjorkman et al., 1987).
HLA class I proteins present endogenous peptides to clusters of differentiation 8 (CD8") T cells
and regulate the activities of natural killer (NK) cells. Peptides bound to HLA class I molecules
may be derived from endogenous cellular proteins such as defective ribosomal products (DRiPs)
(Yewdell et al., 1996; Yewdell & Nicchitta, 2006), mutated proteins in cancers (Li et al., 2023), or
foreign proteins from pathogens that infect host cells (Yewdell, 2022). In addition to endogenous
peptides, HLA class I molecules can present exogenous (extracellular) peptides to CD8" T cells
through a pathway called cross-presentation, particularly in dendritic cells and other professional
antigen-presenting cells (Bevan, 1976; Gutierrez-Martinez et al., 2015). By presenting peptides to
effector CD8" T cells, HLA class I molecules play a crucial role in the adaptive immune response.
HLA class I expression is often subverted by pathogens for immune evasion (Petersen et al., 2003;

Taylor & Balko, 2022).

The canonical pathway for antigen presentation by HLA class I proteins has been well described
(Blum et al., 2013; Raghavan et al., 2008). Briefly, proteins in the cells are degraded predominantly
in the proteasome, generating peptides. A fraction of these peptides is translocated into the ER by
the transporter associated with antigen processing (TAP), a heterodimeric transmembrane protein
and a member of the ATP-binding cassette family. In the ER, the peptides are trimmed by

aminopeptidases and assembled with HLA class I in the peptide loading complex (PLC). This
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assembly process is assisted by several ER chaperones, including calnexin, calreticulin, tapasin,
and ERp57. Peptide-bound HLA class I molecules exit the ER and transit to the plasma membrane
through the Golgi-dependent conventional protein secretory pathway. Because TAP is the channel
for transporting cytosolic peptides into the ER, many viruses and certain cancers compromise HLA
class I antigen presentation by inhibiting TAP (Alimonti et al., 2000; Fruh et al., 1995; Henle et

al., 2017; Verweij et al., 2015).

TAP dysfunction results in HLA class I proteins being largely retained in the ER, resulting in an
overall downmodulation of surface HLA class I molecules (de la Salle et al., 1994; Raposo et al.,
1995). Despite this downmodulation in TAP-dysfunctional cells, HLA class I expression is readily
measurable on the plasma membrane and can maintain CD8" T cell activation (de la Salle et al.,
1999; Geng et al., 2018). Furthermore, some professional antigen-presenting cells (APC),
particularly dendritic cells (DCs), can cross-present antigens without a functional TAP (Barbet et
al., 2021; Sengupta et al., 2019). Moreover, studies on HLA class I presentation by TAP-mutant
cell lines revealed the ability of the HL A class I allotype HLA-A*02:01 to present peptides bearing
signal sequences independent of TAP (Henderson et al., 1992; Wei & Cresswell, 1992).
Collectively, these studies highlight the existence of TAP-independent pathways through which
peptides can be assembled, at least with some HLLA class | proteins. The molecular mechanisms
governing the assembly and trafficking of HLA class T in TAP-deficient cells remain poorly

characterized thus far.

Proteins trafficking through the conventional secretory pathway undergo certain post-translational
modifications. Particularly, glycoproteins such as HLA class I acquire high mannose Endo-H
sensitive N-glycans in the ER. As they traverse the ER and Golgi compartments, the mannose

residues are sequentially trimmed and the high mannose glycans are modified into complex Endo-
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H-resistant forms (Aebi, 2013; Bieberich, 2014; Stanley et al., 2022). The acquisition of Endo-H-
resistant glycans has emerged as a marker for protein trafficking through the canonical Golgi-
dependent secretory pathway. However, there are several reported examples of the expression of
Endo-H-sensitive glycans on glycoproteins in the plasma membrane (Grieve & Rabouille, 2011;
Nickel & Seedorf, 2008). Generally, unconventional Golgi-independent secretory trafficking
pathways have been implicated in the cell surface expression of such glycoproteins (Grieve &

Rabouille, 2011; Nickel & Seedorf, 2008).

A previous study evaluating TAP-independent HLA-B expression also reported increased levels
of Endo-H sensitive glycans on surface HLA class I of TAP-deficient cells (Geng et al., 2018).
These findings highlight major gaps in our basic understanding of the trafficking pathway(s)
undertaken by HLA class I in TAP-dysfunctional cells. Specifically, whether endogenous HLA
class I molecules in TAP-deficient cells traffic through the conventional or non-conventional
secretory pathway has not been addressed to date. This study aims to determine the trafficking
pathway of endogenous HLA class I proteins in TAP-deficient cells. Elucidating the molecular
mechanisms underlying the assembly and trafficking of endogenous HLA class I proteins in TAP-
deficient cells could advance the development of novel immunotherapies against TAP-inhibiting

infectious pathogens and cancers.
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3.2.0 Methods

3.2.1 Cell Culture

THP-1 cells (TIB-202) were purchased from the American Type Culture Collection (ATCC) and
maintained in RPMI 1640 (ATCC modification, catalogue number: A1049101) supplemented with
10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, and 1X antibiotic/antimycotic. Human
embryonic kidney cells expressing the simian virus 40 (SV40) large T antigen (HEK239T) were
maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS
and 1X antibiotic/antimycotic. ST-EMO (TAP2-deficient cells expressing HLA-B*35:01 (ST-
EMO-B*35:01; a gift from Dr. H. De la Salle) were cultured in RPMI 1640 supplemented with
10% (v/v) fetal bovine serum (FBS) and 1X antibiotic/antimycotic. All the cells were cultured in

5% CO» at 37°C except indicated otherwise.

3.2.2.0 CRISPR-Cas9 Knockout of relevant genes

TAP-1 or other relevant genes (indicated in the results section) were knocked out using a 6-well
modified lentiviral vector-based CRISPR-Cas9 genome editing protocol previously described. The

single guide RNAs used for genome editing are listed in Table 3.1 (Shalem et al., 2014).

3.2.2.1 Lentivirus preparation

About 0.5 x 10 HEK293T cells were seeded into 6-well plates and grown overnight to attain about
70% confluence. Solution A was prepared by adding 1.7 pg psPAX2 (Addgene; 12260), 1.1 pg
pMD2.G (Addgene; 12259), and 2.25 pg of pLentiCRISPRV2 or pLentiCRISPRv2 containing the
single guide RNA for TAP1 or indicated genes (Table 1) into 130 uL OptiMEM and 5 pL

lipofectamine plus reagent. The solution was mixed by vortexing briefly and incubated for 5
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minutes at room temperature. Solution B was prepared by adding 130 pL OptiMEM to 15 puL
lipofectamine LTX, vortexing briefly, and incubating for 5 minutes. Solution C was prepared by
mixing solutions A and B. The medium for HEK293T cells grown overnight was replaced with 2
mL of fresh DMEM containing 10% FBS but without antibiotic/antimycotic. Solution C was added
to the cells after incubating for 20 minutes. The plates were gently swirled, and the cells were

cultured for 48 hours.

3.2.2.2 Infection of THP-1 cells with lentivirus

The virus (in the culture medium) was harvested from HEK293T cells and filtered through a 0.45
pm syringe filter. The virus was added to 0.5 x 10° THP-1 cells in a 24-well plate and incubated
for 15 — 20 minutes at room temperature after adding 1X Polybrene (8 pg/mL). The plates were
centrifuged at 2500 rpm for 2 hours at room temperature to infect the cells by spinoculation. Two-
thirds of the supernatant was replaced with modified RPMI, and the cells were rested overnight.
The culture medium was replaced with fresh ATCC-modified RPMI (A1049101), and the cells

were again rested overnight.

3.2.2.3 Selection of lentivirus-infected THP-1 cells

Successfully transduced THP-1 cells were selected using appropriate drugs based on the
lentiCRISPR vector. Cells transduced with lentiCRISPR wvector containing blasticidin or
hygromycin B resistance gene were selected using 5 pg/mL blasticidin or 300 pg/mL hygromycin

B for 4 — 5 weeks.
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Table 3.1: Genes, sgRNA used for CRISRP-Cas9 genome editing, and antibodies used to

confirm knockout by immunoblot.

Gene gRNA (5'-3") Immunoblot antibody
TAP-1 F: AGTTCGAAGCTTTGCCAACG Anti-TAP-1 (Clone 148.3)
R: CGTTGGCAAAGCTTCGAACT
CANX F: TTTAGAAAGCAGTTTCACAT
R: ATGTGAAACTGCTTTCTAAAC
CANX F: TTGTCTTGTAGGAAAGTGGG
R: CCCACTTTCCTACAAGACAAC
CANX F: AAATCCTTCACGTGAAATTG
R: CAATTTCACGTGAAGGATTTC
Tapasin F: AAGCGGCTCATCTCGCAGTG  Anti-Tapasin (Clone 7F6)

R: CACTGCGAGATGAGCCGCTT

F: Forward sequence; R: Reverse complement sequence

3.2.3 Small interfering RNA (siRNA)-mediated sec22B depletion

Sec22B was knocked down using the ON-TARGET plus SMARTpool siRNA (Dharmacon,

Catalogue number: L-011963-00-0020), adapting a protocol previously described (Troegeler et al.,

2014). Briefly, 15 pL of 20 uM sec22B-siRNA or non-targeting siRNA and 15 pL of HiPerFect

transfection reagent were placed in 0.5 mL OptiMEM and incubated for 15 minutes at room

temperature. The transfection mix was added dropwise to about 0.75 x 10° THP-1 or THP-TAP-1-

KO cells in 1 mL filtered, antibiotic/antimycotic-free modified RPMI in 6-well plates. The plates

were gently swirled, and the cells were incubated at 37°C for 4 hours in the presence of 5% COx.

The culture medium was made up to 2 mL, and the cells were cultured for 48 hours.
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3.2.4 Confirmation of gene knockout or knockdown by immunoblot

The cells were lysed in ice-cold lysis buffer containing 50 nM TRIS, 1% Triton, 150 nM NaCl,
and 5 mM CaCl, for 1 hour. The lysates were centrifuged at 13,000 rpm for 30 minutes at 4°C.
The supernatant was boiled in 1X SDS and subjected to 4 — 20% (Bio-Rad, catalogue number:
4561096) SDS-PAGE for 120 minutes at 120 V. The proteins were transferred to PVDF
membranes, blocked in 5% skimmed milk in 1X TBST for 30 minutes, and blotted with indicated
primary antibodies (Table 1), or anti-GAPDH or anti-vinculin antibody as loading controls for 1.5
hours at room temperature or overnight at 4°C. The membranes were washed in three changes of
1X TBST for 30 minutes and blotted with goat-anti-mouse or goat-anti-rabbit horse radish
peroxidase for 30 minutes at room temperature. The membranes were washed in three changes of
I1X TBST for 30 minutes and treated with enhanced chemiluminescence (ECL) reagents following
the manufacturer’s protocol. The membranes were exposed to X-ray film (HyBlot CL, Thomas
Scientific) multiple times using an X-ray film processor to detect the chemiluminescent signals
from the immunoblot. For TAP-1 knockout confirmation, TAP-1 was immunoprecipitated by
incubating the lysates with anti-TAP-1 antibody (148.3) at 4°C overnight, protein G Sepharose for
2 — 3 hours at 4°C, followed by washing in three changes of ice-cold lysis buffer at 1000 G for 1

minute and elution into X SDS before performing immunoblot.

3.2.5 Endoglycosidase H (Endo-H) sensitivity assay

Proteins on the plasma membrane were biotinylated by incubating the cells with cell-impermeant
biotin, EZ-Link NHS-PEG4-Biotin (Thermo  Scientific), following the manufacturer’s
instructions. Briefly, the cells were washed in 1X PBS three times and incubated with 2 mM biotin

in 1X PBS for 10 minutes at room temperature, followed by a wash in 0.1 M glycine and 3 changes
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of 1X PBS. After washing, the biotinylated cells were lysed in an ice-cold buffer containing 50
nM TRIS, 1% triton, 150 nM NaCl, and 5 mM CaCl, for 1 hour. The lysates were cleared by
centrifuging at 13 000 RPM for 30 minutes and the labeled proteins were incubated with
streptavidin agarose beads (Thermo Scientific, Catalouge number: 20) for 2 hours at 4°C. The
beads were washed by centrifuging in 3 changes of lysis buffer at 4000 RPM for 10 mins. Endo-
H sensitivity assay was performed using Endo-Hr (New England Biolabs) according to the
manufacturer’s protocol, with slight modifications. Biotin-labeled surface proteins or unlabeled
lysates were boiled in 1X glycoprotein denaturing buffer at 100°C for 10 minutes. The eluate from
the beads and the unlabeled lysates were split into two parts, and one half was treated with 1X
Glyco buffer 3 and two-fold dilutions of Endo-Hf for 2 hours at 37°C. Endo-Hedigested or
undigested lysates and proteins were subjected to 8% SDS-PAGE at 120 V for 120 minutes,

followed by blotting with HC10 and goat-anti-mouse or anti-vinculin and goat-anti-rabbit.

3.2.6 Purification of W6/32 antibody

Ascites of W6/32, a pan-HLA class I antibody, was obtained from the University of Michigan
Hybridoma Core and purified using HiTrap Protein G HP column. The ascites was centrifuged at
13000 rpm for 30 minutes and the supernatant was filtered through a 0.45 um syringe filter to
remove particulate materials. 10 mL of elution buffer (0.1 M glycine-HCI, pH 2.7) was passed
through the column, followed by equilibration with 25 mL binding buffer (20 mM sodium
phosphate, pH 7.0) at I mL/minute. The antibody was loaded into the column and incubated on
ice for 30 minutes. The column was washed with 50 mL binding buffer at 1 mL/minute, and the
antibody was eluted with 25 mL elution buffer at 1 mL/minute in aliquots of 800 uL into 1.5 mL
tubes containing 200 pL of neutralizing buffer (1 M Tris-HCI, pH 9.0). The column was

regenerated by washing with 15 mL binding buffer four times and equilibrated with 15 mL 20%
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ethanol. The antibody was dialyzed in the binding buffer multiple times until the neutralizing
buffer was less than 4.5 x 10~ nM. The purity and integrity of the purified antibody were confirmed
by subjecting the antibody to 8% SDS-PAGE, followed by staining with Coomassie brilliant blue
for 1 hour. After staining, the gel was destained in several changes of 50% ethanol to visualise the

bands corresponding to W6/32 antibody (Supplementary Figure 3.1).

3.2.7 Conjugation of W6/32 with fluorescein isothiocyanate (FITC)

Buffer exchange was performed for purified W6/32 by centrifuging the antibody in ten changes of
100 mM bicarbonate buffer (pH 8.3) containing 500 mM Sodium Chloride at 4000 rpm and 4°C
for 10 — 20 minutes in 3 kDa molecular weight cut-off (MWCO) centricon. 50 pL of 1 mM FITC
was placed in ~ 2 mg/mL W6/32 antibody and rocked slowly at room temperature for 1 hour,
followed by centrifugation in several changes of bicarbonate buffer in 3 kDa MWCO centricon at
4000 rpm and 4 °C for 10 — 20 minutes until the flowthrough is visibly clear of unconjugated FITC.
The concentrated FITC-conjugated antibody was diluted to 500 pL and stored at 4°C until further

use.

3.2.8 Flow cytometry

Cell surface HLA class I proteins were measured by flow cytometry. Briefly, 50 — 100,00 cells
were seeded into 96-well plates and washed with ice-cold 1X PBS at 2500 rpm for 1 minute. The
cells were incubated in an Fc receptor (FcR)-blocking buffer (5% normal mouse serum in the
staining buffer) for 10 minutes and stained with FITC-conjugated W6/32 (W6/32-FITC) on ice for
30 minutes in a staining buffer containing 2% fetal bovine serum (FBS) in 1 X PBS. After staining
with W6/32-FITC, the cells were rinsed twice with ice-cold staining buffer and stained for viability
using 7-aminoactinomycin D (7-AAD) in the staining buffer. Flow cytometry was performed on a
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BD LSRFortessa cell analyzer, and the data (flow cytometry standard files) were exported to
FlowJo for analysis. Cells were gated based on forward and side scattering, and viable cells were
gated based on negative 7-AAD staining (Supplementary Figure 3.2). The mean fluorescence
intensity (MFI) values of W6/32-FITC were chosen to represent surface HLA class I expression

on the cells.

3.2.9 Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was used to quantify messenger ribonucleic acid (mRNA) levels in THP-1 or THP-1-
TAP-1-KO cells. Total RNA was isolated from THP-1 or THP1-1-TAP-1-KO cells using RNeasy
kit (Qiagen), following the manufacturer’s instructions. RNA concentration and purity were
assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Complementary DNA
(cDNA) was synthesized from total RNA using the SuperScript III First-Strand Synthesis kit
(Invitrogen), following the manufacturer’s instructions. Briefly, 2ug of the total RNA was
combined with 1 pL of oligo dT primers and 10 mM dNTPs, and made up to 10 pL. with nuclease-
free water to constitute solution A. This solution was incubated at 65°C for 5 minutes and chilled
on ice for 1 minute. Solution B was prepared by combining 2 pL of 10X RT buffer with 25 mM
MgCl (4 uL), 0.1 M DTT (2 uL), RNAse Out (1 pL), and SS IIl enzyme (1 pulL). 10 uL each of
solutions A and B were mixed and incubated in a thermocycler at 50°C for 50 minutes, 85°C for 5
minutes and chilled on ice for 1 minute. The cDNA was treated with RNaseH (1 pL) and incubated
at 37°C for 20 minutes. The cDNA was stored at -80°C until further use. The gPCR was performed
using ABI 7500 Fast real-time PCR machine and Applied Biosystems SYBR Green Master Mix
(4309155), following the manufacturers’ instructions. 1 uL each of 5 uM forward primer, 5 uM
reverse primer, and the cDNA were placed in 5 pL of 2X Master Mix and made up to 10 pL with

nuclease-free water. The reaction mix was placed in the qPCR machine, and a standard 2-hour run
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was performed using delta CT mode. GAPDH, HPRTI, and ACTB were used as housekeeping

genes. The genes assessed and the primers used are listed in Table 3.2

Table 3.2: The primers used for ER stress assessment by RT-qPCR

Gene Primers (5'- 3")
FP: CAGCAAGGAGGATGCCTTCT
ATF4
RP: CCAACAGGGCATCCAAGTC
FP: GATGAAGCTCTCCCTGGTGG
BiP
' RP: TAGGTGGTCCCCAAGTCGAT
FP: TAAAGATGAGCGGGTGGCAG
CHOP
RP: TCTGCTTTCAGGTGTGGTGA
) FP: TTACGAGAGAAAACTCATGGC
Spliced XBP1
RP: GGGTCCAAGTTGTCCAGAATGC
GAPDH FP: GAGTCAACGGATTTGGTCGT

RP: TTGATTTTGGAGGGATCTCG

ACTB (8-Actin) FP: GGACTTCGAGCAAGAGATGG
RP: AGCACTGTGTTGGCGTACAG

FP: Forward primer; RP: Reverse primer.

3.2.10 Acid stripping and brefeldin A treatment

Cells were stripped of antigenic HL A class I proteins using a well-known acid treatment protocol,
described more than three decades ago (Sugawara et al., 1987). Briefly, the cells were washed in
ice-cold 1X PBS twice, treated with 500 mL ice-cold phosphate citrate buffer (pH 3) for 2 minutes,
and neutralized with 30 mL cold, antibiotic/antimycotic-free modified RPMI medium. The buffer

was prepared from an equal volume of citric acid (263 mM) and disodium hydrogen phosphate
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(123 mM). The cells were washed in three changes of ice-cold medium, and surface HLA class |
was assessed by flow cytometry as previously described. Acid-stripped or unstripped cells were
cultured in a suitable medium containing 10 pg/mL brefeldin A (B7651, Sigma Alderich) for 1, 2,

3, or 4 hours. Surface HLA class I on the cells was assessed by flow cytometry.

3.2.11 Mass spectrometry (MS)

Three biological MS replicates were conducted for THP-1 and THP-1-TAP-1-KO cells. The cells
were biotinylated, lysed, and incubated with streptavidin agarose beads as described in section
3.2.4. The beads were washed in 1X PBS thrice and used for mass spectrometry at the Proteomics
Core of the Department of Pathology, University of Michigan. The beads were resuspended in 50
uL of 0.1 M ammonium bicarbonate buffer (pH 8) and incubated at 45 °C for 30 minutes after
adding 50 pL of 10 mM DTT. The beads were further incubated with 65 mM 2-chloroacetamide
at room temperature for 30 minutes in the dark and digested with 1 pg modified trypsin at 37 °C
overnight. The digestion was performed on a thermomixer to ensure constant shaking. The reaction
mixture was acidified to stop the digestion, followed by desalting using SepPak C18 cartridges
and complete desiccation in a vacufuge. The peptides were then reconstituted in 8 pL solution
containing 0.1% formic acid and 2% acetonitrile. A one-quarter aliquot of the reconstituted
peptides was resolved on a nano-capillary reverse phase column (Acclaim PepMap C18, 2 um, 50
cm Thermo Fisher Scientific) using 0.1% formic acid/increasing acetonitrile gradient elution
method over three hours at a flow rate of 300 mL/minute. The elution was initiated with 2-25%
acetonitrile for 105 minutes, followed by 25-40% for 20 minutes, 90% for 10 minutes, and re-
equilibration of the column with 2% for 30 minutes. The eluted peptides were directly injected
into a Q Exactive HF mass spectrometer via an EasySpray source. Using 120 000 resolution, with

automatic gain control (AGC) target set at 1 x 10° and maximum injection time (IT) at 50
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milliseconds, MS1 scans (measuring the mass-to-charge ratio (m/z) of intact peptides) were
acquired, followed by TopSpeed (3 seconds) acquisition of data-dependent collision-induced
dissociation MS/MS spectra after every MSI scan normalized collision energy (28 — 32 %), AGC

target (1 x 10°), and max IT (45 milliseconds).

To identify the proteins, the MS/MS data were searched against the Homo sapiens UniProt
database using Proteome Discoverer software and search parameters including specific mass
tolerances, allowed missed cleavages, and considerations for various modifications. To increase
the reliability of the results, all proteins and peptides with a false discovery rate (FDR) > 0.01 were
excluded and those < 0.01 were retained for further analysis. Furthermore, proteins with peptide
spectrum match (PSM) values < 3 in all three biological MS replicates of THP-1 and THP-1-TAP-
1-KO cells were excluded and only those with > 3 PSM values in at least two of the three THP-1
or THP-1-TAP-1-KO replicates were considered for further analysis. PSM values were used as

surrogates for protein abundance.

Abundance ratio was calculated for each protein by dividing the PSM value of the protein in THP-
1-TAP-1-KO by the value in THP-1 cells. The abundance ratio was further normalized to control
for batch differences between experiments (Total PSM values of THP-1-KO/Total PSM values of
THP-1). Statistical analysis was then performed using paired two-tailed t-tests, with p-values <
0.05 considered statistically significant. Results were visualized using volcano plots. Calnexin was
selected for further studies because of its relevance to HLA class I protein assembly and trafficking

(Neefjes et al., 2011).
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3.2.12 Immunofluorescence microscopy

Coverslips were coated with an excess of poly-L-lysine (0.01% solution, Sigma; catalogue
number: P4707) for 1 hour at room temperature. The poly-L-lysine solution was aspirated, and the
coverslips were allowed to dry completely. 1 x 10® THP-1 or THP-1-TAP-1-KO cells in 500 pL
modified RPMI 640 were added to the coverslip and incubated at 37°C for 2 hours. The medium
was aspirated, and the cells were rinsed twice in 1X PBS. The cells were fixed with 4%
paraformaldehyde (PFA) in 1X PBS and rinsed three times in 1X PBS. The cells were then
permeabilized in 0.2% saponin for 10 minutes and stained overnight at 4°C  with anti-GM130
(Cell Signaling) and W6/32 in 0.2% saponin containing 5% normal goat serum. The cells were
further stained for 30 minutes on ice with goat-anti-rabbit Alexa Fluor 647 and goat-anti-mouse
Alexa Fluor 488 in 0.2% saponin containing 5% normal goat serum. The cells were rinsed three
times in 1X PBS, stained with Hoechst for 10 minutes, and rinsed in 1X PBS three times. The
coverslips were mounted on glass slides containing 10 ul ProLong Diamond mountant. A fiber-
free paper was used to wipe off excess mountant, and the coverslips were air-dried in the dark
overnight. The images were acquired as z-stacks on Leica Stellaris 5 confocal microscope and

analysed using the Fiji ImagelJ software.

3.2.13 Statistical analysis

Unless stated otherwise, data analysis in this study was performed using GraphPad Prism version

10.0.0 for Windows, GraphPad Software, Boston, Massachusetts, USA, www.graphpad.com. The

data were subjected to Shapiro-Wilk normality test. This normality test was chosen because of the

small sample size of the data. The data were found to be normally distributed; hence, a paired ¢-
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test was used to compare HLA class I expression or other measured biomolecules between two

conditions.
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3.3.0 Results

3.3.1 Cell surface HLA class I is readily measurable in a TAP-1-deficient version of the

human monocyte cell line THP-1 and has Endo-H sensitive glycans

To investigate HLA class I assembly and trafficking in TAP-deficient conditions, we used the
human monocyte cell line, THP-1, obtained from ATCC, as an antigen-presenting cell model. The
cells were maintained in RPMI 1640 (ATCC modified) as described in the methods. THP-1 cells
from ATCC have 3 HLA class I alleles: HLA-A*02:01, HLA-B*15:11, and HLA-C*03:03
(McMurtrey et al., 2016; Nyambura et al., 2018). We confirmed this genotype as HLA-A*02:01,
HLA-B*15:11, and HLA-C*03:03 by genotyping at HLA A, B, and C as previously described

(Yarzabek et al., 2018).

TAP is a heterodimer consisting of TAP-1 and TAP-2 subunits. These two subunits are both
required for the peptide transport function (Lehnert & Tampe, 2017).To generate a TAP-deficient
antigen presenting cell model, we transduced THP-1 cells with an empty lentivirus Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR-associated protein (Cas9)
vector (EV) or a lentivirus CRISPR-Cas9 vector expressing TAP-1 single guide RNA (TAP-1-
sgRNA). TAP knockout was confirmed in TAP-1-sgRNA-transduced cells by immunoblot
(Supplementary Figure 1) and immunoblot after immunoprecipitating TAP from the cell lysates
with anti-TAP-1 (148.3) (Figure 3.1A). We quantified the total HLA class I expression on the
surface of the THP-1 or THP-1-TAP-1-KO cells by flow cytometry after staining the cells with
W6/32, an antibody that detects all HLA class I allotypes in their peptide-loaded forms (Barnstable
et al., 1978). As expected, a significant downmodulation of surface HLA class I expression was

observed on THP-1-TAP-1-KO cells relative to THP-1 cells (Figure 3.1B). However, despite this
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down-modulation, a fraction of HLA class I molecules was still measurable on the surface of TAP-
deficient cells (Figure 3.1B), highlighting the role of one or more TAP-independent mechanisms

for the assembly and trafficking of these HLA class I molecules in the TAP-deficient cells.

The canonical HLA class I assembly and trafficking model involves the secretion of HLA class I
proteins through the ER-Golgi-dependent pathway (Neefjes et al., 2011). Generally, proteins
trafficking through this pathway are subject to post-translational modifications, beginning from
their arrival in the ER and through their trans-Golgi transit (Lee et al., 2023). Via aspargine-linked
(N-linked) glycosylation, the oligosaccharide structure (N-glycan), Glc3Man9GIcNAc2,
assembled on dolichylpyrophosphate, a lipid carrier, is transferred and appended to asparagine
residues that are part of Asn-X-Ser/Thr motif, where Asn, X, Ser and Thr are asparagine, any amino
acid, serine, and threonine residues, respectively (Aebi, 2013; Bieberich, 2014; Stanley et al.,
2022). Upon their addition to nascent proteins, N-glycans are trimmed and modified by a gamut
of enzymes, thereby transitioning from a high mannose, Endo-H sensitive, immature glycans in
the ER into complex Endo-H resistant mature glycans as the proteins traverse the Golgi (Aebi,
2013; Stanley et al., 2022). Accordingly, the nature of glycans borne by secreted proteins and
proteins resident on the plasma membrane could offer insight into their trafficking route. For
instance, plasma membrane proteins bearing complex (Endoglycosidase (Endo)-H resistant)
glycans are generally considered to have arrived at the plasma membrane via an ER-Golgi-

dependent conventional secretory pathway (Freeze & Kranz, 2010).

To compare the HLA class | trafficking pathways in wild-type THP-1 and TAP-deficient THP-1,
we assessed the Endo-H sensitivity of HLA class I in the lysates or surface proteins from the cells,
using an established method (Figure 3.1C) (Freeze & Kranz, 2010; Geng et al., 2018). The cells

were treated (or untreated) with EZ-Link™ NHS-PEG4-Biotin (ThermoFisher Scientific), a
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membrane-impermeable biotin, and lysates prepared from the cells were incubated with
streptavidin agarose beads. The surface proteins eluted from the beads or lysates were digested
with Endo-H enzyme (NEB) or left untreated and then subjected to SDS-PAGE and immunoblot
(Figure 3.1C). HLA class I molecules contain a highly conserved Asn86 in the al domain of the
heavy chain that is their sole glycosylation site. In the ER, immature forms of this glycan are
sensitive to Endo-H, which specifically cleaves the B-1,4-glycosidic bond between the two
GlcNACc residues in the diacetylchitobiose core of high mannose glycans (Glc3Man5-9GIcNAc2)
(Freeze & Kranz, 2010). However, as the protein traffics from the ER to the Golgi, the mannose
residues are sequentially trimmed and modified, acquiring resistance to Endo-H cleavage. The
Endo-H sensitivity assay revealed a highly significant (p < 0.001) enrichment of Endo-H-sensitive
glycans on HLA class I expressed on the plasma membrane of TAP-deficient cells relative to the
wild-type (Figures 3.1D and 3.1E), as previously noted in other TAP-deficient cells (Geng et al.,

2018).
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Figure 3.1: Cell surface HLA class I is readily measurable in a TAP-1-deficient version of the
human monocyte cell line THP-1 with Endo-H sensitive glycans. A) Immunoblot of empty
vector (EV) or TAP-1-gRNA-transduced THP-1 cells obtained after immunoprecipitation from
cell lysates with anti-TAP-1 (148.3). B) Flow cytometric measurements of total HLA class I (n =
6) on THP-1 or THP-1-TAP-1-KO cells after staining the cells with the W6/32 antibody that
measures all HLA class I allotypes (Barnstable et al., 1978). Representative histograms are shown
on the left and averaged data across experiments are on the right. C) Protocol for HLA class |
Endo-H sensitivity assay. Cells were treated with membrane-impermeable biotin and lysates

prepared from the cells were incubated with streptavidin agarose beads. Proteins eluted from the
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beads were treated with the Endo-H enzyme or buffer and subjected to SDS PAGE and
immunoblots. D) Endo-H sensitivity of HLA class I proteins isolated from the plasma membrane
of THP-1 or THP-1-TAP-1-KO cells. E) Averaged data from D across 5 experiments. Paired #-test

was used in B and E for pair-wise comparisons. *** = p value < 0.001, **** = p value < 0.0001.

3.3.2 TAP deficiency does not induce the canonical unfolded protein response (UPR)

mediators

These findings of Figure 3.1 suggested a possible Golgi-independent route for HLA class I cell
surface expression or a Golgi-dependent trafficking pathway accompanied by impaired glycan
processing in TAP-deficient cells. We first assessed the possible involvement of non-conventional
secretory pathways in the trafficking of HLA class I in TAP-deficient conditions. Various non-
conventional pathways have been implicated in the secretion of misfolded integral proteins,
including mutant cystic fibrosis transmembrane conductance regulator (CFTR)(Gee et al., 2011),
pendrin (Jung et al., 2016), proton-pump ATPase PmaA and Pall pH-sensing component (Dimou
et al., 2022), and the thrombopoietin receptor, also known as myeloproliferative leukemia virus
oncogene (Mpl) (Cleyrat et al., 2014), especially in the context of ER stress. Generally, the
accumulation of misfolded proteins in the ER is known to induce the unfolded protein response
(UPR) pathway, evidenced in the upregulation of key UPR mediators such as binding
immunoglobulin protein (BiP) (Kozutsumi et al., 1988), spliced X-box binding protein 1 (XBP1)
(Yoshida et al., 2001), CCAAT-enhancer-binding proteins (C/EBP) homologous protein (CHOP)
(Wang et al., 1996), and activating transcription factor 4 (ATF4) (Harding et al., 2000). Peptide-
deficient, suboptimally assembled, or misfolded HLA class I proteins are known to accumulate in

the ER/ERGIC in TAP dysfunctional states (de la Salle et al., 1999; Raposo et al., 1995). We
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therefore performed reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) to
assess the transcript levels of spliced XBP1, BiP, CHOP, and ATF4 (Figures 3.2A, 3.2B, C, and
3.2D, respectively). We validated this assay by including cells treated with 0.5 uM thapsigargin
(TG) as positive controls. TG inhibits the sarco/endoplasmic reticulum Ca2*-ATPase (SERCA),
causing ER Ca2" depletion and ER stress (Thastrup et al., 1990). As shown in Figure 3.2, XBP1,
BiP, CHOP, and ATF4 are significantly induced by TG treatment in THP-1 and THP-1-TAP-1-KO
cells but are equivalently expressed in the absence of the treatment. These findings indicate that

TAP deficiency does not induce canonical UPR markers.
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Figure 3.2: TAP deficiency does not induce canonical unfolded protein response (UPR)
mediators. Relative transcript levels of indicated ER stress mediators. A) Spliced X-box binding
protein 1 (XBP1), B) Binding immunoglobulin protein (BiP), C) CCAAT-enhancer-binding
proteins (C/EBP) homologous protein (CHOP), and D) Activating transcription factor 4 (ATF4)
measured by RT-qPCR (n=3-4, as indicated in the plots). The transcripts were normalized using

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), B-actin (ACTB), and Hypoxanthine-
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guanine phosphoribosyl transferase (HGPRT1). Cells treated with 0.5 uM thapsigargin (TG), a
known ER stress-inducing drug (Thastrup et al., 1990), for 6.5 h were used as positive controls.
Paired #-tests were used to compare the relative transcript levels of the indicated UPR mediators

in THP-1 and THP-1-TAP-1-KO cells. ns = p value > 0.05.

3.3.3 Depletion of GRASPSS and Sec22b does not selectively reduce surface HLA class I on

TAP-deficient cells

The Golgi reassembly-stacking protein of 55 kDa (GRASP55) (also called Golgi reassembly-
stacking protein 2 [GORASP2]) is primarily associated with the medial and trans cisternae of the
Golgi (Shorter et al., 1999). GRASPSS, together with its homologue, GRASP65, is functionally
involved in Golgi stacking formation (Xiang & Wang, 2010). However, besides maintaining the
Golgi structure, recent studies have implicated GRASPSS in the non-conventional transport of
soluble and integral proteins, including mutant CFTR (Gee et al., 2011), interleukin (IL)-1B
(Dupont et al., 2011), Mpl (Cleyrat et al., 2014), and, more recently, mutant huntingtin (Ahat et
al., 2022). Given this emerging function of GRASPS55 in unconventional protein trafficking, we
assessed the role of GRASPS5 in the trafficking of HLA class T in TAP-deficient THP-1 cells. We
depleted GRASPS55 in THP-1 and THP-1-TAP-1-KO cells using a lentivirus CRISPR-Cas9 vector
expressing GRASP55 sgRNA (Figure 3.3A). We then assessed HLA class I expression on the
plasma membrane of the cells by flow cytometry after staining the cells with W6/32-FITC on ice
for 30 minutes (Figure 3B). Although GRASP55 depletion down-modulates surface HLA class 1
on TAP-deficient THP-1 cells significantly (p < 0.01), suggesting a possible involvement of

GRASPS55-dependent unconventional trafficking, HLA class [ was equally reduced on the surface
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of wildtype THP-1 cells (Figure 3.3B), demonstrating that the influence of GRASP55 is not

specific to TAP-deficient THP-1 cells.

Next, we assessed the role of vesicle-trafficking protein SEC22 homolog B (Sec22B) in HLA class
I trafficking in THP-1-TAP-1-KO cells. Sec22B is a member of soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs), which are a family of cytosolic and
membrane proteins that mediate membrane fusion of intracellular vesicles with organelles (Hay et
al., 1997). The structure and function of Sec22B in physiological and pathological contexts have
been extensively reviewed (Jahn et al., 2024; W. Sun et al., 2020). Briefly, sec22B resides in the
ER-Golgi intermediate compartment (ERGIC) and promotes the trafficking of vesicles from the
ER to the Golgi apparatus (anterograde transport) and from the Golgi apparatus to the ER
(retrograde transport). Sec22B performs this function by serving as one of the SNARE components
of coat protein complex II (COPII) and coat protein complex [ (COPI) vesicles, respectively.
Sec22B is also suggested to promote cargo delivery from the ERGIC to the phagosome. To achieve
this function, sec22B is suggested to form complexes with syntaxin 4, a t-SNARE in the
phagosome, enabling sec22B-positive compartments budding from the ERGIC to fuse with and
deliver their protein cargoes to the phagosome. By regulating phagosomal maturation, sec22B is
also suggested to regulate the cross-presentation of exogenous antigens by MHC class I (Cebrian
etal., 2011), although these effects of sec22b remain controversial (Wu et al., 2017). Recent studies
have also highlighted the role of sec22B in antigen cross-presentation in TAP-deficient dendritic
cells (Barbet et al., 2021; Blander, 2023; Blander et al., 2023; Yee Mon & Blander, 2023). Briefly,
during conventional cross-presentation, MHC class I proteins in endocytic recycling
compartments (ERCs) are suggested to be delivered through toll-like receptor (TLR)-mediated

signaling to antigen-bearing phagosomes, where the antigens are assembled with MHC class |
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molecules and presented for CD8" T cells priming. In TAP-dysfunctional states, ERCs are depleted
of MHC class I and are suggested to no longer be delivered to phagosomes through the TLR-
dependent pathway. Rather, MHC class I proteins accumulate in the ERGIC and are delivered to
antigen-positive phagosomes through sec22B-positive compartments (Barbet et al., 2021).
However, whether bulk MHC class I proteins utilize a sec22B-dependent pathway for presenting
endogenous antigens in TAP-deficient cells has not been addressed. We therefore investigated the
role of sec22B in HLA class I trafficking in THP-1-TAP-1-KO cells. Sec22B was depleted from
wild-type THP-1 and THP-1-TAP-1-KO cells using sec22B SMARTpool® siRNA (Dharmacon,
catalogue no: L-011963-00-0020) (Figure 3.3C). We measured the surface HLA class I expression
on the cells by flow cytometry after staining with W6/32-FITC on ice for 30 minutes. The results
reveal that sec22B neither influences bulk HLA class I trafficking in wild-type nor TAP-deficient

THP-1 cells (Figure 3.3D).
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Figure 3.3: Depletion of GRASPSS or Sec22b does not selectively reduce surface HLA class
I on TAP-deficient cells. A and C) Representative immunoblots of CRISPR-Cas9-mediated
GRASPS55 knockout and sec22B knockdown by siRNA as indicated in THP-1 and THP-1-TAP-1-
KO cells. B and D) Surface HLA class I on THP-1 and THP-1-TAP-1-KO cells with or without
GRASPS55 knockout or sec22B knockdown, respectively, measured by flow cytometry after
staining with W6/32-FITC. Representative histograms are shown on the left and compiled data
across 3-7 experiments are on the right. Paired #-tests were used for the indicated pair-wise

comparisons. ns = p > 0.05, ** = p value < 0.01, *** = p value < 0.001.

3.3.4 HLA class I trafficking in TAP-deficient cells is sensitive to brefeldin A (BFA)

Our survey of key unconventional secretory pathway components in Figure 3.3 and additional
components (our unpublished results) did not define a specific unconventional mode of HLA class
I trafficking in THP-1-TAP-1-KO cells. Hence, we assessed the conventional secretory pathway
for its possible involvement in HLA class I trafficking in TAP-deficient cells. Although there is a
consensus that HLA class I trafficking is governed by the conventional secretory pathway in a
TAP-dependent manner, whether the conventional secretory pathway also influences HLA class |
trafficking in TAP-deficient cells has not been addressed. To study the involvement of this
pathway, we treated THP-1 and THP-1-TAP-1-KO cells with BFA for 4 hours and measured the
surface HLA class I by flow cytometry after staining with W6/32-FITC. BFA is a fungal antibiotic
that blocks the transport of proteins between the ER and the Golgi (Chardin & McCormick, 1999;
Fujiwara et al., 1988) and has been widely used to study the conventional secretory pathway (Hong
et al., 2019; Lamoreaux et al., 2006; Natsume et al., 2024; van Raam et al., 2017). Upon treatment,
BFA inhibited HLA class I trafficking in wild-type THP-1 cells, evidenced by surface HLA class

I downmodulation, which was expected (Figure 3.4A). However, we also observed a highly
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significant (p <0.001) down-modulation of surface HLA class I in BFA-treated THP-1-TAP-1-KO
cells (Figure 3.4A), suggesting the involvement of the conventional secretory pathway in these

cells.

BFA blocks the trafficking of nascent proteins, including HLA class I (Figure 3.4A), between the
ER and the Golgi (Chardin & McCormick, 1999; Fujiwara et al., 1988). However, HLA class I
molecules stably expressed on the plasma membrane of THP-1 or THP-1-TAP-1-KO cells prior to
BFA treatment could confound the results in Figure 3.4A. To address this limitation, we stripped
THP-1 and THP-1-TAP-1-KO cells of peptide-assembled surface HLA class I detectable by W6/32
(Figure 3.4B) by treating the cells with a citric acid solution (pH 3), as described by (Sugawara et
al., 1987). BFA treatment of the acid-stripped cells for 4 hours disrupted HLA class I trafficking
in wild-type and TAP-deficient THP-1 cells, relative to acid-stripped but BFA-untreated cells
(Figure 3.4C), and validating our observations in Figure 3.4A. Additionally, to assess HLA class |
trafficking in another TAP-deficient cell line, we treated ST-EMO, a TAP-2-deficient cell line (de
la Salle et al., 1994), transduced with HLA-B*35:01 (ST-EMO-B*35:01) with BFA to assess the
role of the conventional pathway in HLA class I trafficking. Like THP-1-TAP-1-KO cells, BFA
blocked HLA class I trafficking (Figure 3.4D) in ST-EMO-B*35:01. Taken together, these assays
highlight the involvement of the ER-Golgi conventional secretory pathway in HLA class I
trafficking in TAP-deficient cells, despite the enrichment of Endo-H sensitive glycans on surface

HLA class I of TAP-deficient cells (Figures 3.1D and 3.1E).
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Figure 3.4: HLA class I trafficking in TAP-deficient cells is sensitive to brefeldin A (BFA).

Surface HLA class I of BFA-treated (A), acid-stripped (B), and acid-stripped BFA-treated (C)
THP-1 and THP-1-TAP-1-KO cells measured by flow cytometry after staining with W6/32-FITC.
D) Surface HLA class of BFA-treated ST-EMO-B*35:01, a TAP-2-deficient cell line (de la Salle
etal., 1994). The cells were treated with 10 ug/mL BFA for 4 h before staining. Acid stripping was
performed by treating the cells with citric acid (pH 3.0) for 2 minutes (Sugawara et al., 1987).
Representative histograms are shown on the left, and compiled data across 3 — 5 experiments are

on the right. Paired 7-tests were used for the indicated pair-wise comparisons. ** = p value < 0.01,

*#% = p value < 0.001.
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TAP-1-KO

3.3.5 Peptide-assembled HLA class I proteins colocalize with cis-Golgi network in THP-1-

TAP-1-KO cells

To further assess the trafficking of HLA class I proteins through the conventional pathway in TAP-
deficient cells, we performed immunofluorescence staining for colocalization of HLA class I in
the cis-Golgi of TAP-deficient cells. THP-1 or THP-1-TAP-1-KO cells were fixed and stained for
HLA class I and a cis-Golgi network marker (GM130) and examined under Leica Stellaris 5
confocal microscope. The microscopy revealed a degree of W6/32 colocalization with anti-GM 130
in THP-1 and THP-1-TAP-1-KO cells, suggesting the same trafficking pathway for HLA class I

wild-type and TAP-deficient THP-1 cells.

Hoechst HLA class | GM130 Merge

Figure 3.5: Immunofluorescence of THP-1 and THP-1-TAP-1-KO cells stained with Hoechst,
W6/32, and anti-GM130 antibodies. THP-1 or THP-1-TAP-1-KO cells were fixed and stained

for HLA class (W6/32-FITC, green) and a cis-Golgi network marker (GM130-Alexa fluor 647,

64



red). The nucleus was stained with Hoechst.3.3.6 Calnexin is induced on the surface of TAP-
deficient THP-1 cells, but calnexin knockdown maintains high mannose cell surface HLA class |

glycosylation

Since TAP deficiency maintains Golgi-dependent secretory trafficking of HLA class I, we
considered that specific MHC class I-associated factors might associate with MHC class I
molecules in the vicinity of their glycan and thus impair MHC class I glycan maturation in the
Golgi of TAP-deficient cells. For global assessment of such factors in TAP-deficient cells, we
surveyed the surface proteome of THP-1 and THP-1-TAP-1-KO cells for proteins differentially
expressed on THP-1-TAP-1-KO cells. The cells were treated with membrane-impermeable biotin,
and the surface protein was pulled down using streptavidin beads. The beads were trypsinized, and
the eluted peptides were subjected to liquid chromatography/mass spectrometry (LC/MS) (Figure
3.6A). The peptide-spectrum match (PSM) values were set at > 3 PSM in at least two of three
THP-1 or THP-1-TAP-1-KO replicates. The PSM values of proteins in THP-1-TAP-1-KO cells
were normalized to THP-1 cells (PSM values in TAP-1-KO/PSM values in THP-1) and further
normalized for batch difference (Total PSM values of THP-1-KO/Total PSM values of THP-1)
between experiments. Comparing THP-1-TAP-1-KO cells with THP-1 cells, calnexin (CANX)
was significantly overexpressed and, as expected, HLA class I alleles were downregulated on the
surface of THP-1-TAP-1-KO cells (Figure 3.6B). Calnexin is a transmembrane lectin in the ER
and is among the chaperones that play a crucial role in glycoprotein folding and ER quality control
(Adams et al., 2021). Structurally, calnexin is similar to calreticulin, a component of the MHC
class I peptide loading complex, but calnexin is thought to interact with MHC class I heavy chains
prior to their binding B2m and prior to their incorporation into the PLC (Adhikari & Elliott, 2003).

Both calreticulin and calnexin have lectin domains that interact with monoglycosylated glycans on
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nascent glycoproteins, including HLA class I (Figure 3.6C), to promote their native folding
(Adams et al., 2021; Adhikari & Elliott, 2003). In the ER, monoglucosylated glycans can be
generated via the activity of glucosidase II on the initial glycan, Glc3Man9GIcNAc2, that is added
to N-linked glycoprotein. Glucosidase II can also remove the terminal glucose residue. Non-native
proteins can be re-glucosylated by UDP-glucose:glycoprotein glucosyltransferase 1 (UGGT1) to
enable multiple rounds of calnexin/calreticulin-mediated folding (Ferris et al., 2014; Sousa &
Parodi, 1995; Trombetta & Parodi, 1992). The overexpression of calnexin in the surface proteome
of TAP-deficient THP-1 cells (Figure 3.6B) suggested a possible co-trafficking with HLA class I
proteins. We hypothesized that calnexin might bind to monoglucosylated HLA class 1 glycans
(illustrated in Figure 3.6C) in TAP-deficient cells and co-traffic through the Golgi, preventing
access by glycan-modifying enzymes. Based on this hypothesis, calnexin depletion is expected to

reduce the enrichment of Endo-H sensitive glycans on surface HLA class I of TAP-deficient cells.

To test this hypothesis, calnexin was depleted in THP-1 and THP-1-TAP-1-KO cells using the
CRISPR-Cas9 approach (Figure 3.6D). Surface HLA class I on the cells was measured by flow
cytometry, and Endo-H sensitivity assay was performed using the surface biotinylation approach
described in Figure 3.1C. Calnexin depletion significantly decreases HLA class [ on wild-type but
increases HLA class | on TAP-deficient THP-1 cells, although non-significant (Figure 3.6E).
Calnexin depletion also maintains the Endo-H sensitive fraction on THP-1 and THP-1-TAP-1-KO
cells (Figure 3.6F and G). These results suggest that calnexin plays an important role in the ER
retention of HLA class I proteins in TAP-deficient THP-1 cells, but calnexin-HLA class I
interaction does not account for the impairment in N-glycan processing in TAP-deficient THP-1

cells
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Figure 3.6 Calnexin is induced on the surface of TAP-deficient THP-1 cells, but calnexin

knockdown maintains high mannose cell surface HLA class I glycosylation. A) Protocol for
identification of THP-1 and THP-1-TAP-1-KO cells’ surface proteome by mass spectrometry. B)
A volcano plot showing not significantly changed (black), downregulated (red), and overexpressed
(blue) proteins in THP-1-TAP-1-KO cells’ surface proteome. C) A cartoon structure of calnexin

(cyan) interacting with N-glycan on HLA class I protein (green). D) An immunoblot showing
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calnexin depletion in THP-1 or THP-1-TAP-1-KO cells. Cells were transduced with an empty
vector (EV) or a vector with one of calnexin (CANX)-sgRNAI1, 2, or 3. CANX-sgRNA2 was most
effective; hence, cells transduced with it were used for further experiments. E) Surface HLA class
I measurements of THP-1 and THP-1-TAP-1-KO cells with/without calnexin depletion measured
using flow cytometry. Representative histograms (left) and compiled data across 5 experiments
(right) are shown. Paired #-tests were used for pair-wise comparisons across 5 experiments in (E).
F and G) Immunoblots of the Endo-H sensitivity of THP-1 (F) or THP-1-TAP-1-KO (G)

with/without calnexin depletion.

3.3.7 TAP deficiency induces Endo-H sensitive HLA class I glycans, but the induction is HLA

class I-specific rather than global

The increased Endo-H sensitive glycans on surface HLA class I and the involvement of the
conventional pathway in HLA class I trafficking in TAP-deficient cells raise two possibilities as to
why the glycans are not modified into complex forms before HLA class I molecules are expressed
on the cell surface. One possibility is that TAP deficiency impairs the cellular activities of the
glycan processing enzymes, altering the glycosylation profile of all secreted glycoproteins,
including HLA class [, in THP-1-TAP-1-KO cells. In this scenario, the enrichment of Endo-H
sensitive glycans on surface HLA class [ proteins on THP-1-TAP-1-KO cells is not HLA-class |
specific but instead affects all other surface glycoproteins. The second possibility is that the altered

glycosylation is HLA class I-specific.

We explored the first possibility by quantifying the total high mannose (Endo-H sensitive) or
complex (Endo-H resistant) glycans on the surface of THP-1 and THP-1-TAP-1-KO cells using
concanavalin-A (ConA) and Phytohemagglutinin-L (PHA-L) lectins, respectively. ConA and
PHA-L are lectins that bind high mannose and complex glycans, respectively (Cummings & Etzler,

2009). To impair glycosylation and induce Endo-H sensitive glycans on glycoproteins globally,
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THP-1 or THP-1-TAP-1-KO cells were also treated with 10 nM kifunensine (KIF), a potent
alkaloid that broadly inhibits mannosidases (Almahayni et al., 2022; Elbein et al., 1990), for 48
hours. Assessment of cell surface HLA class I expression on THP-1 cells by flow cytometry
indicates that KIF treatment increases HLA class I cell surface expression (Figure 3.7A). In
addition, KIF treatment phenocopies the Endo-H sensitive glycans enrichment on surface HLA
class I observed in TAP-deficient THP-1 cells (Figure 3.7E). Furthermore, flow cytometric
assessment comparing high mannose glycans on THP-1 and THP-1-TAP-1-KO cells after staining
with ConA-FITC revealed no significant difference (Figure 3.7B). In contrast, high mannose
glycans are overexpressed on KIF-treated THP-1 (Figure 3.7C) and THP-1-TAP1-KO cells (Figure
3.7D). Whereas PHA-L-FITC staining did not reveal a significant difference in surface complex
glycans between THP-1 and THP-1-TAP-1-KO cells (Figure 3.7F), complex glycans are
significantly decreased on KIF-treated THP-1 (p <0.05) and KIF-treated THP-1-TAP-1-KO cells
(» <0,01). Together, these results suggest that altered glycosylation in TAP-deficient THP-1 cells

is specific to HLA class I proteins.
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Figure 3.7 TAP deficiency induces high mannose HLA class T glycans, but the induction is
HLA class I-specific rather than global. A) Surface HLA class I on Kifunensine (KIF)-treated
THP-1 cells measured by flow cytometry. Cells were treated with 10 nM KIF, and flow cytometry

was performed 48 h after treatment. B-D) High mannose glycans on the surface of parental THP-
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1 and THP-1-TAP-1-KO (B) Kifunensine (KIF)-treated parental THP-1 (C) and KIF-treated THP-
1-TAP-1-KO cells (D) measured by flow cytometry after staining the cells with Concanavalin A-
FITC. E) Endo-H sensitivity assay of HLA class I in the lysate or surface protein of THP-1 cells
treated with KIF. Kifunensine treatment of wildtype cells phenocopies altered HLA class I
glycosylation observed in TAP-deficient cells. F-H) Complex glycans on the surface of parental
THP-1 and THP-1-TAP-1-KO (F), Kifunensine (KIF)-treated parental THP-1 (G), and KIF-treated
THP-1-TAP-1-KO cells (H) measured by flow cytometry after staining the cells with
Phytohemagglutinin-L (PHA-L)-FITC. Paired #-tests were used for pair-wise comparisons (n = 3-
6 across different comparisons). ns = p > 0.05, * = p value < 0.05, ** = p value < 0.01, *** =p

value < 0.001.

3.3.8 High mannose cell surface HLA class I glycans are not specific to TAP-deficiency

To further examine whether altered N-glycan processing is specific to TAP deficiency or also
induced by other conditions that interfere with MHC class 1 assembly, we examined HLA class I
surface glycosylated in cells lacking tapasin, an important component of the PLC (Blum et al.,
2013), and assessed the expression and Endo-H sensitivity of surface HLA class 1. Notably, tapasin
depletion in THP-1 cells by CRISPR-Cas9 (Figure 3.8A) decreases surface HLA class I (Figure
3.8B) and, similar to TAP knockout, enriches Endo-H sensitive N-glycans on surface HLA class I
(Figures 3.8C and D). Together, these results suggest that multiple conditions that compromise
peptide assembly cause the release of HLA class I with high mannose glycans to the plasma

membrane.
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Figure 3.8 Tapasin deficiencies also enrich for high mannose cell surface HLA class I glycans.
A) Representative immunoblots showing tapasin knockout by CRISPR-Cas9 in THP-1 cells. The
cells were transduced with empty vector (EV), or a vector with tapasin-sgRNA. B) Total surface
HLA class I of THP-1 and THP-1-tapasin-KO cells measured by flow cytometry after staining the
cells with W6/32-FITC. Representative histograms (left) and compiled data across 4 experiments
(right) are shown. C) HLA class I Endo-H sensitivity in the lysates or surface protein of THP-1 or
THP-1-tapasin-KO cells. Representative immunoblots are shown in the left panels and compiled
data across 3 replicates are shown in the right panels. Paired #-tests were used for pair-wise

comparisons. * = p value < 0.05.

3.4 Discussion

Antigen presentation by HLA class | proteins is a key component of the adaptive immune system.
Subverting HLA class I functions, for example, by inhibiting TAP, could compromise immune
defense against infectious pathogens and cancers (Alimonti et al., 2000; Fruhet al., 1995; Henle et
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al., 2017; Verweij et al., 2015). However, the substantial expression of HLA class I on the plasma
membrane of TAP-deficient cells (Figure 3.1B) indicates that HLA class I dependence on peptide
supply by the ER TAP is not absolute. Relative dependence of HLA class I alleles on TAP has
indeed been reported (Geng et al., 2018), as well as the ability of HLA class I to access signal
sequence-derived peptides independently of TAP (Henderson et al., 1992; Wei & Cresswell, 1992).
The ability to present such peptides ensures that antigen presentation is maintained to some degree

even when the cells are infected by TAP-inhibiting viruses or cancers that downregulate TAP.

Glycosylation is a crucial post-translational modification that governs the ER/Golgi quality control
of glycoproteins, such as HLA class I, as they traverse the secretory pathway (Aebi, 2013;
Bieberich, 2014; Stanley et al., 2022). Although the enrichment of Endo-H sensitive glycans has
been observed previously in TAP-deficient cells (Geng et al., 2018), how Endo-H sensitive glycans
persist on surface HLA class I and the mechanisms driving their impaired processing into complex
(Endo-H resistant glycans) have not been elucidated. Expression of Endo-H-resistant glycans on
secreted glycoproteins generally marks their Golgi-dependent secretory trafficking (Bieberich,
2014). However, there is uncertainty about the trafficking pathway when Endo-H-sensitive glycans
are maintained on glycoproteins expressed on the plasma membrane. The enrichment of Endo-H
sensitive glycans on surface HLA class [ observed (Figures 3.1D and E and Geng et al., 2018)
raises the possibility for conventional (Golgi-dependent) or unconventional (Golgi-independent)

secretory pathways.

Unconventional protein secretion (UPS) pathways have emerged as important cellular response
mechanisms against protein misfolding and ER stress (Kim et al., 2018; Maricchiolo et al., 2022;
Rabouille, 2017). UPS bypasses the classical ER-Golgi route, has been observed for several

transmembrane and leaderless cargo proteins, and is often triggered by the accumulation of
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unfolded proteins or other ER stress-inducing conditions (Kim et al., 2018; Maricchiolo et al.,
2022; Rabouille, 2017). Although misfolded or suboptimally assembled HLA class I proteins are
prevalent and retained in the ER in TAP-deficient cells, the findings in this study indicate that TAP
deficiency does not induce the UPR (Figure 3.2A-D). Notably, this absence of evidence for
classical UPR induction suggests that the export of HLA class I with Endo-H sensitive glycans
from the ER is another layer of homeostatic response to unfolded HLA class I accumulation in

TAP-deficient cells.

GRASPS55 depletion does not specifically reduce surface HLA class I in TAP-deficient cells, as
surface HLA class I was also reduced on the plasma membrane of GRAPS55-depleted wild-type
cells (Figures 3.3A and B). Under physiological conditions, GRASPS5S5 resides in the Golgi and
promotes stacking formation (Ahat et al., 2019; Kim et al., 2018; Maricchiolo et al., 2022;
Rabouille, 2017). Previous studies have reported the influences of GRASP55 on the trafficking of
cargo proteins that pass through the Golgi. GRASPS5S depletion decreases the secretion of many
proteins, including huntingtin (Ahat et al., 2022), Interleukin-1p (Chiritoiu et al., 2019), matrix
metallopeptidase 2 (Nuchel et al., 2021), and mutant CFTR (Gee et al., 2011). The decrease in
surface HLA class I observed in wild-type or TAP-deficient cells suggests that normal Golgi
structure is required for optimal HLA class I trafficking, and structural perturbations of the Golgi
(such as decreased cisterna stacking) induced by GRASP55 knockdown (Zhang & Wang, 2020),
could compromise HLA class I surface expression, making GRASPS55 a potential target of viruses

or cancers that evade immune response by downmodulating HLA class 1.

Although TAP-independent cross-presentation in DCs is suggested to rely on a sec22B-dependent
pathway (Barbet et al., 2021; Blander, 2023; Blander et al., 2023), our results (Figures 3.3C and

D) suggest that sec22B does not influence the constitutive bulk trafficking of HLA class I proteins
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in wild-type or TAP-deficient THP-1 cells. Other studies have reported the significant role of
sec22B in cross-presentation by DCs (Alloatti et al., 2017; Biscari et al., 2023; Cebrian et al.,

2011), although the role remains controversial (Wu et al., 2017).

The decrease in surface HLA class I of BFA-treated THP-1, THP-1-TAP-1-KO, and ST-EMO cells
(Figures 3.4A, C, and D) suggests that HLA class I traffics through the Golgi-dependent secretory
pathway. Additionally, peptide-assembled HLA class I proteins colocalize with the cis-Golgi
network marker GM130 to some extent (Figure 3.5), reinforcing the point that not all surface
glycoproteins bearing Endo-H sensitive glycans have taken a Golgi-independent route. The Endo-
H sensitive glycan enrichment of surface HLA class I proteins observed in this study seems specific
to HLA class I since there was no significant difference in the overall amounts of high mannose or
complex cell surface glycans between wild-type and TAP-deficient cells (Figures 3.6B and F). In
contrast, there is a global induction of high mannose glycans (up to 3.5-fold) and a simultaneous
reduction of complex glycans on KIF-treated THP-1 and THP-1-TAP-1-KO cells (Figures 3.6C,
D, G, and H). Notably, KIF treatment increased HLA class I trafficking and Endo-H sensitive
glycans on surface HLA class I, suggesting that some N-glycans processing enzymes inhibited by
KIF divert a subset of HLA class I for degradation, possibly through ERAD. Hence, further studies
of the effects of KIF or its analogs could offer insights into developing suitable pharmacological
agents for rescuing antigen presentation to CD8" T cells in pathological conditions that

downmodulate HLA class 1.

Although our mass spectrometric analysis indicates overexpression of calnexin in TAP-deficient
THP-1 cells’ surface proteome (Figure 3.6B), the enrichment of Endo-H sensitive glycans on
surface HLA class I is not explained by co-trafficking with calnexin since calnexin depletion did

not influence the Endo-H sensitivity. Besides calnexin, other proteins were overexpressed in the
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surface proteome of THP-1-TAP-1-KO cells. However, this study did not evaluate their
involvement in the Endo-H sensitive glycan enrichment of surface HLA class I, since there is no

prior information on their HLA class I associations

Our assessment of surface HLA class I glycosylation also shows that Endo-H-sensitive glycans
enrichment is not specific to TAP deficiency, as tapasin depletion also induces enrichment (Figures
3.8A, C, and D). Thus, factors common to TAP and tapasin deficiency drive the increase in Endo-
H sensitive glycans on surface HLA class I in TAP or tapasin-dysfunctional cells. Although Endo-
H sensitive glycans enrichment on surface HLA class I of TAP-deficient cells has been previously
observed (Geng et al., 2018), the observation that tapasin deficiency also induces Endo-H sensitive
glycans on surface HLA class I has never been reported. Like TAP, tapasin is an important
component of the PLC and is required for optimal HLA class I assembly with peptides (Neefjes et
al., 2011). Tapasin deficiency increases misfolded HLA class I and down-modulates surface HLA
class I expression, features also observed in TAP-deficient cells (de 1a Salle et al., 1994; de la Salle
et al., 1999; Yabe et al., 2002). Together, these results suggest that conditions, such as TAP or
tapasin deficiency, that compromise HLA class I-peptide assembly and promote HLA class I

misfolding also induce surface HLA class I with Endo-H-sensitive glycans on the cell surface.

In a physiological state, ER/Golgi quality control mechanisms ensure that only properly folded
glycoproteins proceed from the ER to the Golgi (Adams et al., 2021; Anelli & Sitia, 2008; Ferris
et al., 2014). The current generic model for N-glycan processing and maturation on glycoproteins
(Aebi, 2013; Bieberich, 2014) indicates that Glu3Man9GlcNac2 is transferred “en bloc” from
dolichol phosphate to a nascent protein in a reaction catalyzed by oligosaccharyltransferase (OST).
The terminal glucose residue of Glu3Man9GlcNac? is trimmed by glucosidase I (Gluc 1), and the

second by Glu II, yielding a monoglucosylated glycan (GluMan9GlcNac2). Proteins bearing
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monoglucosylated glycans are bound by calnexin/calreticulin to enable their proper folding. When
released, the remaining glucose residue is also trimmed by Glu II. The protein proceeds through
the Golgi, where specific Golgi mannosidases trim the mannose residues before the high mannose
glycans are modified into complex glycans (Bieberich, 2014) (Figure 3.9). Proteins that are not
properly folded are reglucosylated by UGGT, rebound by calnexin/calreticulin, and kept in this
cycle until they assume their native state or are disposed of to the proteasome through ERAD
(Adams et al., 2021; Anelli & Sitia, 2008; Luo et al., 2023). The first step of ERAD is thought to
involve the processing of the middle branch of the Man9GlcNac? structure by EDEM2 (George et
al., 2020), followed by the trimming of additional terminal mannose residues by EDEMI1 and
EDEM?2 (Figure 3.9) (George ct al., 2021). These steps generate a Man5-7GlcNac2 glycan
structure recognized by the lectin OS9 or its functional homologs to direct glycoproteins for
ERAD. It is possible that saturation of one or more of the factors relevant to HLA class | ERAD
impedes subsequent glycan processing in the ER, allowing the escape of misfolded molecules via

the secretory pathway.

In the HLA class I assembly pathway, calreticulin is a component of the peptide loading complex,
which includes tapasin, ERp57, and TAP. (Blees et al., 2017; Ortmann et al., 1997) Tapasin
preferentially binds the peptide-free conformation of HLA class I molecules (Jiang et al., 2022;
Muller et al., 2022; Rizvi & Raghavan, 2006). The calreticulin/calnexin cycle is suggested to
ensure the proper folding of HLA class I proteins by retrieving unfolded HLA class I from the
ERGIC to the ER (Howe et al., 2009). The retrieval mechanism 1s thought to be facilitated by
UGGT1, which reglucosylates the improperly folded HLA class I (Wearsch et al., 2011; Zhang et
al., 2011). Recent studies also indicate a role for TAPBPR in UGGT]1 activity towards HLA class

I reglucosylation (Sagert et al., 2023). Like tapasin, TAPBPR prefers peptide-free conformers of
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HLA class I molecules (Jiang et al., 2017; Muller et al., 2022). Thus, multiple specific and generic
players can function alone and in combination in the retention and/or retrieval of peptide-deficient

HLA class I proteins.

HLA class I assembly impairments due to the absence of peptide (TAP deficiency) or the inability
to efficiently capture peptides (tapasin deficiency) are expected to cause misfolded HLA class I
molecules to accumulate in the ER. Under these conditions, components of the PLC, the PLC as a
whole, or factors such as TAPBPR and UGGT]1, or components of the ERAD machinery, may
become overwhelmed, enabling the partial escape of non-native HLA class I molecules to the
Golgi, in the absence of the normal sequence of glycan processing events that precede such
trafficking. In turn, this would impair the normal pathway of glycan maturation in the Golgi,
resulting in the production of HLA class I molecules bearing incompletely processed glycans.
Glycomic analyses by mass spectrometry of cell surface HLA class I glycans in TAP and tapasin-
deficient cells are expected to provide further insights into the nature of the glycan maturation
defects driving the expression of high mannose glycans on surface HLA class [ molecules under

these conditions.
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Figure 3.9 Model: Saturated quality control and canonical secretory trafficking underlie
HLA class I cell surface expression and aberrant glycosylation in TAP-deficient cells. In
normal conditions, an efficient ER/Golgi quality control mechanism ensures the proper folding
and maturation of N-glycans on HLA class I exported to the plasma membrane. 1) Precursor N-
glycan (Glc3Man9GlcNAc2) is appended on Asn86 (ASN) on nascent HLA class I protein (not
shown). 2) Glucosidase I cleaves one glucose molecule from the precursor glycan, generating
Glu2Man9GlcNAc2 (not shown). Glu2Man9GIcNAc2 is converted to GluclMan9NAc2, a
monoglucosylated glycan, through hydrolytic cleavage of the second glucose residue by
glucosidase II. Calreticulin (CALR)) binds the monoglucosylated HLA class I as a component of
a complex with tapasin and ERp57 and TAP (the peptide loading complex (PLC) not shown) to
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promote HLA class I folding and peptide loading. 3) Peptide binding induces deglucosylation of
the glycan by glucosidase II. 4-7) Well-folded, deglucosylated HLA class I molecules undergo
sequential mannose trimming by Golgi mannosidases to form Man3GluNAc2 (7), which are
further modified into complex glycans and exported to the plasma membrane. Various intermediate
glycans with 3-7 mannose residues are shown. Alternatively, UGGT1 reglucosylates HLA class I
molecules that are not in their native form. This process is facilitated by tapasin-related binding
protein TAPBPR (not shown). The HLA class I can undergo multiple rounds of folding by the
calreticulin cycle, deglucosylation by glucosidase II, and reglucosylation by UGGT-1. 4) 4’ and
5’) After many rounds of CALR binding and folding attempts, deglucosylated HLA class I that
remain non-native are disposed of in the cytosol through the endoplasmic reticulum-associated
degradation (ERAD). Based on current models, EDEM2 trims unfolded deglucosylated
Man9GluNAc?2 into Man8GIluNAc2, which EDEM1 and EDEM3 further convert into glycoforms
that can be bound by OS-9 and degraded through ERAD. Under TAP or tapasin deficiency,
an essential component of this unfolded HLA class I quality control mechanism is expected to
become saturated, resulting in the accumulation of HLA class [ with immature, Endo-H sensitive
glycans in the ER. To maintain ER homeostasis, these HLA class | molecules escape the ER, transit
to the Golgi, and are exported to the plasma membrane. This figure was created with Adobe

[llustrator.
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Supplementary Figure 3.2: Flow cytometric gating strategy for measuring surface HLA class
I. Cells were gated based on their forward (FSC) and side (SSC) scattering. 7-AAD-negative cells

were gated as viable (live) cells. W6/32-FITC mean fluorescent intensity of viable cells represents

surface HLA class | expression.
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Supplementary Figure 3.3: Imnmunoblot showing TAP-1 knockout in THP-1 cells. THP-1 cells

were transduced with an empty lentivirus CRISPR vector expressing blasticidin resistance (pLB)

or a lentivirus CRISPR vector with TAP-1 sgRNA (pLB-TAP-1-sgRNA). The cells were cultured

in RPMI (ATCC modified) supplemented with blasticidin (Spg/mL) for 30 days to select

successfully transduced cells. Lysates were prepared from the cells and subjected to SDS PAGE

and immunoblot with anti-TAP-1 (148.3) and anti-GAPDH antibodies.
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CHAPTER FOUR

Manuscript 2: Multiple Alpha-1,2 Mannosidases Regulate HLA Class I Cell Surface

Expression

4.0 Abstract

Human leukocyte antigen (HLA) class I molecules mediate immunity against infections and
cancers by presenting antigens to cytotoxic T lymphocytes (CTLs) and regulating the activities of
natural killer (NK) cells. Many pathogens and cancers exploit pathways that induce HLA class I
degradation to evade CTL and NK cell responses. Mannose trimming during ER-Golgi trafficking
of glycoproteins is a key step for targeting misfolded proteins for degradation via ER-associated
degradation (ERAD). Several ER and Golgi alpha-1,2 mannosidases participate in glycoprotein
mannose trimming via specific and redundant pathways. Roles for endoplasmic reticulum
degradation-enhancing a-mannosidase-like protein 1 and EDEM2 in HLA class | ERAD-mediated
degradation have been described previously, but the roles of other alpha-1,2 mannosidases in HLA
class I expression regulation have not been defined. Using a CRISPR-Cas9-based approach in the
monocyte cell line THP-1, we show that the depletion of not only EDEM1 and EDEM3 but also
mannosyl-oligosaccharide 1,2-alpha-mannosidase IA (MAN1A1) and MANIBI1 increases the
surface expression of HLA class I. In contrast, EDEM?2 depletion reduces the HLA class I surface
expression. A deficiency in the transporter associated with antigen processing (TAP), a key HLA
class I assembly factor, does not induce the expression of any alpha-1,2 mannosidase. However,
the mannosidases are differentially expressed in many tumors in The Cancer Genomic Atlas
(TCGA) and are significantly associated with survival outcomes. Taken together, the findings of

this study indicate that multiple alpha-1,2 mannosidase activities regulate the cell surface
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expression of HLA class I and that mannosidase expression is potentially exploited by cancers for

Immune evasion.

4.1 Background

Glycosylation is a post-translational protein modification that plays a crucial role in the quality
control, trafficking, and functions of glycoproteins (Adams et al., 2021; Aebi, 2013; Bieberich,
2014; Stanley et al., 2022). N-glycosylation, the addition of glycans to specific asparagine residues
in the recipient protein, begins in the endoplasmic reticulum (ER) with an en bloc transfer of the
precursor glycan (Glu3Man9GluNac2) from dolichol pyrophosphate, a lipid anchor, to nascent
proteins destined to be glycoproteins (Stanley et al., 2022). This initial step of the N-glycosylation
process is catalyzed by oligosaccharyltransferase (OST) and the precursor glycan is specifically
transferred to an asparagine residue within a specific tripartite amino acid sequence, Asn-X-
Ser/Thr (referred to as “sequon”), in the nascent protein, where Asn, X, Ser and Thr are asparagine,
any amino acid, serine, and threonine residues respectively (Bieberich, 2014; Stanley et al., 2022).
Upon the linkage of the precursor glycans to the sequons, the glycans are sequentially trimmed by
glucosidases and ER/Golgi mannosidases, resulting in transient high mannose glycoproteins that
are sensitive to digestion by Endoglycosidase H (Endo-H). Subsequently, the glycans are further

modified into complex Endo-H-resistant glycans (Bieberich, 2014; Stanley et al., 2022).

The glycoprofiles of glycoproteins dictate their fate in the ER and the Golgi compartments, as
glycans serve as folding sensors, promoting either the anterograde transport of well-folded proteins
from the ER to the Golgi (Bieberich, 2014) or the degradation of unfolded proteins through the
ER-associated degradation (ERAD) pathway (Roth & Zuber, 2017). Recent studies have

demonstrated that glycans also influence the functional states of glycoproteins, including
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antibodies (Cobb, 2020; Gaifem et al., 2024; Haslund-Gourley et al., 2024; Plomp et al., 2017;
Trzos et al., 2023), highlighting the emerging significance of the glycosylation status of

glycoproteins in immune response pathways.

The major histocompatibility complex (MHC) class I protein, also known as human leukocyte
antigen (HLA) class I in humans, is a glycoprotein that plays a crucial role in the adaptive immune
system by presenting antigens to cytotoxic T lymphocytes (CTL) and regulating the activities of
natural killer (NK) cells. Structurally, HLA class I is a heterotrimer comprised of a heavy chain (a
chain), a light chain (2 microglobulin [2M]), and a short peptide. The heavy chain consists of
three distinct domains referred to as al, a2, and a3. Together, the al and a2 domains form a groove
that accommodates the short peptide (Bjorkman et al., 1987). Notably, the o1 domain contains a
highly conserved N-glycan binding motif at the 86th asparagine amino acid residue (N86), where
a precursor high mannose N-glycan, Glu3Man9GluNAc2, is appended in the endoplasmic
reticulum (ER). Like other N-glycan-bearing glycoproteins (Bieberich, 2014; Stanley et al., 2022),
high mannose N-glycan on HLA class I is trimmed by exomannosidases in the ER and the Golgi,
and modified into complex glycans by additional enzymes before HLA class I is transported to the
plasma membrane. Because HLA class I molecules play a crucial role in the immune system, it is
often downregulated from the cell surface by cancers and infectious pathogens (Petersen et al.,

2003; Taylor & Balko, 2022).

Global pharmacological inhibition of ER and Golgi mannosidases by the drug kifunensine which
is an inhibitor of 1,2-alpha-mannosidase activity (Elbein et al., 1990) increases surface HLA class
I expression and phenocopies the endoglycosidase-sensitive glycan profile on surface HLA class
I of cells deficient in key assembly factors such as TAP or tapasin. (Chapter 3 of this thesis). These

findings reinforce the involvement of 1,2-alpha-mannosidases in the quality control of HLA class
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I trafficking and the acquisition of mature glycans by HLA class I molecules. A previous study has
implicated ER degradation-enhancing alpha-mannosidase-like 1 proteins (EDEM1 and EDEM?2)
in targeting misfolded HLA class I for degradation via ERAD (Burr et al., 2013; Timms et al.,
2016). However, the specific roles of the other ER and Golgi 1,2-alpha-mannosidases, including
EDEM3, and MANIBI1, mannosyl-oligosaccharide 1,2-alpha-mannosidase 1A (MANI1Al),
mannosyl-oligosaccharide 1,2-alpha-mannosidase IA member 2 (MAN1A2), and mannosidase
alpha class 1C member 1 (MANI1C1) in HLA class I assembly or quality control have not been
elucidated thus far. Understanding the role of these enzymes in the quality control of HLA class I
trafficking could provide new insights into the regulation of antigen-bearing HLA class I proteins

on the cell surface and inform novel immunotherapeutics against cancers and infectious diseases.

HLA class I molecules generally use the conventional ER-Golgi secretory route to the cell surface
and bear complex (mature) Endoglycosidase H-resistant glycans on the plasma membrane.
However, under certain pathological conditions, such as those that induce deficiencies in TAP or
tapasin ((Geng et al., 2018) and Chapter 3 of this thesis), which are key assembly factors for HLA
class I molecules, glycan processing becomes impaired and HLA class I molecules become
expressed on the cell surface with Endoglycosidase H-sensitive glycans, despite trafficking via the
Golgi (Chapter 3 of this thesis). These findings point to important connections between HLA class
I misfolding and cell surface glycan signatures that involve altered mannose processing. Further
elucidation of the specific 1,2-alpha-mannosidase activities that are relevant to HLA class |
assembly is thus also important towards a better understanding of how glycosylation becomes
altered under conditions that induce protein misfolding. While some of the 1,2-alpha-
mannosidases have redundant roles in glycan processing, there are known specificities at the

substrate level (Tu et al., 2017; Wei et al., 2023). Elucidating such specificities in the HLA class |
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assembly/degradation context is significant. Since many pathogens and cancers exploit
constitutive pathways for enhancing the degradation of HLA class I, further elucidating such

specificities in the HLA class I assembly/degradation context is significant

4.2.0 Methods

4.2.1 Cell culture

THP-1 cells (TIB-202) were purchased from the American Type Culture Collection (ATCC) and
maintained in RPMI 1640 (ATCC modification, catalog number: A1049101) supplemented with
10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, and 1X antibiotic/antimycotic. Modified
human embryonic kidney cells expressing the simian virus 40 (SV40) large T antigen (HEK239T)
were maintained in Dulbecco's Modified Eagle Medium (DMEM). The DMEM was supplemented

with 10% (v/v) FBS and 1X antibiotic/antimycotic. The cells were cultured in 5% CO; at 37°C.

4.2.2.0 CRISPR-Cas9-mediated gene editing

4.2.2.1 Single RNA cloning into lentiCRISPR-Cas9 vector

CRISPR-Cas9 single guide RNA (sgRNA) for EDEM 1, EDEM2, EDEM3, MAN1A1, MANIBI,
and MANIC1 were identified using the open-source sgRNA design tool CHOCHOP

(https://chopchop.cbu.uib.no/) (black ink nucleotides in Table 1). The sgRNA were selected based

on high efficiency, absence of mismatch (theoretically zero off-target effect), and self-
complementarity. The sgRNAs were modified (red ink nucleotides in Table 1), purchased from
Integrated DNA Technology (IDT), and separately cloned into BsmBI site in the lentiCRISPRv2
vector (Addgene, 52961). Briefly, 1 uL each of the 100 uM forward and reverse oligonucleotides

(oligos) were mixed with 6.5 puL nuclease-free water, 1 uL 10X T4 ligation buffer (NEB) and 0.5
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uL T4 polynucleotide kinase (NEB). The oligos were phosphorylated and denatured at 37 °C for
30 minutes and 95 °C for 5 minutes, respectively, and allowed to cool on ice water for 1 minute.
4 uL of the oligo mix was diluted to 1 mL (1:250) with nuclease-free water. 100 ng lentiCRISPRv2
was combined with 2 pL diluted oligos, 2 uL 10X FastDigest buffer (Thermo Fisher Scientific), 1
mM DTT, 1 mM ATP, 1 uL FastDigest BsmBI, 0.5 uL T4 ligase and made up to 20 pL with
nuclease-free water. The digestion-ligation step was performed using six incubation cycles at 37
°C for 5 minutes and 23 °C for 5 minutes in a thermocycler (Agilent Technologies SureCycler

8800). The ligation mix was held at 4 °C until further use.

For transformation, 50 uL. STBL3 competent cells pre-chilled on ice were incubated with 1 —2 uL
of the ligation mix on ice for 30 minutes. The cells were transferred to a water bath at 42 °C for 45
seconds and placed on ice for 2 minutes. To recover from the heat shock, 0.5 mL of super optimal
broth was added to the cells, and they were incubated at 37 °C for 1 hour, with constant agitation.
After this, the cells were spun at 5,000 rpm for 2 minutes, and about 80% of the supernatant was
removed. The cells were resuspended in the remaining media and plated on Luria Bertani (LB)
agar supplemented with ampicillin (100 pg/mlL) and grown overnight at 37°C. Using a sterile
plastic loop, a discrete colony was selected and grown in ampicillin-supplemented LB broth
overnight. The plasmid was isolated using the Promega Wizard® Plus SV Minipreps DNA
Purification kits and assessed for purity and concentration using NanoDrop spectrophotometer

(Thermo Fisher Scientific).

To determine whether the cloning was successful, the plasmids were subjected to Sanger
sequencing using the human U6 forward primer (5’-GAGGGCCTATTTCCCATGATT-3").
LentiCRISPRv2 vectors with successfully cloned sgRNAs are presented in Supplementary Figure

4.1.
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Table 4.1: Single guide RNAs (sgRNAs) used for CRISPR-Cas9-based gene editing for ER

and Golgi mannosidases.

Gene sgRNA sequence (5'- 3")

F: CACCGGAGTACGAGAAGCGCTACAG
EDEMI1

R: AAACCTGTAGCGCTTCTCGTACTCC

F: CACCGTGACCCGGTGTTCGAAGATG
EDEM2

R: AAACCATCTTCGAACACCGGGTCAC

F: CACCGTCATCAACGTCACCGCGACT
EDEM3

R: AAACAGTCGCGGTGACGTTGATGAC

F: CACCGTTAGTCCGCTGCTAGACTTG
MANI1A1

R: AAACCAAGTCTAGCAGCGGACTAAC

F: CACCGCGTCGATCAGTGTGAGACCG
MANI1B1

R: AAACCGGTCTCACACTGATCGACGC

F: Forward sequence; R: Complementary reverse sequence.

Nucleotides in red are BsmBI/Esp3I restriction site overhang

4.2.2.2 Preparation of lentivirus and infection of THP-1 cells

HEK293T (0.5 x 10°cells) were seeded into 6-well plates a day before transfections to achieve
about 70% confluency. For transfections, solution A with 1.7 pug, 1.1 pg, and 2.25 pg of psPAX2
(Addgene; 12260), pMD2.G (Addgene; 12259), and transfer plasmid (pLentiCRISPRvV2 empty
vector or pLentiCRISPRv2 containing appropriate sgRNA), respectively, in 130 pL OptiMEM and

Sul lipofectamine plus reagent (Invitrogen). The solution was mixed and incubated undisturbed
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for 5 minutes at room temperature (RT). Solution B was prepared by diluting 15 pL lipofectamine
LTX (Invitrogen) in 130 pL OptiMEM for each transfection and incubating for 5 minutes.
Solutions A and B were combined, incubated for 20 minutes at RT, and added dropwise to
HEK293T cells in a 2 mL fresh antibiotic/antimycotic-free DMEM containing 10% FBS. The

plates were gently swirled, and the cells were cultured for 48 hours at 37°C.

After 48 hours, the virus released into the culture medium was harvested, filtered through a 0.45
um syringe filter, and used to infect THP-1 cells. About 0.5 x 10° THP-1 cells were infected with
~2 mL viral supernatant collected from one well of HEK293T cells. Infection was done in 24-well
plates, and an uninfected control consisting of THP-1 cells incubated with an equivalent volume
of culture media instead of viral supernatant was included. Cells were incubated with virus for 15
— 20 minutes at RT after adding 1X Polybrene (8 pg/mL from a 1000X stock) and spinfected at
2500 rpm for 2 hours at RT. After the centrifugation, about 600 uL of the viral supernatant was
replaced with fresh culture medium, and the cells were incubated for 24 hours, following which
the virus-containing medium was completely replaced with fresh medium. Cells were rested for

24 h before selecting the transduced cells using 300 pg/mL of hygromycin B for 4-5 weeks.

4.2.3 Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated from wild-type THP-1 or THP-1 cells transduced with TAP-1, EDEMI,
EDEM?2, EDEM3, MANI1AT1, or MANIB1 sgRNA using RNeasy kit (Qiagen), following the
manufacturer’s instructions. The concentration and purity of the RNA were assessed using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA with an A260/A230 ratio between
2.0 and 2.2 was considered pure. Complementary DNA was synthesized from the RNA using the

SuperScript III First-Strand Synthesis kit (Invitrogen), following the manufacturer’s instructions.
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A standard 2-hour qPCR was performed using ABI 7500 Fast real-time PCR machine and Applied

Biosystems SYBR Green Master Mix (Catalogue number: 4309155; Invitrogen), following the

manufacturers’ instructions. GAPDH, HPRTI, and ACTB were included as housekeeping genes,

and the AACT mode was used to determine relative fold change in the expression of genes being

assessed. The qPCR primers used to quantifty EDEM 1, EDEM2, and EDEM3, as well as MAN1A1

and MANI1BI transcripts (Table 4.2), have been previously reported (Jin et al., 2018; Tang et al.,

2014).

Table 4.2: qPCR primers used for inferring ER and Golgi mannosidases’ genes knockdown.

Gene qPCR primers (5'-3")

FP: AAACGATATGGTGCCCTCCCTG
EDEM1

RP: CGTGATGCAGCGTGGCGTAC

FP: CTGGACACCTTGCTGATTTTGG
EDEM?2

RP: TACTTCCACCCCAGCCTTCTTG

FP: AGTGGAGTTGGAGCAGGGATTG
EDEM3

RP: GCATTCAGCATTGGTTTGTGGA

FP: GCAGTGGAACTTGGGGTAAA
MANIAL

RP: TTCAGCAAAGATGGGGTTITC

FP: GCCTTTCTGCTTTTCTGTGG
MANIBI1

RP: GACTGTCCTCTGCGGATCTC

FP: Forward primer. RP: Reverse primer.
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4.2.4 Flow cytometry

To measure HLA class I molecules on the plasma membrane, 50,000 — 100,000 THP-1 cells were
seeded in a 96-well plate and washed twice with ice-cold 1X PBS at 2500 rpm for 1 minute.
Staining solution was prepared by diluting fluorescein isothiocyanate (FITC)-conjugated W6/32
antibody (a pan HLA class I antibody, W6/32-FITC) in a staining buffer containing 2% fetal bovine
serum (FBS) in 1X phosphate buffer saline (PBS). Staining was performed on ice for 30 minutes
and the cells were washed twice with ice-cold staining buffer by centrifugation at 2500 rpm for 1
minute. The cells were then resuspended in a staining buffer containing 7-aminoactinomycin D (7-
AAD) before performing the flow cytometry on a BD LSRFortessa cell analyzer. The flow

cytometry standard files (FCS) were exported to and analyzed using FlowJo.
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4.3.0 Results

4.3.1 EDEM1, EDEM2, and EDEM3 play differential roles in the quality control of HLA

class I in THP-1 cells

EDEMs have been implicated in extracting misfolded proteins from the ER for degradation
through ERAD (Olivari & Molinari, 2007). EDEM1 and EDEM?2 interact with hydrophobic
regions on aberrantly folded proteins, directing the proteins to ERAD (Shenkman et al., 2018;
Sokolowska et al., 2015). Mannosidase functions of specific EDEMs have also been described
(George et al., 2021; George et al., 2020; Shenkman et al., 2018; Ninagawa et al., 2014), with
EDEM?2 performing the hydrolytic cleavage of a terminal mannose from Man9GIcNAc2 to
generate Man8GIcNAc2, which serves as a substrate for other mannosidases acting downstream
(George et al., 2020; Ninagawa et al., 2014). EDEM2 activity depends on its covalent interaction
with thioredoxin domain-containing protein 11 (TXNDCI1) in the ER (George et al., 2020). In
HLA class I-specific context, EDEM1 and EDEM2 have been reported to regulate the surface
expression (Burr et al., 2013; Timms et al., 2016); however, the role of EDEM3 has not been

defined.

To investigate the possible role of EDEMs in the quality control of HLA class I, we performed a
CRISPR-Cas9-mediated knockdown of EDEMI, EDEM?2, and EDEM3. Specific guide RNA for
each gene was cloned into a lentivirus CRISPR-Cas9 vector, as described in the methods. After
confirming the cloning by Sanger sequencing (Supplementary Figure 4.1), THP-1 cells were
transduced with the vectors to achieve knockdown. EDEMI, EDEM?2, or EDEM3 transcript
depletion was deduced by RT-qPCR (Figures 4.1A, C, and E), and HLA class I expression on the

plasma membrane was measured by flow cytometry to gain insight into the influence of each
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EDEM on HLA class I trafficking. We observed an increase in the surface expression of HLA class
I in EDEM1 (Figure 4.1B) and EDEM3 (Figure 4.1F)-depleted THP-1 cells relative to the wild-
type. In contrast, depletion of EDEM2 downmodulates surface HLA class I expression (Figure
4.1D), suggesting that rather than extracting HLA class I from the ER for degradation, EDEM2
may be involved in promoting the secretory trafficking of HLA class I. Although the increase in
HLA class I surface expression driven by EDEM1 depletion did not attain a statistically significant
level, these results support a model that EDEM1 and 3 extract misfolded HLA class I for

degradation but EDEM?2 promotes productive trafficking of these proteins.
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Figure 4.1. Role for ER Mannosidases in HLA class I quality control. A, C, and E)
Confirmation of EDEM1 (A), EDEM2 (C), and EDEM3 (E) depletion by RT-qPCR. Relative

expression was normalized to GAPDH, HPRT1, and beta-actin. B, D, and F) Surface HLA class |
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levels of EDEM1-, EDEM2-, or EDEM3-depleted THP-1 cells measured by flow cytometry after
staining the cells with W6/32-FITC. Representative histograms (left) and averaged data across 3-
4 experiments (right) are shown. Paired #-test was used for pair-wise comparisons. ns = p value >

0.05, * = p value < 0.05, ** = p value < 0.01.

4.3.2 MAN1A1 or MAN1B1 knockdown increases HLA class I cell surface expression

MANI1BI localizes to the ER and the Golgi and performs a quality control function on misfolded
proteins (lannotti et al., 2014). MAN1BI in the ER marks misfolded glycoproteins for ERAD-
dependent degradation by catalyzing the hydrolytic cleavage of the terminal mannose residue on
the middle branch of the high mannose N-glycan (Man9GIcNAc2) on the proteins (Rymen et al.,
2013; Sakhi et al., 2021). In the Golgi, MAN1B 1 associates with the gamma subunit of coat protein
complex I (COPI) and helps in retrieving back to the ER aberrantly folded glycoproteins that had
escaped ER quality control mechanisms (Pan et al., 2013). The retrieved glycoproteins are
channeled for degradation through ERAD. This retrograde quality control by MANIBI is
functionally independent of its mannosidase or catalytic activities (A. H. Sun et al., 2020).
MANI1AT1 is a Golgi exomannosidase that participates in trimming mannose residues from high
mannose N-glycans, providing intermediate glycoforms for conversion to complex glycans in the

Golgi (Oliveira-Ferrer et al., 2017).

To evaluate the involvement of MAN1A1 and MAN1BI1 in the quality control and trafficking of
HLA class I proteins, MANIAI or MANIBIwas genetically knocked down by CRISPR-Cas9
approach using specific single guide RNA (Supplementary Figure 4.1). MAN1A1 and MAN1B1
depletion were inferred by RT-qPCR (Figures 4.2A and C), and surface HLA class I expression on
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the cells was measured by flow cytometry (Figures 4.2B and D). We observed an increase in HLA
class I on the plasma membrane of THP-1 cells with MAN1A1 knockdown compared to the wild-
type (Figure 4.2B). Similarly, MANI1B1 depletion increased the surface HLA class on THP-1 cells
(Figure 4.2D), indicating that MAN1A1 and MAN1BI1 are involved in the quality control of HLA
class I trafficking. Our attempts to knock down MAN1A2 and MAN1C1 were not successful, so

we were unable to assess their influence on HLA class I quality control and trafficking.
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Figure 4.2 Roles for Golgi mannosidases in HLA class I quality control. A and C) Confirmation
of MANI1A1 (A) and MANI1BI (C) depletion by RT-qPCR. Relative expression was normalized
to GAPDH, HPRTI, and ACTB (beta-actin). B and D) Surface HLA class I of MAN1A1 (B)- or
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MANI1BI1 (D)-depleted THP-1 cells measured by flow cytometry after staining the cells with
W6/32-FITC. Representative histograms (left) and averaged data from 3-7 experiments (right) are

shown. Paired #-test was used for pair-wise comparisons. * = p value < 0.05, ** = p value < 0.01.

4.3.3 Expression of mannosidases is not significantly altered in TAP-1-KO cells

We next assessed the expression levels of the genes encoding mannosidase enzymes in wild-type
and TAP-deficient human monocyte cell line, THP-1, using RT-qPCR. TAP is a transmembrane
protein and a member of the ATP-binding cassette (Deverson et al., 1990). TAP transports peptides
from the cytosol to the ER where the peptides are assembled on HLA class [ molecules (Lehnert
& Tampe, 2017). TAP deficiency deprives the ER of peptides, compromises the optimal assembly
of HLA class I with peptides, promotes misfolding and retention of HLA class I in the ER, and
reduces HLA class I cell surface expression (de la Salle et al., 1999; Lyjunggren et al., 1990; Mantel
et al., 2022; Raposo et al., 1995). Hence, TAP-deficient THP-1 cells provide a suitable model for
assessing possible changes in the expression profiles of mannosidases under conditions that
increase the burden of misfolded HLA class [ in the ER. Bulk RNA was isolated from THP-1 and
THP-1-TAP-1-KO cells and complementary DNA (¢cDNA) was synthesized from the RNA. RT-
qPCR was performed on the cDNA using specific primers for mannosidase genes and the relative
fold change of mRNA transcripts was normalized to GAPDH, HPRT1, and ACTB (B-actin). We
did not observe any significant changes in the expression of MANTA1, MAN1A2, MAN1BI, and
MANICI1 in THP-1-TAP-1-KO cells relative to the wild-type cells (Figures 4.3A-D). Although
EDEMI1, EDEM?2, and EDEM3 show trends of increased expression in the THP-1-TAP-1-KO

condition, the differences were not statistically significant (Figures 4.3E-G), indicating that
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overall, the expression profile of mannosidases is not altered in TAP-1-KO cells even though TAP

deficiency induces misfolded HLA class I proteins.
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Figure 4.3. Expression of mannosidases is not significantly altered in TAP-1-KO cells. A-D)
Relative transcripts of A) MANTAT1, B) MAN1A2, C) MAN1BI, and D) MANI1CI1 expression
measured by RT-qPCR. Gene expression was normalized to the expression of reference genes:

Hypoxanthine phosphoribosyltransferase 1 (HPRT1), Glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH) and B-actin, and plotted as fold change relative to the gene expression in THP-1 cells.

E-G). Relative expression of EDEM1 (E), EDEM?2 (F), and EDEM3 (G), normalized to -actin.

4.3.4 EDEM1, EDEM2, and EDEM3 are upregulated in most human tumors

To gain further insights into the pathological consequences of alterations in the cellular levels of
EDEMI1, EDEM2, and EDEM3, we surveyed all human tumors in The Cancer Genome Atlas
(TCGA) comparing the expression levels of EDEM1, EDEM?2, or EDEM3 in the tumors tissues
with paired surrounding normal tissues using the differential gene expression module of the open-

source Tumor Immune Estimation Resource (TIMERZ2.0; http://timer.cistrome.org/) (Li et al.,

2020). The differential gene expression module of TIMER2.0 enables users to compare gene
expressions between tumors and their adjacent normal tissues across all TCGA tumors (Li et al.,
2020). The analysis using TIMER2.0 indicates differential expression of EDEM1, EDEM?2, or
EDEM3 in many cancer tumors (Figure 4.4), suggesting that many cancers could exploit cellular
pathways involving these proteins for survival. EDEM1 is significantly overexpressed in bladder
urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), esophageal carcinoma (ESCA),
head and neck squamous cell carcinoma (HNSC), HNSC (human papillomavirus [HPV]positive),
kidney renal cell carcinoma (KIRC), skin cutaneous melanoma (SKCM) (metastatic), stomach
adenocarcinoma (STAD), and thyroid carcinoma (THCA). However, it is significantly (only
mention those significant) downregulated in colon adenocarcinoma (COAD), kidney renal
papillary cell carcinoma (KIRP), lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), rectum adenocarcinoma (READ), and uterine corpus endometrial carcinoma (UCEC)
(Figure 4.4A). The expression profile of EDEM?2 revealed a significant upregulation in BLCA,
BRCA, cervical squamous cell carcinoma (CESC), cholangiocarcinoma (CHOL), COAD, ESCA,

Glioblastoma multiforme (GBM), HNSC (HPV positive), KIRP, Liver hepatocellular carcinoma
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(LIHC), LUAD, prostate adenocarcinoma (PRAD), READ, SKCM (metastatic), STAD, THCA,
and UCEC, but significant downregulation in kidney chromophobe (KICH), LUSC, and
pheochromocytoma and paraganglioma (PCPG) (Figure 4.4B). EDEM3 is significantly
upregulated in eight tumors, including BRCA, CHOL, HNSC, LIHC, LUAD, PRAD, SKCM
(metastatic), and STAD, but significantly downregulated in COAD, KIRP, READ, and THCA

(Figure 4.4C).
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4.4. Expression of ER mannosidases in cancer. A-C) Differential expression of EDEMI,

Figure



EDEM?2, and EDEM3 between tumor and adjacent normal tissues across all TCGA tumors using
the Gene DE module of TIMER2.0, an open-source online server. TIMER2.0 computes the
statistical significance of gene expression by Wilcoxon test (*: p-value < 0.05; **: p-value <0.01;

*&%: p-value <0.001).

4.3.5 EDEM1, EDEM2, or EDEM3 differential expression influences the overall survival in

some cancers

Next, we evaluated the clinical significance of EDEM1, EDEM?2, and EDEM3 by assessing their
influence on the overall survival of cancer patients across all tumors in TCGA using Cox
proportional hazard model, implemented in the “Gene Outcome” module of TIMER2.0

(http://timer.cistrome.org/)(Li et al., 2020). The overall survival was adjusted by age, gender, race,

clinical stage, and tumor purity, and is displayed as a heatmap (Figure 4.5A). Kaplan Meier (KM)
plots for tumors for which the Z scores were statistically significant (»p < 0.05) were plotted to
assess further the clinical relevance of the differential expressions (Figure 4.5B). The KM analysis
revealed statistically significant hazard ratios (HR) of 1.57 and 1.47 for higher EDEM 1 expression
in patients with KIRP and low-grade glioma (LGG) respectively, indicating that EDEMI
overexpression is associated with increased chances of death in these patients by 57 and 47%
respectively. Additionally, for patients with KICH and LGG, EDEM?2 overexpression is associated
with increased fatality risk by 139% and 56% respectively, while in patients with KIRP, higher
EDEM3 expression is associated with increased chances of death 63%. Overall, these results
suggest that the differential expression of EDEMs, particularly their upregulation, could have

clinical relevance in certain cancers.
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Figure 4.5 Overall survival in some cancers is influenced by differential expression of
EDEM1, EDEM2, or EDEM3. A) A heatmap of the clinical relevance of EDEM1, EDEM?2, or
EDEM3 expression across all cancer tumors in TCGA, adjusted by age, gender, race, clinical stage,
and tumor purity. B) Kaplan-Meier curves comparing the survival rates of patients with differential
expression of EDEM1 (black titles), EDEM?2 (blue titles), and EDEM3 (red titles) in cancers that
have significant Z scores (A). For (A) the red block represents increased risk (p < 0.05, z> 0), the
blue block represents decreased risk (p < 0.05, z < 0), and the grey block represents no significant

change in the risk (p > 0.05).

4.3.6 MAN1A1 and MANI1BI are differentially expressed in many cancer tumors relative to

normal adjacent tissues

Given the influence of MANTA1 or MANI1BI1 depletion on surface HLA class I proteins, the
expression levels of both genes were assessed in cancer tumors in TCGA relative to their adjacent
normal tissues using the differential gene expression module of TIMER2.0

(http://timer.cistrome.org/)(L1 et al., 2020) (Figure 4.6). Surprisingly, based on their similar effects

upon HLA class I expression, MANTAL and MAN1B1 have contrasting expression profiles across
many cancers, with MAN1A1 frequently downregulated and MANIBI1 upregulated in many
tumors (Figures 4.6A and B). MANI1AL is significantly downregulated in BLCA, BRCA, CHOL,
COAD, GBM, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, READ, THCA, and
UVEC, but upregulated in HNSC (HPV positive), SKCM (metastatic), and THYM (Figure 4.6A).
Unlike MANT1A1, MANIBI is significantly overexpressed in BLCA, BRCA, CHOL, LOAD,

ESCA, KIRC, KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, READ, STAD, THCA, and UCEC but
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downregulated only in KICH, suggesting that many human tumors may benefit from MANI1BI-

dependent HLA class I degradation (Figure 4.6B).
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Figure 4.6 Expression of MAN1A1 and MANI1BI in cancer. A and B) Differential expression

of MANI1A1 (A) and MANI1BI (B) between tumor and adjacent normal tissues across all TCGA
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tumors using the Gene_ DE module of TIMER2.0. TIMER2.0 computes the statistical significance

of gene expression by Wilcoxon test (*: p-value < 0.05; **: p-value <0.01; ***: p-value <0.001).

4.3.7 MAN1A1 or MANI1BI1 differential expression influences the overall survival in some

cancers.

Given the striking differential expression profiles of MAN1A1 and MANI1BI1 in cancer tumors,
the influence of both genes on the overall survival of cancer patients across all tumors in TCGA

were assessed using the “Gene Outcome” module of TIMER?2.0 (http://timer.cistrome.org/)(Li et

al., 2020), adjusted by age, gender, race, clinical stage, and tumor purity (Figure 4.7A). For tumors
for which the Z scores were statistically significant (» <0.05), the HR of the differential expression
was assessed using KM survival analysis (Figure 4.7B). Consistent with the downregulation of
MANI1AT1 observed in many tumors, higher MANTAT1 expression is associated with reduced risk
of death in KIRC (HR: 0.833) and SCKM (HR: 0.833). Although overexpression of MANI1AL is
associated with a higher risk of death in LGG (HR: 1.13) and UVM (HR: 1.55), these associations
were not statistically significant. On the other hand, higher MAN1B1 expression is significantly
associated with a higher risk of death in ACC and BRCA, with an HR of 1.87 and 1.65,
respectively. Additionally, higher MAN1B1 expression is associated, nearly significantly (p =
0.0644), with a higher risk of mortality in patients with SARC (HR: 1.24). Together, these results
suggest that the involvement of MAN1A1 and MANIBI in the quality control of HLA class I
expression could have significant immunological consequences that influence patients' survival in

Some cancers.
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Figure 4.7 Overall survival in some cancers is influenced by differential expression of

MANI1A1 or MANI1BI. A) A heatmap of the clinical relevance of MAN1A1 or MANIBI1

expression across all cancer tumors in TCGA, adjusted by age, gender, race, clinical stage, and
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tumor purity. B) Kaplan-Meier curves comparing the survival rates of patients with differential
expression of MAN1A1 (black titles) and MAN1B1 (blue titles) in cancers that have significant Z
scores (A). For (A) the red block represents increased risk (p < 0.05, z > 0), the blue block
represents decreased risk (p < 0.05, z < 0), and the grey block represents no significant change in

the risk (p > 0.05).

4.4 Discussion

Antigen presentation by HLA class I constitutes a crucial arm of adaptive immunity against
infections and cancers. Viruses and cancers could subvert antigen presentation by targeting
relevant proteins such as TAP, depriving HLA class I of peptides, and promoting the accumulation
of misfolded forms of HLA class I proteins (Alimonti et al., 2000; Fruh et al., 1995; Henle et al.,
2017; Verweij et al., 2015). The role of exomannosidases in trimming mannose residues from
deglucosylated glycans on glycoproteins, labeling the proteins with glycoforms that dictate
degradation or trafficking, has been reported in previous studies (Bieberich, 2014; Roth & Zuber,
2017). Altered glycoprofile of surface HLA class I proteins, suggesting impaired mannose
trimming and quality control, has also been observed (Chapter 3 and Geng et al., 2018). However,
studies have not specifically addressed the role of many ER and Golgi mannosidases in the quality
control and trafficking of HL A class I. Our finding that the expression levels of ER and Golgi 1,2-
alpha-mannosidases are not significantly altered in TAP-deficient cells relative to wild-type cells
suggests that the altered glycoprofile of HLA class I proteins, favoring high mannose glycoforms,
previously observed in TAP-deficient cells, is likely not driven by a lower abundance of 1,2-alpha-

mannosidases, although changes to protein expression and localization were not investigated.
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Our results reveal that EDEMI1 depletion increases surface HLA class I (Figures 4.1A and B),
consistent with previous reports that it is involved in the degradation of HLA class I through ERAD
(Burr et al., 2013; Timms et al., 2016). Additionally, a CRISPR screen identified both EDEM1 and
EDEM?2 as contributing to MHC class I degradation (Timms et al., 2016). In contrast to Timms et
al. (2016), we observed that genetic knockdown of EDEM2 decreases surface HLA class I (Figures
4.1C and D), suggesting a role in productive HLA class I trafficking rather than degradation. This
discrepancy may stem from differences in experimental design. Whereas they expressed a mutant
HLA-A*02 tagged with a green fluorescent protein to study MHC class I ERAD, we assessed
endogenous HLA class I proteins existing in their natural cellular state. By promoting HLA class
I trafficking, EDEM2 may be targeted by pathogens to downregulate HLA class I and evade
immunity. However, EDEM2 is upregulated in many cancers (Figure 4.4B), suggesting it likely

regulates other factors more critical to tumour survival than HLA class I downmodulation.

We also observed that EDEM3 knockdown increases surface HLA class I expression (Figures 4.1E
and F). These results indicate that EDEM 1 and EDEM3 target HLA class | for degradation, and
depleting either one could rescue antigen presentation, opening new frontiers for potential
therapeutic interventions against pathogens and cancers that downmodulate HLA class I proteins.
Whether these phenotypes are also observed in other cells remains to be established. Indeed, we
observed an upregulation of EDEM1 or EDEM3 in most tumors in TCGA relative to the adjacent
normal tissues (Figures 4.4A and C). Furthermore, we observed that higher EDEM1 or EDEM3
expression levels are associated with a higher risk of death in some cancers. However, further
studies are needed to assess the influence of EDEMI1 and EDEM3 on HLA class I antigen

presentation and the HLA class I-dependent immune responses in cancers and other diseases.
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Like EDEM1 and EDEM3, the increase in surface HLA class I observed in MAN1A1 or MAN1BI1
depleted cells highlights their roles in the quality control of HLA class I proteins. Notably, the
overexpression of MAN1BI1 in many cancer tumors suggests that it may potentially promote the
degradation of HLA class I in these tumors, thereby enhancing their immune evasion capacity.
Unlike MAN1B1, MAN1A1 is downregulated in many cancers, despite the two proteins exerting
a similar influence on surface HLA class I expression. This discrepancy suggests that MANITA1
also regulates other factors more relevant to cancer tumours than HLA class I downregulation.
Although MANIA1 or MANI1BI1-reduced expression impairs glycosylation and has been
associated with disease progression and death in some cancers (Chatterjee et al., 2021; Hamester
et al., 2019; Tu et al., 2017; Wang et al., 2022), our findings suggest that MANI1A1 or MAN1B1
downregulation could promote CD8" T cell response against many cancer tumors since the number
of peptide-assembled HLA class I expressed on the plasma membrane increases in MANI1AT or

MANI1BI1-depleted cells.

4.5 Conclusion

In THP-1 cells, depletion of EDEM1, EDEM3, MAN1AI, or MANI1BI increases surface HLA
class I expression, while depletion of EDEM?2 decreases it. These findings potentially open new
frontiers for immunotherapy against infectious diseases and malignancies and should be verified

in cancer cell lines and in vivo models.
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Supplementary FI@ITI'E‘ A 5 @Emmm nstructs. Plasmid maps of

LentiCRISPRv2-Hygromycin (A), with EDEM1 (B), EDEM2 (C), EDEM3 (D), MAN1A1 (E),

and MANI1BI (F) single guide RNA (sgRNA).
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CHAPTER FIVE

Manuscript 3: Shared HLA Class I-Associated Peptides of Wild Type and TAP-Deficient

Cells and Evidence for Endosomal Assembly

5.0 Abstract

Human leukocyte antigen (HLA) class I molecules present peptide antigens to cytotoxic T-
lymphocytes (CTL or CD8" T cells), playing a critical role in immunity against infectious
pathogens and cancers. The transporter associated with antigen processing (TAP) transports
peptides from the cytosol into the endoplasmic reticulum (ER) for assembly with HLA class I
proteins. TAP is inhibited by many viruses and malignant conditions to evade immune surveillance
by CTL. However, many HLA class I allotypes exhibit decreased TAP dependence and can present
peptides under TAP-dysfunctional conditions. Understanding the pathways governing TAP-
independent peptide presentation could provide insights into the mechanisms underlying HLA
class I trafficking in TAP-deficient conditions and advance the design of immunotherapeutics
against TAP-inhibiting diseases. Using quantitative mass spectrometry, we analyzed peptides
eluted from HLA class I proteins in wild-type and TAP-deficient THP-1 cells. Our analysis
identified novel, potentially antigenic peptides unique to TAP-deficient cells. As expected from
previous studies, signal sequence-derived peptides are preferentially presented in TAP-deficient
cells. Notably, however, ~ 80% of peptides are shared between wild-type and TAP-deficient cells,
although peptides from non-canonical protein sources such as the mitochondria, ER, and secreted
proteins are enriched in the cells lacking TAP. Treatment with the endosomal acidification
inhibitor, bafilomycin, and depletion of Rabl11A, a small Rab GTPase that regulates endocytic

recycling, reduces HLA class I assembly and surface expression in wild-type and TAP-deficient
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cells. Together, these findings support the existence of common endosomal pathways for the

constitutive assembly of HLA class I molecules in both wild-type and TAP-deficient cells.
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5.1 Background

HLA class I molecules are glycoproteins that facilitate immune surveillance by presenting peptides
to CTL and regulating natural killer (NK) cells (Yewdell, 2022). These peptides originate from
different subcellular compartments but are largely thought to be generated through proteolytic
cleavage by the cytosolic proteasome (Rock et al., 1994; Sijts & Kloetzel, 2011). The diverse
collection of HLA class I peptide antigens is collectively termed the “HLA class 1

immunopeptidome” (Yewdell, 2022).

The classical HLA class I peptide presentation pathway relies on the transporter associated with
antigen processing (TAP) (Lehnert & Tampe, 2017). TAP is a heterodimer and transmembrane
protein that translocates peptides from the cytosol into the endoplasmic reticulum (ER),
specifically, the peptide loading complex (PLC), for assembly with nascent HLLA class I molecules
(Lehnert & Tampe, 2017). From the PLC, peptide-assembled HLA class I are transported to the
plasma membrane, trafficking through the Golgi (Blum et al., 2013; Neefjes et al., 2011). By
transporting peptides into the PLC, TAP is a crucial component of the HLA class I antigen
presentation pathway and is often inhibited by some malignant conditions and viruses. TAP
inhibition significantly downmodulates the surface expression of HLA class I on the plasma
membrane (Alimonti et al., 2000; Fruhet al., 1995; Geng et al., 2018; Verweij et al., 2015),
promoting immune evasion. However, a subset of HLA class I molecules can still be expressed on
the plasma membrane of TAP-deficient cells, presenting antigens capable of activating CTL (de la
Salle et al., 2002; Geng et al., 2018). These confirm the existence of TAP-independent pathways
through which HLA class I molecules could acquire intracellular peptides for CTL priming.

However, these pathways are poorly understood.
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Studies using mass spectrometry and computational approaches to explore HLA class I peptide
repertoire in TAP-deficient cells have identified some TAP-independent peptides (Henderson et
al., 1992; Lorente et al., 2013; Martin-Galiano & Lopez, 2019; Wei & Cresswell, 1992; Weinzierl
et al., 2008). TAP-independent peptides have also been identified in peripheral blood mononuclear
cells obtained from healthy donors lacking any known TAP-deficient conditions (de Waard et al.,
2021). Notably, these peptides are often derived from or contain their parent proteins' ER localizing
signal sequences (Henderson et al., 1992; Wei & Cresswell, 1992), suggesting a signal sequence-
dependent but TAP-independent transport into the ER. However, the peptides identified to date are
relatively few and mostly restricted to the HLA class I allele-HLA-A*02:01, limiting the potential

to harness TAP-independent pathway(s) for immunotherapeutic interventions.

In the signal sequence-dependent model for TAP-independent peptide presentation by HLA class
I molecules, the peptides are imported into the ER before their assembly and trafficking through
the canonical ER-Golgi-dependent secretory pathway (Henderson et al., 1992; Wei & Cresswell,
1992). However, endolysosomal assembly of endogenous peptides with HL A class I proteins has
been described in professional antigen-presenting cells obtained from healthy donors (Olson et al.,
2023). Additionally, endolysosomal assembly of exogenous peptides with HLA class I for cross-
presentation to CTL has been reported (Cruz et al., 2023; Embgenbroich & Burgdorf, 2018).
Together, these findings highlight the existence of ER-independent and signal sequence-
independent TAP-independent acquisition of endogenous peptides by HLA class I molecules.
However, the mechanisms governing the acquisition of these peptides have not been completely

elucidated.

Using mass spectrometric analysis of tandem mass tag (TMT)-labeled peptides, we have

uncovered peptides presented by HLA-A, -B, and -C alleles in TAP-deficient human monocyte
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antigen-presenting cell THP-1. Our data sheds light on the shared peptidomes of wild-type and

TAP-deficient cells and identifies a potential pathway for their presentation.

5.2.0 Methods

5.2.1 Cells and cell culture

TAP-deficient THP-1 cells generated from the parental THP-1 cells (TIB-202) purchased from the
American Type Culture Collection (ATCC) as described in Chapter 3 of this thesis were used for
these experiments. Briefly, TAP deficiency was created in the cells by knocking out the TAP-1
subunit using clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9). The forward and reverse single guide RNA (sgRNA) to achieve the
knockout were 5’-AGTTCGAAGCTTTGCCAACG-3’ and 5’-CGTTGGCAAAGCTTCGAACT-
3’, respectively. Except indicated otherwise, the cells were cultured in RPMI 1640 (ATCC
modification, catalog number: A1049101) supplemented with 10% (v/v) fetal bovine serum (FBS),

2 mM L-glutamine, and 1X antibiotic/antimycotic.

5.2.2 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot

To confirm TAP knockout, wild-type or TAP-KO THP-1 cells were incubated in a lysis buffer (50
nM TRIS, 1% Triton, 150 nM NaCl, and 5 mM CaCl,) at 4°C for 1 hour. The lysates were cleared
by centrifuging them at 13,000 RPM for 30 minutes at 4°C. After centrifugation, the supernatant
was incubated with TAP-1 antibody (148.3) at 4°C overnight to precipitate TAP-1 through
immunoaffinity. The lysates were further incubated with protein G Sepharose for 2 — 3 hours at
4°C and washed three times in the lysis buffer at 1000 G for 1 minute. The beads were boiled in

5X SDS for 5 minutes to elute bound proteins. The eluates were subjected to 8% SDS-PAGE at
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120 V for 120 minutes, and the proteins were transferred to polyvinylidene fluoride (PVDF)
membranes at 100 V for 100 minutes. The membranes were incubated in a blocking buffer (5%
skimmed milk in 1X TBST) at room temperature on a shaker for 30 minutes and blotted with
mouse anti-TAP-1 (148.3) or rabbit anti-GAPDH antibody at 4°C overnight. The membranes were
washed three times (10 minutes each) with 1X TBST and blotted with goat-anti-mouse or goat-
anti-rabbit horse radish peroxidase at room temperature on a shaker for 30 minutes. The
membranes were again washed three times in 1X TBST and then treated with equal volumes of
enhanced chemiluminescence (ECL) reagents, following the manufacturer’s instructions. The

membranes were exposed to X-ray film in an X-ray film processor to detect protein bands.

5.2.3 Flow cytometry

About 50,000 — 100,000 THP-1 or THP-1-TAP-1-KO were placed in 96-well plates and rinsed
with ice-cold 1X PBS at 2500 rpm for 1 minute. The cells were stained with the indicated
antibodies in a staining buffer (2% fetal bovine serum (FBS) in 1X PBS) on ice for 30 minutes.
After staining, the cells were rinsed twice with the buffer and resuspended in 7-aminoactinomycin
D (7-AAD) (1:1000) in the buffer. Flow cytometry was performed on a BD LSRFortessa cell
analyzer, and the data were analyzed in FlowJo and Prism (GraphPad). The mean fluorescence
intensity (MFI) values of the indicated fluorophore-conjugated antibodies were chosen to represent

surface HLA class | expression on the cells.

5.2.4 W6/32 antibody purification, conjugation to beads, and HLA class I isolation

The pan HLA class I mouse antibody, W6/32, was purified from ascites using HiTrap Protein G
HP column (described in Chapter Three of this thesis). Briefly, ascites was passed through a
syringe filter (0.45 um) after centrifuging at 13000 rpm for 30 minutes at 4°C. An elution buffer
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was prepared by adjusting the pH of 0.1 M glycine to 2.7 using concentrated hydrochloric acid
(HCI). In addition, binding (20 mM sodium phosphate, pH 7.0) and neutralizing (1 M Tris-HCI,
pH 9.0) buffers were prepared and stored at 4°C until further use. The HiTrap column was washed
with 10 mL elution buffer and equilibrated with 25 mL of the binding buffer. The buffers were
passed through the column at 1 mL/minute. Following equilibration, the filtered ascites was
carefully loaded into the column and incubated at 4°C for 30 minutes. The column was rinsed in
50 mL of the binding buffer at a constant flow rate of 1 mL/minute. 200 pL neutralization was
aliquoted into 1.5 mL Eppendorf tubes, and the antibody was eluted into the neutralizing buffer
using 25 mL elution buffer in an aliquot of 800 puL. The antibody was concentrated and dialyzed
in the binding buffer multiple times to reduce the residual neutralizing buffer to values less than

4.5x 103 nM.

The purified antibody was coupled and cross-linked to PureProteome protein A magnetic beads
(Millipore Sigma; catalogue number: LSKMAGA10) using a protocol described by Kaur et al.
(2023) and Lamoliatte et al. (2017). Briefly, using a magnetic rack, the beads were washed in three
changes of 200 mM triethanolamine (pH 8.3) and added to the antibody for 1 hour at 4 °C. 1 mL
of bead slurry was added to 2 mg of the antibody. The beads were again washed three times with
200 mM triethanolamine (pH 8.3) and then incubated with 5 mM dimethylpimelimidate (DMP,
pH 8.3) (1:10) for 60 minutes at 20 — 25°C to cross-link W6/32. The reaction was quenched by
adding 5% (v/v) 1 M Tris-HCI (pH 8) to the bead slurry (50 uL per 1 mL) and incubating at 20 —
25°C for 30 minutes. After the cross-linking, the slurry was incubated with the elution buffer to
remove unbound or uncross-linked antibodies. Lastly, the beads were washed in three changes of

ice-cold 1X PBS, resuspended in 0.01% NaN3 in 1X PBS, and stored at 4 °C until further use. 20
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uL aliquots taken from every step of the coupling and cross-linking were subjected to SDS PAGE

and Coomassie brilliant blue staining to confirm W6/32 cross-linking with the beads (Figure 5.2B).

For HLA class I immunoaffinity precipitation and HLA class [-associated peptides elution, about
2 x 108 THP-1 cells or 5 x 108 THP-1-TAP-1-KO cells were lysed in a buffer containing 1X PBS,
I mM EDTA, 1 mM PMSF, 0.2 mM iodoacetamide, 1% octyl-beta-D-1-thioglucopyranoside,
0.25% sodium deoxycholate, and protease inhibitor (Sigma P8340 Cocktail (1:200)) for 1 hour at
4 °C on a rocker. The lysates were centrifuged at 13,000 rpm for 30 minutes at 4°C and incubated
with unfunctionalized (blank) beads (pre-washed in three changes of 1X PBS) for 30 minutes at 4
°C on a rotary shaker. The blank beads were rinsed in three changes of ice-cold 1X PBS, 1 mL
cold water, eluted three times with 0.2 mL of 0.2% trifluoroacetic acid (TFA), and washed again
in three changes of 1X PBS before being stored for further use. The lysates were incubated with
W6/32-cross-linked beads, and the beads were treated similarly to the blank beads to elute HLA

class I proteins.

A reverse phase chromatography was performed using C18 SepPak columns (Waters Corp,
Catalogue number: WAT020515) to purify peptides from the eluted HLA class I proteins. The
column was activated with 5 mL 80% acetonitrile containing 0.1% TFA and rinsed with 5 mL 0.1%
acetonitrile-free TFA. The sample was loaded onto the column and the flow through was passed
twice. The column was rinsed with 5 mL 0.1% TFA and the peptides were eluted using 1.5 mL
30% acetonitrile containing 0.1% TFA. Protein was eluted from the column with 1.5 mL 80%
containing 0.1% TFA. Saved fractions of various elutions were subjected to SDS PAGE and
immunoblot to confirm HLA class I precipitation (Figure 5.2C). The peptides were submitted to
the Proteomics Resource Facility at the University of Michigan for processing and mass

spectrometry data acquisition.
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5.2.5 Mass spectrometry

TMT-mass spectrometry improves both the number and relative quantification of eluted peptides
recovered from HLA class I immunopeptidome under various conditions (Mamrosh et al., 2023).
Hence, we used a TMT-mass spectrometry approach in this study. The samples were first subjected
to dithiothreitol treatment (5 mM) for half an hour at 45°C (cysteine reduction), followed by
cysteine alkylation by treatment with 2-chloroacetamide (15 mM) for another half an hour at 20 —
25°C. For protein precipitation, the samples were treated with six volumes of acetone, incubated
for about 12 hours at -20°C, and centrifuged to obtain pellets. The samples were labeled with 6-
plex tandem mass tag isobaric reagent (Thermo Fisher Scientific) following the manufacturer’s
instructions. The labeled samples were mixed (~200 pg), dried in a vacufuge, and fractionated to
eight using a peptide fractionation kit (Pierce; Cat no: 84868). The fractions were dissolved in 9
pl of 0.1% formic acid/2% acetonitrile after they were air-dried. THP-1 cells replicates 1, 2, and
3 were labeled with TMT channels 126, 127, and 128, while THP-1-TAP-1-KO cells replicates 1,

2, and 3 were labeled with 129, 130, and 131, respectively.

To achieve superior quantitation accuracy during MS analysis, we used the multinotch-MS3 liquid
chromatography approach, known to minimize reporter ion ratio distortion caused by co-isolated
peptide fragmentation (McAlister et al., 2014). The data was acquired on Orbitrap Ascend Tribrid
equipped with a FAIMS source (Thermo Fisher Scientific) coupled to a Vanquish Neo Ultra High-
Performance Liquid Chromatography (UHPLC) system. Upon data acquisition, the MS raw files
were exported to PEAKS for analysis. We searched the MS/MS spectra against the human protein
sequences in the UniProt /Swiss-Prot database downloaded in 2018. We set the mass tolerance for

precursor and fragment ions at 10 ppm and 0.02 Da respectively. Isotopic error correction was
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enabled. Similarly, methionine oxidation as well as N-terminal acetylation and cysteine
carbomidomethylation were allowed. Since the peptides were not digested prior to the MS/MS,
“None” was selected for the parameter, “enzyme specificity”. We used a false discovery rate of
0.01 to filter peptide-spectra matches. 8—14mer peptides were selected for further analysis. From
the three replicates of THP-1 or THP-1-TAP-1-KO samples, peptides present in only one replicate
(one out of three) were excluded, and only peptides present in at least two of the three replicates

were analyzed to generate the results presented here.

5.2.6 CRISPR-Cas9-mediated gene depletion

Single guide RNAs (sgRNAs) in 5-3° direction for invariant chain were
GCTTGGGAAGCTTCATGCGC and GCGCATGAAGCTTCCCAAGC (forward and reverse,
respectively. For RAB11A, the forward sgRNA was TGCGCGGCCGAGGAGCGAAA and the
reverse was TTTCGCTCCTCGGCCGCGCAC). The sgRNAs were cloned into lentiCRISPRv2
vector (Addgene, 52961). Briefly, 0.001 mL of 100 uM of each forward and reverse
oligonucleotides (oligos) were mixed with 6.5 ul. double distilled nuclease-free water, 0.001 mL
of 10X T4 ligation buffer and 0.0005 mL T4 polynucleotide kinase (NEB). The oligonucleotides
were phosphorylated and denatured at 37°C for half an hour and 95°C for 5 minutes respectively.
They were then placed on ice water for 1 minute to cool. 4 uL of the oligo mix was diluted to 1
mL (1:250) with nuclease-free water. 100 ng lentiCRISPRv2 was combined with 2 pL diluted
oligos, 2 uL 10X FastDigest buffer (Thermo Fisher Scientific), 1 mM DTT, I mM ATP, 1 uL
FastDigest BsmBI, 0.5 pL T4 ligase and the total volume was brought to 0.02 mL with double
distilled nuclease-free water. The digestion-ligation step was performed using six incubation
cycles at 37 °C for 5 minutes and 23 °C for 5 minutes in a thermocycler (Agilent Technologies

SureCycler 8800). The ligation mix was held at 4 °C until further use.
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For plasmid preparation, 0.05 pLL STBL3 pre-chilled on ice were incubated with 1 — 2 pL of the
ligation mix on ice for half an hour, transferred to a water bath at 42°C for 45 seconds, and placed
on ice for 2 minutes. To recover from the heat shock, 0.5 mL of super optimal broth was added to
the cells, and they were cultured at 37°C for 60 minutes, with constant shaking. After this, the cells
were spun at 5,000 rpm for 2 minutes, and about 80% of the medium was removed. The cells were
resuspended in the remaining media and cultured on Luria Bertani (LB) agar supplemented with
ampicillin (100 pg/mL). The cells were allowed to grow for 16 hours at 37°C. Using a sterile
plastic loop, a discrete colony was selected and grown in ampicillin-supplemented LB broth
overnight. The plasmid was isolated using the Promega Wizard® Plus SV Minipreps DNA
Purification kits and assessed for purity and concentration using NanoDrop spectrophotometer
(Thermo Fisher Scientific). The cloning was confirmed using Sanger sequencing with the human

U6 forward primer (5’-GAGGGCCTATTTCCCATGATT-3").

5.2.7 RAB11A depletion by siRNA

RABI11A was knocked down using the ON-TARGET plus SMARTpool siRNA (Dharmacon,
Catalogue number: J-004726-07). 15 puL of 20 uM the siRNA or non-targeting siRNA (negative
control siRNA) and 15 pL of HiPerFect transfection reagent were placed in 0.5 mL OptiMEM,
vortexed briefly and left to incubate undisturbed at 20 — 25°C for 15 minutes. The transfection mix
was placed in a 6-well plate and 0.5 x 10° THP-1 or THP-1-TAP-1-KO cells in 1 mL filtered,
antibiotic/antimycotic-free modified RPMI were added to the plate dropwise. The plate was gently
swirled to mix the cells and transfection mix, and the cells were incubated at 37°C for 4 hours in
the presence of 5% CO.. The culture medium was made up to 2 mL and the cells were cultured for

48 hours.
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5.2.8 Immunoblot

Cells were placed in a pre-chilled lysis buffer (50 nM TRIS, 1% triton, 150 nM NaCl, and 5 mM
CaCl; for 1 hour). The lysates were cleared by centrifuging at 13 000 RPM for half an hour at 4°C.
The supernatant was collected, boiled in 1X SDS for 5 minutes, and subjected to 4 — 20% (Bio-
Rad, catalog number: 4561096) SDS-PAGE at 120V for 120 minutes. The proteins were
transferred from the blots to a 0.45 uM pore size polyvinylidene fluoride (PVDF) membrane
(Millipore; Catalogue number: IPFL00010). The membrane was blocked in 5% skimmed milk in
1X TBST for 30 minutes and blotted with indicated primary antibodies (Table 6.2) for one and a
half hours at 20 — 25°C or overnight at 4°C. The membrane was blotted with goat-anti-rabbit
secondary antibody for 30 minutes after washing in three changes of 1X TBST for 10 minutes
each. The membrane was washed in another three changes of 1 X TBST for 100 minutes each and
then treated with enhanced chemiluminescence reagents (Invitrogen; Catalogue number: P132106)
following the manufacturer’s protocol. The membranes were exposed to X-ray film (HyBlot CL,

Thomas Scientific) to detect the chemiluminescent signals on the membrane.

Table 5.1: Antibodies used for detecting RAB11A and CD74 expression.

Protein Antibody (Catalogue number, vendor)

RABI1A Rab11A-specific antibody (202291-AP, Proteintech)
Vinculin Vinculin antibody (13901S, Cellsignaling Technology)
CD74 CD74 antibody (PA5-29395, ThermoFisher scientific)
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5.3.0 Results

5.3.1 TAP deficiency downmodulates HLA class I allotype to different extents in THP-1 cells

To study the immunopeptidome of HLA class I in a TAP-deficient condition, we genetically
knocked out T4P-1 (the gene encoding the TAP-1 subunit of TAP) in THP-1 cells using a lentiviral
CRISPR-Cas9-based targeting vector. The THP-1 cells used (ATCC) are known to have HLA-
A*02:01, B*15:11, and C*03:03 alleles (McMurtrey et al., 2016; Nyambura et al., 2018). We
confirmed this genotype by genotyping at HLA A, B, and C (Yarzabek et al., 2018). TAP1
knockout in the cells was confirmed by immunoblot after immunoprecipitating TAP1 using an
anti-TAP1 antibody (148.3) (Meyer et al., 1994) (Figure 5.1A). Flow cytometric measurements of
the HLA class I allotypes expressed on the surface of THP-1 cells show significant reductions in
B*15:11 (p-value < 0.01), C*03:03 (p-value < 0.01), and A*02:01 (p-value < 0.05), successively
using relevant antibodies (Figure 5.1B). The HL A class I allotypes were assessed using BB.7, anti-
Bw6, or DT-9, antibodies. These antibodies specifically measure HLA-A*02 (Parham & Brodsky,
1981), HLA-Bwo6 (Lutz et al., 1994; Yarzabek et al., 2018), or HLA-C (Braud et al., 1998) of the

classical HLA class I alleles, respectively.
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Figure 5.1 Expression of HLA class I allotypes in TAP1-KO cells. A) Immunoblot of empty
vector (EV)- or TAP-1-gRNA-transduced THP-1 cells obtained after immunoprecipitation from
cell lysates with anti-TAP-1 (148.3). HC: heavy chain of anti-TAP-1 (148.3). B-D) Flow
cytometric analyses of cell surface HLA-A2 (B, n =5), HLA-Bw6 (C; n=4), and HLA-C (D; n=
6) on THP-1 or THP-1-TAP-1-KO cells measured by flow cytometry after staining the cells with
the indicated antibodies. Indicated HL A class I was compared using a paired #-test. * (p-value <

0.05), ** (p-value < 0.01).

5.3.2 Isolation of HLA class I associated peptides from wild-type and TAP-deficient cells

The schematic for peptide elution, TMT tags labeling, mass spectrometry, and data analysis is
shown in Figure 5.2A. HLA class I proteins bearing peptides interact with W6/32, an antibody that
specifically interacts with a conformational epitope formed by the o domains and 2-microglobulin
of HLA class I proteins (Barnstable et al., 1978; Pymm et al., 2024). W6/32 was coupled and cross-

linked with proteome A magnetic beads (Figure 5.2B), and the functionalized beads were incubated
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with lysates prepared from THP-1 or THP-1-TAP-1-KO cells. The immunoprecipitated peptide-
HLA class I complexes were eluted from the beads and further fractionated into peptides and
proteins by reverse phase chromatography using C18 SepPak columns (Figure 5.2C). The peptides

were subjected to liquid chromatography and mass spectrometry.
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Lysate class | complex  peptides peptides
\/ \/ TFA i/ C18 SePak \/ T™T \/
Parental THP-1 or Lysate + W6/32-

THP-1-TAP-1-KO cells conjugated beads

(3X)

Relztive abundance

Data Analysis

A
~
| =
Filter peptides (8-12 mer) / *
with the right motif and Retetlon e
represented at least twice

in3runs

Compare groups

C

48 HLA class |

— |W6/32

(E1+E2) w e
E (80% ACN) '

WMo oor-N® No8 38 308030
c5gEEEssg SHEEHE
W wweo o, gﬁagmmggﬁugm
FFFESE2Snom BOB+ + R B0+

S Saona > >0 S >>2
5°5 3535583550
w

THP-1 THP-1-TAP-1-KO

Figure 5.2 Isolation of HLA class I-bound peptides from wild-type and TAP-deficient cells.
A) Schematic for immunopeptidome isolation and TMT labeling. B) SDS PAGE of W6/32
monoclonal antibody coupling and cross-linking with proteome A magnetic beads. W6/32a: 5 uLL
W6/32 antibody, W6/32b: 15 uL of the supernatant after incubating W6/32 with the beads, TEA1-
3: 15 uL of Triethanolamine washes, Glycine EO: 10 uL of 0.1 M glycine elution from W6/32-
coupled but uncross-linked beads, Glycine F1: 15 uL of supernatant after cross-linking W6/32-
beads using dimethylpimelimidate, Glycine EO: 10 pL of 0.1 M glycine elution from beads after
cross-linking, PBS1-3: successive 1X PBS washes. C) Immunoblot of HLA class I purified from
THP-1 or THP-1-TAP1-KO lysates using the W6/32-cross-linked beads. Lysate bb and ab: 5 uL
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lysate before and after incubation with blank (unfunctionalized) beads respectively, Lysate aw: 5
Lysates after incubating with W6/32-cross-linked beads, (E1 + E2) b: Elutions 1 and 2 from blank
beads, (E1 + E2) w: Elutions 1 and 2 from W6/32-cross-linked beads, E (80% ACN): 80%

acetonitrile elution from C18 chromatography column.

5.3.3 Parental and TAP-1-KO THP-1 cells share a large fraction of their HLA class I peptides

A total of 311 peptides were identified in at least 2 of the 3 THP-1 or THP-1-TAP1-KO replicate
samples on which mass spectrometry was performed (Figure 5.3). Of this number, 50 and 6
peptides are unique to wild-type THP-1 and TAP-deficient THP-1 cells, respectively. Notably,
more than 80% (255) of the total peptides recovered are presented by both THP-1 and THP-1-
TAP-1-KO cells. We refer to these peptides as “shared peptides”. More than half (58.04% [148])
of the shared peptides have neither preference for wild-type THP-1 nor THP-1-TAP-1-KO cells.
However, 29 and 78 are preferentially presented by TAP-deficient and wild-type THP-1 cells

respectively. The peptide preference was determined based on multiple paired t-tests.
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Figure 5.3 Parental and TAP1-KO THP1 cells share a large fraction of their HLA class I
peptides. Quantitative Mass spectrometric analyses of peptides from three independent HLA class
I peptide elutions of parental and TAP-1-deficient THP-1 cells. Eluted peptides were TMT labeled
and subjected to mass spectrometric analyses. Identified peptides were classified as unique to TAP-
1-KO or parental cells if detected among peptides unique to one cell line, but absent in all three
runs of the second. For shared peptides, a multiple paired t-test analysis was undertaken to identify
those preferred in the parental or TAP1-KO cells, or those found to have similar abundance in both.
A proportional Venn diagram of HLA class I peptides unique to or shared between THP-1 and
THP-1-TAP1-KO cells. Data analyses were performed by Avrokin Surnilla, Amanpreet Kaur, and
Malini Raghavan.
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5.3.4 THP-1 HLA class I alleles present peptides with unique amino acid motifs.

To understand the nature of peptides presented by each HLA class I allele expressed by the THP-
1 cells from ATCC, sequence logos were generated for previously published peptides that were
eluted from A*02:01 or C*03:03 and identified using a mass spectrometric approach (Sarkizova
et al, 2020). The sequence logos were generated using the Seq2Logo-2.1
(https://services.healthtech.dtu.dk/services/Seq2Logo-2.1/)(Thomsen & Nielsen, 2012). Sequence

logos were also generated for B*15:11 peptides retrieved from IEDB (https://www.iedb.org/). The

binding motif of HLA-A*02:01 favors leucine or other bulky hydrophobic amino acid residues
such as valine and isoleucine at the P> and the Pc anchor positions across 9-12mers (Figure 5.4A).
HLA-B*15:11 is consistently selective for proline at the P, position but prefers tyrosine,
phenylalanine, or leucine at the Pc position (Figure 5.4B). C*03:03 strongly prefers phenylalanine
and tyrosine, aromatic amino acids with bulky side chains, at the Pq position. In addition to the Pi,
C*03:03 exhibits a degree of flexibility at the P, position, binding both hydrophobic (alanine,
isoleucine, and valine) and polar uncharged residues (serine) (Figure 5.4C). Furthermore, C*03:03
exhibits flexibility for hydrophobic (leucine) and positively charged (lysine and arginine) residues

at the Pc position (Figure 5.4C).
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Figure 5.4 Seq to logo plots of HLA-A, -B, and -C alleles in THP-1 cells. The seq to logo plots

for HLA-A*02:01 and C*03:03 were plotted using peptides identified by mass spectrometry,

previously published by (Sarkizova et al., 2020). For B*15:11, the seq to logo plots were plotted

using high-affinity peptides for B*15:11 available in the Immune Epitope Database and Tools

(IEDB)( https://www.iedb.org/home_v3.php). These plots were generated by Avrokin Surnilla.
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5.3.5 The distribution by length of peptides unique to or preferred by TAP-deficient THP-1

cells varies among HLA class I alleles.

The peptides unique to or preferred by THP-1-TAP-1-KO cells were further assigned to A*02:01,
B*15:11, and C*03:03. The peptides were assigned using the percentile rank of the eluted ligand
(EL) likelihood scores (% Rank EL) of their binding affinities with HLA class I alleles, computed
with NetMHCpan-4.1 (https://services.healthtech.dtu.dk/services/NetMHCpan-4.1/)(Reynisson et
al., 2020). The NetMHCpan-4.1 predicts the binding affinity of peptides to HLA class I
alleles using artificial neural networks and transforms the predicted binding affinity scores by
normalizing them across HLA class I alleles (Reynisson et al., 2020). This transformation accounts
for cellular processes that may confound the predicted binding affinity scores and enables
comparisons of the binding affinity of different peptides to a given HLA class I allele against the
backdrop of some random natural peptides (Reynisson et al., 2020). The threshold for the % Rank
EL was < 0.5% for strong binders and > 0. 5% to <2% for weak binders. The peptides preferred
to or unique to TAP1-KO cells (Figure 5.3) were assigned to the HLA class I allotype for which
they have the lowest %Rank EL score. Where the %Rank EL scores were high and comparable
among the three alleles, peptides were assigned based on their seq-to-logo motif relative to the
seq-to-logo motifs of HLA class I-associated peptides (Figure 5.4). Using these criteria, 19, 13,
and 2 peptides were assigned to HLA-C*03:03, HLA-A*02:01, and HLA-B*15:11, respectively
(Figure 5.5A). These peptide counts are consistent with the findings of a greater loss in HLA-B

expression in TAP1-KO cells compared with HLA-A*02:01 or HLA-C*03:03.

Based on the length distribution of the peptides (Figure 5.5B), A*02:01 is mostly restricted to
9mers. Similarly, the 2 peptides presented by B*15:11 are 9mers. In contrast, C*03:03 presents

mostly 10mers, followed by Ilmers and 12mers, suggesting more length flexibility for this
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allotype. The peptides assigned to A*02:01 also generally have high predicted affinities,
demonstrated by the closely clustered low % Rank EL values (Figure 5.5C). On the other hand,
peptides assigned to C*03:03 have a broader range of % Rank EL (Figure 5.5C). Based on their
broad predicted affinity distributions, some peptides assigned to C*03:03 may bind non-classical

HLA class I expressed in TAP-deficient cells or are non-specific.
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Figure 5.5 Number of peptides, length, and affinity distributions by alleles. A) HLA class I
assignments of unique to or preferentially detected in TAP1-deficient THP1 cells. B) Length
distribution of peptides assigned to A*02:01 and B*15:11. C) Distribution of percentile rank of the
eluted ligand (EL) likelihood scores (% Rank EL) of peptides assigned to HLLA class I alleles. The
% Rank FLE was computed from NetMHCpan-4.1
(https://services.healthtech.dtu.dk/services/NetMHCpan-4.1/). It is predicted binding affinity

scores normalized across random natural peptides of HLA alleles to account for cellular processes

that may confound the predicted binding affinity scores (Reynisson et al., 2020).
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5.3.6 Subcellular distributions of source proteins from TAP-deficient THP-1 cells indicate

non-canonical peptide sources for HLA class I assembly.

In the canonical HLA class I antigen presentation pathway, peptides are predominantly generated
from cytosolic proteins and translocated into the ER where they are loaded onto HLA class I
proteins. To identify the source protein of peptides presented by HLA class I, the peptides were
mapped to all human proteins in the UniProt database (https://www.uniprot.org/id-mapping) and
information about the subcellular localization of their source proteins were retrieved. As presented
in Figure 5.5A, peptides unique to or preferred by wild-type THP-1 cells are mostly derived from
proteins in the cytoplasm and the nucleus. In contrast, mitochondrial, ER, and secreted proteins
are more frequent source proteins for peptides unique to or preferred by THP-1-TAP-1-KO cells.
Additionally, and consistent with previous reports (Marijt et al., 2018; Wei & Cresswell, 1992),
peptides derived from the ER-localization signal sequence are enriched in TAP-deficient THP-1
cells relative to the wild-type (Figure 5.5B). This differential protein source landscape suggests
that when peptide transport by TAP is impaired, peptides may be derived from non-canonical
sources such as the endosomes (for secreted proteins), ER, and mitochondria to sustain antigen

presentation.
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Figure 5.6: TAP-KO unique or preferred peptides’ protein source. Mitochondrial, secreted,
and ER proteins (A), in addition to signal peptides (B), are more frequent source proteins for
peptides bound to HLA class I in TAP-deficient cells. These analyses were performed by Avrokin

Surnilla.
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5.3.7 Bafilomycin treatment compromises HLA class I surface expression on wild-type and

TAP-deficient cells

The presentation of peptides from non-canonical sources in TAP-deficient cells (Figure 5.6A)
suggests possible processing and assembly of endogenous peptides beyond the ER. Endocytic
organelles have been implicated as providing a suitable compartment for the assembly of antigenic
exogenous peptides with HLA class I proteins and their cross-presentation under TAP-deficient
conditions (Barbet et al., 2021; Sengupta et al., 2024). Another recent study has also implicated
endocytic organelles, particularly the endolysosomes, in the assembly and presentation of
endogenous peptides by some HLA class I allotypes in professional antigen-presenting primary
cells, with normal TAP functioning (Olson et al., 2023). Against this backdrop, we hypothesize
that endocytic organelles are involved, at least, in a supplemental assembly of endogenous peptides

with HLA class I proteins under TAP-deficient conditions.

To test this hypothesis, we evaluated the contribution of endolysosomes, which are gradient pH-
dependent compartments, to HLA class I surface expression in TAP-deficient THP-1 cells. THP-1
and THP-1-TAP-1-KO cells were treated with 200 nM bafilomycin (BafA1) for 1-4 hours, and the
surface HLA class | expression was measured using the pan-HLA class I antibody, W6/32, at the
time points. Bafilomycin A1 (BafA1) disrupts pH-dependent endocytic processes by inhibiting the
acidification inhibiting V-ATPases and the transport of hydrogen ions (H', proton) into the
organelles. BafA1l is specific for V-ATPases and over the years, has become a formidable
pharmacological agent for studying endocytic recycling of proteins, including HLA class I
molecules (Johnson et al., 1993; Olson et al., 2023; Presley et al., 1997; Roeth et al., 2004). The
flow cytometric analysis shows that relative to untreated cells, the pan surface HLA class |

expression in both wild-type and TAP-deficient THP-1 cells is consistently reduced by BafAl
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treatment. Notably, THP-1-TAP-1-KO cells showed greater susceptibility to BafAl, with a
statistically significant difference (p < 0.05) observed four hours post-treatment. This result
suggests a constitutive use of the pH-dependent endolysosomal pathway for HLA class I recycling
in wild-type and TAP-deficient cells. Wild-type cells lose HLA class I expression more
significantly in response to bafilomycin treatment compared with TAP1-KO cells, which is likely

due to the expected faster degradation (vs. recycling) rates of HLA class I in the TAP-deficient

cells.
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Figure 5.7: Bafilomycin treatment compromises HLA class I surface expression on wild-type
and TAP-deficient THP-1cells. The cells were treated with 200 nM BafA 1 or dimethyl sulfoxide
at the indicated time, and flow cytometry was performed to assess surface HLA class I after
staining with W6/32-FITC on ice for 30 minutes. Representative histograms (left) and averaged
data across 5 experiments (right) are shown. Surface HLA class I in THP-1 and THP-1-TAP-1-KO

cells were compared by a paired -test. * = p value < 0.05.
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5.3.8. RAB11A depletion decreases surface HLA class I on wild-type and TAP-1-deficient

THP-1 cells

RABI11 proteins are members of the RAB family of small GTPases that play significant roles in
recycling membrane proteins from endocytic compartments to the plasma membrane. RAB11-
dependent recycling contributes to HLA class I assembly with peptides, especially during cross-
presentation (Adiko et al., 2015; Nair-Gupta et al., 2014). To further examine the involvement of
endocytic recycling in constitutive HLA class I assembly under wild and TAP-deficient conditions,
we depleted RAB11A in wild-type THP-1 and THP-1-TAP-1-KO cells using RAB11A
SMARTpool ON-TARGET plus siRNA (L-004726-00-0010, Dharmacon), adapting a protocol
previously described (Troegeler et al., 2014). RAB11A depletion was confirmed by immunoblot
(Figure 5.8A) and surface HLA class I expression was measured by flow cytometry (Figure 5.8B).
The analyses revealed that RABI1A depletion reduces surface HLA class [ on the plasma
membrane of both THP-1 and THP-1-TAP-1-KO cells. In addition to the siRNA-based approach,
we depleted RAB11A in THP-1 cells using the CRISPR-Cas9 method (Figure 5.8C) and measured
the surface HLA class I (Figure 5.8D). Consistent with our initial observation, CRISPR-Cas9-
mediated depletion of RAB11A significantly reduces surface HLA class I on THP-1 cells. These
findings support the model that RAB11A contributes to the constitutive recycling of HLA class |

not only in TAP-deficient THP-1 cells but also in wild type cells.
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Figure 5.8: RAB11A depletion decreases surface HLA class I on wild-type and TAP-deficient
THP-1 cells. A) Immunoblot showing RAB11A knockdown in THP-1 and THP-1-TAP-1-KO cells
by siRNA. B) Surface HLA class I on THP-1 and THP-1-TAP-1-KO cells with or without RAB11A
knockdown, measured by flow cytometry after staining with W6/32-FITC. Representative
histograms (left) and averaged data across 4 experiments (right) are shown. C) Immunoblot
showing RAB11A knockdown in THP-1 cells by CRISPR-Cas9. D) Surface HLA class I on THP-
1 cells with or without CRSISPR-Cas9-mediated RAB11 depletion, measured by flow cytometry
after staining with W6/32-FITC. Representative histograms (left) and averaged data across 4

experiments (right) are shown.
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5.3.9 Invariant chain depletion increases surface HLA class I expression on TAP-deficient

THP-1 cells

Next, we investigated whether the invariant chain (Ii or CD74), a multifunctional glycoprotein that
plays a crucial role in the biosynthesis of HLA class II and antigen presentation to CD4" T cells
(Jones et al., 1979; Schroder, 2016), might also play a role in the trafficking of HLA class I to
endosomal compartments. CD74 has been suggested to mediate endosomal trafficking of MHC
class I during cross-presentation (Basha et al., 2012; Sugita & Brenner, 1995). CD74 interacts
with MHC class I proteins in the ER and facilitates their trafficking to endolysosomal
compartments (Sugita & Brenner, 1995). Given these prior findings related to CD74, we
investigated whether and how CD74 influences endosomal assembly and trafficking of HLA class
I in parental or TAP-deficient THP-1 cells. CD74 was depleted in THP-1 or THP-1-TAP-1-KO
cells using the CRISPR-Cas9 approach and stained with W6/32-FITC to measure the surface HLA
class I expression by flow cytometry. As shown in Figure 5.9B, whereas surface HLA class |
expression is unaffected by CD74 depletion in wild-type THP-1 cells, CD74 depletion moderately
increases surface HLA class I in THP-1-TAP-1-KO cells. These results suggest that in TAP-
deficient THP-1 cells, HLA class I molecules transported to endocytic compartments in a CD74-
dependent manner are degraded rather than productively assembled for further transport to the
plasma membrane. The destination endocytic/lysosomal compartment following CD74-dependent
transport could be unfavorable for assembly and likely distinct from Rablla" recycling

compartments.
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Figure 5.9: CD74 depletion increases surface HLA class I expression in TAP-deficient THP-

1 cells. A) Immunoblot showing CD74 expression levels in THP-1 or THP-1-TAP-1-KO cells

transduced with empty lentivirus CRISPR-Cas9 vector (EV) or CRISPR-Cas9 vector expressing
CD74 single guide RNA (CD74-sgRNA). B) Surface HLA class I on THP-1 or THP-1-TAP-1-KO

cells measured by flow cytometry after staining with W6/32-FITC. Representative histograms are

shown on the left and compiled data from 3 experiments are on the right. Paired #-tests were used

for pair-wise comparisons. ns = p > 0.05, ** = p value < 0.01.
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5.4 Discussion

Peptide availability to HLA class I proteins in the ER relies on a TAP-dependent transport
mechanism. Hence, in TAP dysfunctional conditions, HLA class I-peptide assembly is
compromised, resulting in decreased surface expression and peptide presentation to effector cells.
Although TAP deficiency downmodulates all HLA class I, the flow cytometric assessment of
surface HLA class I alleles using specific antibodies (Figure 5.1B-D) revealed a differential
dependence on TAP among the representative HLA-A, -B, and -C alleles, with HLA-B*15:11 most
severely affected. This difference could have clinical consequences in the context of infections or
diseases that impair TAP function. The relative dependence of HLA-B alleles upon TAP for their
expression has been investigated previously (Geng et al., 2018). However, the extent to which TAP
dysfunction affects various HLA-A and -C allotypes differently has not been investigated

and hence remains an important area of further research.

The W6/32 immunoaffinity approach used in this study effectively precipitated HLA class I-
peptide complex (Figures 4.2B and C). However, the number of peptides recovered through mass
spectrometry is generally low, especially in the wild-type cells (with a functional TAP) in which
more peptides were expected (Figure 5.3). This poor peptide recovery requires additional
optimization of the protocol used for peptide isolation and mass spectrometric analysis.
Nevertheless, the findings from this study are still valid and provide some novel insights into HLA
class I assembly and antigen presentation in cells lacking TAP function. For instance, the flow
cytometric assessment of surface HLA class I presented in Figures 4.1B-C, shows that some HLA
class I are still expressed on the cell surface despite TAP deficiency, and corroborates the mass
spectrometry results that a large fraction of peptides (up to 80%) is shared by THP-1 and THP-1-

TAP-KO cells (Figure 5.3). Notably, the severe (~14-fold) downmodulation of HLA-B*15:11 in
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TAP-deficient THP-1 cells (Figure 5.1C) translates to a severe reduction in the number of peptides
(2 peptides) presented by the allele in THP-1-TAP-1-KO cells. Although HLA-C*03:03 is more
dependent on TAP than HLA-A*02:01 (3.8- vs 2.3-fold reduction of surface expression in THP-
1-TAP-1-KO cells) (Figures 4.2B and D), more TAP-independent or TAP-KO preferred peptides
associate with HLA-C*03:03 (prediction of 19 peptides) than HLA-A*02:01 (13 peptides) (Figure
5.5A). This unexpected difference could be explained by the more restrictive anchor motifs of
HLA-A*02:01 (Figure 5.5C), which may prevent the binding of some low-affinity peptides to the
allotype under the suboptimal assembly conditions induced by TAP deficiency. This view is
supported by the higher prevalence of peptides with predicted lower affinities that are presented

by HLA-C*03:03 compared to HLA-A*02:01 (Figure 5.5C).

This study has identified novel TAP-independent peptides or peptides preferred by HLA class I
alleles in TAP-deficient conditions, increasing the repertoire of peptides that could be explored for
effective immunotherapies against infectious diseases or malignant conditions that disrupt the
peptide transport function of TAP. The peptides unique to TAP1-KO cells are potential candidates
for T-cell epitopes associated with impaired peptide processing (Marijt et al., 2018; Marijt et al.,
2019) and should be further explored for CD8" T-cell activation. The study has also provided
insights into HLA class I antigen presentation pathways and the nature of peptides presented in
TAP-deficient cells. Notably, the extensive peptide sharing (> 80%) between wild-type and TAP-
deficient cells suggests common pathways for peptide acquisition or select proteins under both
conditions are favoured as peptide sources. One such pathway could involve Rablla+ endocytic
recycling compartments previously shown to be relevant to cross-presentation (Figure 5.10). Data
in Chapter 3 support a Golgi-dependent trafficking pathway model for the cell surface expression

of HLA class I in TAP-deficient cells. At least a subset of such HLA class I is expected to be
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suboptimally loaded and peptide-receptive, following internalization through endocytosis.
Subsequent assembly of the endocytosed HLA class I with peptides that are present or generated
within early endosomes could allow for their enhanced recycling to the plasma membrane. This
model (Figure 5.10) is consistent with both the bafilomycin (Figure 5.7A) and Rabl1a (Figures
5.8B and D) sensitivity of HLA class I expression in wild-type and TAP-deficient cells. This model
also supports the view that constitutive endosomal assembly can supplement ER assembly both
under wild-type conditions (Olson et al., 2023) and when components of the antigen presentation

machinery are impaired.

Overall, this study provides evidence for the involvement of endosomal pathways for HLA class |
trafficking, which operates constitutively in both TAP-deficient and wild-type THP-1 cells.
Although the small GTPase RAB11A promotes HLA class I recycling in TAP-deficient cells, the
HLA class II invariant chain is associated with the degradation of HLA class I molecules. Thus,
the endosomal assembly of HLA class I and class II is expected to involve distinct endocytic

compartments.
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Figure 5.10: Suboptimally assembled HLA class I proteins undergo supplemental endosomal
assembly in a pH- and Rablla-dependent manner: A) Conventional HLA class I antigen
presentation. Peptides generated in the proteasome are transported into the endoplasmic reticulum
via TAP and are presented on the plasma membrane in a trans-Golgi-dependent pathway. B)
Suboptimally assembled HLA class I proteins are internalized from the plasma membrane into an
early endosome and proceed to a late endosome. The late endosome fuses with an antigen-bearing
lysosome to form an endolysosomal compartment. Within this compartment, antigens are
assembled with HLA class I and presented on the plasma membrane. This pathway is gradient pH-
dependent and hence sensitive to brefeldin A. HLA class I in the early endosomes may quickly
recycle to the plasma membrane through the fast-recycling route (FR) or are sorted into endocytic

storage compartments (ESC, also known as endocytic recycling compartments, ERC) or recycling
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endosomes and recycled to the plasma membrane in a Rabl1a-dependent pathway. The recycling
from endosomes may be influenced by other factors not investigated in this study, including
Rab22a and molecules interacting with CasL-like protein 1 (MICAL-L1) (Blander, 2016; Grant &
Donaldson, 2009; Montealegre & van Endert, 2018; van Endert, 2016). Image created in

BioRender.com.

5.5 Conclusion

TAP-deficient THP-1 cells derive many peptides from non-canonical sources, but a large fraction
of the peptides is shared with wild-type THP-1 cells. Endosomal assembly contributes to HLA
class I assembly in TAP-deficient THP-1, as well as the wild-type cells. Although some HLA class
I molecules are expressed on the cell surface via an endosomal pathway, CD74 mediates

degradation of HLA class Tunder TAP deficiency.
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GENERAL DISCUSSIONS

HLA class I proteins are transmembrane glycoproteins that play a crucial role in immunity by
presenting antigens from intracellular (endogenous) or extracellular (exogenous) sources to CTLs.
HLA class I proteins also moderate the activities of NK cells, ensuring a dynamic balance between
NK cell activation and inhibition. The conventional pathway for HLA class I antigen presentation,
which involves the transport of antigens from the ER to the plasma membrane through the Golgi,
relies on TAP to translocate peptides from the cytosol into the ER (Blum et al., 2013; Deverson et
al., 1990). Many viruses and cancers have evolved strategies to disrupt TAP function and antigen
presentation, and evade immune surveillance (Mantel et al., 2022). However, HLA class proteins
are highly polymorphic, and some allotypes exhibit less dependence on peptide transport by TAP
(Geng et al., 2018). Such allotypes can present antigens for CTL activation even under TAP-

deficient conditions.

The pathway for TAP-independent HLA class I antigen presentation and the nature and repertoire
of peptides presented are poorly understood. Generic knowledge about N-glycan maturation
during ER-Golgi glycoprotein trafficking (Aebi, 2013; Stanley et al., 2022), emerging concepts of
ER stress-induced unconventional protein secretion (Ahat et al., 2022; Chiritoiu et al., 2019;
Cleyrat et al., 2014; Gee et al., 2011; Kim et al., 2018; Nuchel et al., 2021), ER retention of
misfolded HLA class I molecules in TAP deficient cells (de la Salle et al., 1999; Ljunggren et al.,
1990; Raposo et al.,; 1995) and the discovery of Endo-H sensitive glycoforms on TAP-independent
surface HLA class I molecules (Geng et al., 2018) offer valuable clues about HLA class I
trafficking pathway under TAP deficiency. Briefly, secreted glycoproteins marked by Endo-H

sensitive (immature) high mannose glycans are largely attributed to ER-stress-induced
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unconventional (Golgi-bypass) trafficking; hence, it is likely also that TAP-independent HLA class

I proteins utilize the unconventional secretory pathway.

Our survey of the unconventional pathway, depleting key factors implicated in unconventional
trafficking, including GRASPS55 (Ahat et al., 2019; Ahat et al., 2022; Gee et al., 2011; Rabouille,
2017), Sec22B (Barbet et al., 2021), and others (not reported in this thesis), yielded no evidence
of unconventional HLA class I secretion specific to TAP deficiency (Figure 3.2). Rather,
GRASPS55 depletion decreases surface HLA class I expression in both wild-type and TAP-deficient
cells, suggesting that a GRASP55-dependent pathway is operational in both conditions for HLA
class I trafficking. GRASPS5-mediated unconventional protein secretion is ER-stress and unfolded
protein response-dependent (Ahat et al., 2019; Ahat et al., 2022; Chiritoiu et al., 2019; Nuchel et
al., 2021). Since we did not observe any evidence, at least, of canonical unfolded protein response
induction in either the TAP-deficient or the wild-type cells (Figure 3.2), it does appear that the
influence of GRASPS55 on HLA class T trafficking in these cells is not dependent on ER stress

induction.

GRASPS55 contributes to the structural integrity of the Golgi by participating in the Golgi stacking
formation (Shorter et al., 1999). However, a significant functional redundancy of GRASPS55 with
its Golgi-resident homologue, GRASP65, has been reported, with only minimal or no Golgi
stacking defects observed when either protein is depleted (Chiritoiu et al., 2019; Xiang & Wang,
2010; Zhang & Seemann, 2021). This suggests that the reduced HLA class I trafficking observed
in our study is likely not induced by structural impairment of the Golgi, although we did not
examine the Golgi structure. A study examining the function of GRASP55 and GRASP65 reported
that the depletion of either or both proteins affects protein sorting, but this effect does not stem

from structural impairment of the Golgi, unconventional protein secretion, or ER stress (Xiang et
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al., 2013). The study found that upon depletion of GRASP55 or both GRASP55 and GRASP65,
immature cathepsin D is missorted from the endosome/lysosome and instead secreted from the cell
(Xiang et al., 2013). Although other endosomal/lysosomal proteins were not studied, this finding
suggests a possible impaired endosomal/lysosomal function due to protein missorting under the
GRASPS55-impaired condition. A recent study (though yet to be peer-reviewed) indeed reported
the missorting and secretion of lysosome-associated proteins, such as the beta-hexosaminidase
subunit alpha, into extracellular compartments (Akaaboune et al., 2024) in GRASP55 knockout
cells, hence confirming that GRASP5S5 alters the lysosomal proteome, and by extension, lysosomal

functions.

Our findings in Chapter 5, that disruption of pH gradient-dependent endolysosomal functions
(Figure 5.7) or recycling via Rablla-marked endocytic compartments downmodulates surface
HLA class I expression in both wild-type and TAP-deficient cells, could explain the observed eftect
of GRASPS55 knockout on surface HLA class I expression. The assembly of endogenous peptides
with HLA class I appears to be a constitutive event that contributes to antigen presentation more
than appreciated in the past (our current data (Figures 5.7 and 5.8), Olson et al. (2023), and our
unpublished data strongly support this position). Hence, it is plausible that GRASPS55 depletion
delocalizes from endolysosomes, proteins (enzymes) relevant to the constitutive HLA class I
assembly in these compartments. GRASP55 knockout therefore reduces surface HLA class |
expression. Further studies are required to confirm this unexpected but possible pathway through

which GRASPS5S regulates HLA class [ trafficking.

Our data also revealed that TAP-independent HLA class I proteins utilize the ER-trans-Golgi
(conventional) pathway (Figure 3.4), even though they retain their high mannose glycans on the

plasma membrane (Figures 3.1D and E). We did not find evidence of a co-trafficking chaperone
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under TAP deficiency that could prevent the high mannose glycans on HLA class I from being
trimmed by glycan processing enzymes (Figures 3.6B and G). Additionally, significant changes in
the expression of mannose-trimming enzymes were not observed, at least at the mRNA level
(Figure 4.3). Moreover, although TAP deficiency specifically induces high mannose glycoform on
HLA class I proteins (Figure 3.7), the high mannose induction is not specific to TAP deficiency, as
other factors that compromise peptide assembly and increase misfolded HLA class I in the ER, for
example, tapasin, also induce the high mannose glycoforms on surface HLA class I proteins
(Figures 3.8C and D). Taken together, these findings suggest that when misfolded HLA class I
proteins build up beyond the quality control capacity of the ER, HLA class I with high mannose
glycans are exported to the plasma to maintain ER homeostasis. Hence, TAP deficiency does not
induce ER stress (Figure 3.2) even though it increases misfolded HLA class I in the ER (de la Salle

et al., 1999; Ljunggren et al., 1990; Raposo et al., 1995).

Our assessment of HLA class I trafficking regulation by ER and Golgi mannosidases revealed that
EDEMI1, EDEM3, MAN1A1l, MANI1BI, or MANICI depletion increases surface HLA class I
expression. This suggests these proteins have degradative effects on HLA class I proteins and could

be explored as immunotherapeutic targets.

GENERAL CONCLUSIONS

This study has made many important findings that could advance the understanding of HLA class
I trafficking in normal cellular conditions and under impaired HLA class I assembly conditions,
such as TAP or tapasin deficiency. TAP deficiency does not induce canonical ER stress. Under
TAP-deficient conditions, HLA class I proteins traffic through the ER-trans-Golgi-dependent

conventional secretory pathway despite expressing high mannose glycans on the cell surface. The
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high mannose glycan expression is a homeostatic response to misfolded HLA class I accumulation
in the ER, since tapasin deficiency, which induces misfolded HLA class I proteins, also triggers
the high mannose expression on surface HLA class I. EDEM1, EDEM3, MAN1A1, MANIBI,
and MANI1CI1 are negative regulators of surface HLA class I expression and could be explored as
immunotherapeutic targets. Additionally, constitutive endolysosomal assembly of HLA class I

contributes to endogenous antigen presentation in wild-type and TAP-deficient cells.

LIMITATIONS

1. We could not perform a structural analysis of the Golgi upon GRASPS55 depletion. However,
since previous studies have reported functional redundancy between GRASPS55 and its homologue,
GRASP65 (Chiritoiu et al., 2019; Xiang & Wang, 2010; Zhang & Seemann, 2021), we expect that
the observed influence of GRASPS55 depletion on HLA class I trafficking was not due to a

structural impairment of the Golgi.

2. Among all the factors overexpressed in the surface proteome of TAP-deficient THP-1 cells, we
only assessed calnexin for its possible co-trafficking with HLA class I. Although calnexin is a
protein-folding chaperone, which justifies our choice of evaluating it, other factors overexpressed

in the TAP-deficient cells’ proteome should have been assessed.

3. Our proposed model of HLA class I trafficking under TAP deficiency indicates a defective
mannose trimming resulting from the accumulation of misfolded HLA class I molecules. However,
we could not pinpoint the glycan-processing step(s) and the HLA class I glycoform(s) accumulated

in the trafficking pathway.
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4. In the TCGA, we used bulk RNA sequence data to assess the expression levels of ER and Golgi
mannosidases in cancer tumours. These bulk RNA sequence data may not reflect the cellular
heterogeneity of the tumour microenvironment (Gondal et al., 2024); hence, some cell-specific

gene expression differences may have been missed in our analysis.

5. Although our immunopeptidome analysis has increased the repertoire of TAP-independent
peptides for HLA-A*02:01, B*15:11, and C*03:03, the total number of peptides used for the

analysis (311) is relatively low. Hence, the protocol requires optimization.

RECOMMENDATIONS

1. Other factors overexpressed in TAP-deficient cells' surface proteome should be evaluated for

their possible role in HLA class I glycan-processing impairment and trafficking.

2. Glycomic analysis should be performed on surface HLA class I proteins of wild-type and TAP-

deficient cells to identify the glycan-processing step(s) compromised under TAP deficiency.

3. Single-cell RNA sequence data of malignant tumours should be used to compare the expression
levels of the ER and Golgi mannosidases assessed in this study, as this could provide a more

accurate assessment of their association with disease outcomes.

4. The TMT-mass spectrometry and sample preparation protocols for immunopeptidome analysis

should be further optimized to increase the number of peptides recovered.
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