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ABSTRACT
ILLUMINATING UNDERAPPRECIATED MECHANISMS OF RECEPTOR
REGULATION IN HUMAN LYMPHOCYTES
Cassandra R. Woolley
May 24, 2023
A thorough understanding of receptor regulation is imperative to predict

expression in varying contexts of disease or treatment. Lymphocyte surface receptors are
often used as biomarkers and drug targets, making them particularly important for study.
For receptors of debated functionality, such as the Fc receptor for IgM (FCMR),
understanding regulation can also help to predict expression in vivo to supplement
hypotheses of biological roles. VVarious mechanisms exist for altering receptor surface
expression, including direct feedback mechanisms such as ligand-induced endocytosis
and broader mechanisms such as transcriptional and translational control. In this
dissertation, we explore selected underappreciated mechanisms of lymphocyte receptor
regulation. Specifically, we investigate the effects of cell culture conditions on FCMR
availability and the potential for global regulation of lymphocyte receptors via isoform
variation. FCMR is a constitutively expressed Fc receptor on human T cells, though its
function there remains debated. It was previously thought that FCMR was kept low in
circulation by FCMR-IgM complex internalization. However, we found that FCMR
expression was independent of IgM levels in culture and was higher on direct ex vivo

stained lymphocytes than in processed PBMC. Instead, increasing cell culture

Vi



density inhibited FCMR expression in an apparent cell-contact mediated mechanism,
suggesting higher circulating expression of FCMR than previously appreciated and a
primary role for FCMR in cell-scarce environments. When next attempting to investigate
the potential for isoform-based regulation of FCMR in lymphocytes, we found no
applicable isoform-level references. We thus decided to fill this gap using Pacific
Biosciences Isoform Sequencing (Iso-Seq) and developed the first Iso-Seq reference
transcriptomes of human lymphocytes and activated CD4 T cells. In these references, we
discovered many potentially novel transcripts, including end-variant transcripts that only
differed from annotated counterparts on their 5 or 3’ end. Using plasmids designed to
express novel CXCR5 end-variant isoforms in a HEK293T cell system, we further
validated the potential for novel 5” end-variants to affect both mRNA stability and
protein expression. The studies presented here provide valuable contributions to the
understanding of lymphocyte receptor regulation by positing novel regulatory

mechanisms that lay the groundwork for many future studies.

vii



TABLE OF CONTENTS

PAGE

ACKNOWLEDGEMENTS ...ttt sttt iv
ABSTRACT .ttt b e st et e b e bt e st et et e ee e be Rt et et e tenteetenneeres vi
LIST OF TABLES. ... oottt ettt ste s ne e e e e X
LIST OF FIGURES.......oct ittt bbbt Xii
CHAPTER I INTrOUUCTION. .....eeieieciiecieee et sttt esteeneesneenne s 1
General INtrodUCTION. ........ooviiiii s 1

More than a marker: Receptors and immune context...........ccceevevvviieennnnnn 2

Managing receptor display in immune reSPONSE..........cccevvererererenieseenenn. 4

Direct feedback: ligand-directed internalization..............c.ccceevenen. 4

Transcriptional regulation...........ccccecviiieiie i 6

Translational regulation.............cocoieeiinn e, 8

Dissertation goals and OVEIVIEW...........ccevveieieeieeie e e esee e sie e 10

CHAPTER II: An unexpected role for cell density rather than IgM

in cell-surface display of the Fc receptor for IgM (FCMR)........ccooeiiiiiiniiiiineeee, 12
INEFOAUCTION. ...t 12

Materials and MEthOAS..........cccviiiiiiiiee s 15

RESUILS. ...t re e s e e re e re e 27

DISCUSSION. ...ttt sttt sttt bbb r e s e 38

FIUIES. .. bbbt nnes 42

CHAPTER HI: Introduction t0 1S0-SeQ.......ccueiiieieiiierieee et 57
PIEIUTE. ... et 57

WAL 1S 1S0-SEO.....c.eiiiti e 58

Mechanisms of RNA-intrinsic regulation...........ccccocveveiieiieve e 60
Isoform-specific effects on the immune response.........ccccevvvvevveiieevieeenne. 63

A need for isoform-aware reference tranSCriptomes..........ccoceverereninnns 65

CHAPTER IV: Reference long-read isoform-aware transcriptomes

of four human peripheral blood lymphocyte SUDSELS............cocviiiiiiii e, 67
INEFOAUCTION. ...t e 67

RESUILS aNd DISCUSSION........ccuvirieiieieieiie ettt 68
Materials and MEthOAS..........ccoveiiiiiriiee s 74

TADIES.....c e s 82
FIUIS. ettt nres 87

viii



CHAPTER V: Full-length mRNA sequencing resolves

5’ end-variant isoforms in activated human CD4 T CellS.......cccvveiiiiniinereeeseee e 92
INEFOTUCTION. ... 92
ReSUItS aNd DISCUSSION.........cciiiiiiiiiie et 94
Materials and Methods...........ccooveiieieiiece s 107
1= 1 0] USROS 121
FIQUIES. ..ttt e e re e 133
CHAPTER VI: Discussion and IMplications............ccuevviiereeiesieineeseese e 149
Significance of findings in FCMR regulation..............cccccevveiiieiic e, 149
Significance of findings towards isoform-based regulation.................... 152
(O] 0ot (1] o] o PSSRSO 157
REFERENGCES. ..ottt sttt sa et et ntesbennenneanes 158
CURRICULUM VITA . ettt bbbt nn et aneas 200



LIST OF TABLES

PAGE
CHAPTER Il
Table 2.1. Staining and Depletion ANtIDOAIES. .........ccviiiieiiiee e 18
CHAPTER IV
Table 4.1. Viability and purity of SAMPIES..........ccooiiiiiiiiiiece e 82
Table 4.2. Frequencies of B cell subtypes in each sample..........ccccooeiiiiiiiiiic i, 82
Table 4.3. Frequencies of T cell subsets within the peripheral blood
OF the dONOF SEIECLEM. .........ovieeiceee e 83
Table 4.4. Total RNA-Seq Reads and AHGNMENT..........ccooviiiiiiinineneeeee e 83
Table 4.5. Number of FLNCs, clusters, and non-zero transcripts
FOF 1S0-SB . vttt bbbt 84
Table 4.6. Number of genes and isoforms detected by 1S0-Seq........cccoevvviiiiiniieiicnnenne 84
Table 4.7. Number of genes and isoforms detected by 1so-Seq
after RNA-Seq fITEriNG......ccoo i 84
Table 4.8. Number of transcripts identified in each structural category
after filtering by short-read COVErage.........cooviiiiiiiiiiie e 85
Table 4.9. Antibody markers used for cell-type identification..........c.c.ccccvveeiviveiienenn, 86
CHAPTER V
Table 5.1. Total RNA-Seq Reads and Uniquely Mapped Alignment...........c.ccccecvevvennnne 121



Table 5.2. Number of FLNCs, clusters, and non-zero transcripts

FOF 1S0-SB . vttt bbbttt 121
Table 5.3. Genes and isoforms detected by 1S0-Seq.........ccovvvriiiniiiiiiee e 122
Table 5.4. Transcripts identified in each structural category..........cccccevvevevieereciiesnenn. 122

Table 5.5. FSM transcripts identified as end-variant isoforms

DY SQANTI 3.ttt b e bbbttt b b 123
Table 5.6. Transcripts with lengthened 5” UTR..........cccooiiiiiiniiiiieee 123
Table 5.7. Breakdown of transcripts with long 5° UTR

within the chained sample dataset............ccooiriiiiiiii e, 124
Table 5.8. BioSamples used to assess novel CXCR5 isoform junctions.......................... 125

Table 5.9. Description of cell subset assignments and donor numbers

for analysis of previous RNA-Seq data...........cccceeveiiiiii i 128
Table 5.10. cDNA sequences of 5° UTR of plasmid inserts..........ccc.coevveriiinicninennennn 130
Table 5.11. Antibody markers used for flow cytometric analysis............ccccceeeevveinnnne. 131
Table 5.12. Primer pairs Used iN gPCR.........ccooiiiie e 132

Xi



LIST OF FIGURES

CHAPTER II

Figure 2.1. Gating strategy to identify lymphocyte subsets

INPBIMOC QN TIMIC ...t eeeeseesenenennnnnnn

Figure 2.2. Flow cytometric detection of FCMR after culture with

OF WItNOUL NUMIAN SEIUM. ...t e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeens

Figure 2.3. Surface FCMR is reduced by processing

OF BI00d CEIIS EX VIVO....cooeeeeeeeee

Figure 2.4. Surface FCMR increases to similar levels

after 24Hr culture regardless of serum or IgM content.............ccccccevvevveenene.

Figure 2.5. High cell density during culture suppresses

surface FCIMR EXPIESSION.........couiiiiiieeiece ettt

Figure 2.6. Surface FCMR is modulated by cell culture density

independent of OXYQgEN tENSION. .........ccceiviiiiiiece e

Figure 2.7. Surface FCMR changes after tonsil cell culture................cc.c...

Figure 2.8. The density-dependent regulation of surface FCMR

does not depend on a specific Cell-type.........cocovviiiiiii

Figure 2.9. Confirmation of cell-type specific depletions............c..cccceeveenen.

Figure 2.10. Surface FCMR is regulated at high densities in culture

by cell-cell proximity but not a soluble factor.............ccccooveeiiiiiiiiicce

Xii

PAGE



CHAPTER IlI

Figure 3.1. lllumina RNA-Seq vs. Pacific BioSCIENCES 1S0-SeQ........cccovververveiierireriesienn 59
Figure 3.2. Mapping and assembly of RNA-Seq short reads

compared to direct mapping of full-length HiFi reads with 1S0-Seq.........c.cccccvveviereennenn, 60
CHAPTER IV

Figure 4.1. Schematic of SQANTI3 isoform structural characterization...............c......... 87
Figure 4.2. Characteristics of transcripts within each structural category.............c.cccceeee. 88
Figure 4.3. WikiPathways enriched for novel isoforms............cccocevveieiicce s 89
Figure 4.4. Quality control metrics within each isoform sample dataset.............cc.cc.ceee. 90

Figure 4.5. Gating strategy used to define live cells and major subsets

within each purified cell SAMPIe........cooiii s 91
CHAPTER V

Figure 5.1. Live cells and major subsets present within the

purified CD4 T Cell SAMPIE.......ccoeieee e 133
Figure 5.2. Cell viability and activation markers of CD4 T cells

stained in parallel t0 RNA eXIraCtiON..........cccveiiiiieiie e 134
Figure 5.3. Schematic of SQANTI3 isoform structural characterization....................... 135

Figure 5.4. Proportions of predicted protein-coding isoforms

Within each SrUCTUIal CAtEGOIY ......ccviiieiiieieeiie ettt 136
Figure 5.5. Quality metrics of major isoforms categories..........cccccvevvevveveivieiecie e, 137
Figure 5.6. Schematic of SQANTI3 FSM subcategory classifications.............cc.ccccue.... 138
Figure 5.7. Distribution of transcripts with lengthened 5> UTR..........ccccoviiiiiiiiiinnnn 139
Figure 5.8. Immune-relevant genes with novel 5 end-variant transcripts...................... 140

Xiii



Figure 5.9. Novel end-variant transcripts of CXCRS5 increase in frequency
with activation and possess potential intrinsic regulatory elements............cc.ccocvvvennennen. 142

Figure 5.10. Evidence of novel CXCR5 isoform junctional coverage
across previous RNA-Seq SAMPIES.........oiiiiiiiiieee e 144

Figure 5.11. Plasmid elements of pPCMVG-XLA.........ccccooeiiiiiieiiieiie e 146

Figure 5.12. Differential MRNA stability and protein expression
conferred by novel CXCRS 1SOFOIMS.......c.ooiiiiiiiiiieccie e 147

Xiv



CHAPTER |

INTRODUCTION

The human immune system is made up of a diverse set of cells that work in
concert to protect our bodies from pathogens. To properly perform this function, these
cells must have an array of surface receptors that allow them to sense environmental cues
and potential targets. The receptors possessed must also be in constant flux as changes
arise that necessitate varying responses. For example, naive cell receptors that direct
lymphocytes to sites of antigen encounter are generally replaced with receptors homing to
a site of functional significance once a cell is made aware of a threat (1-7). The exchange
of receptors tells a story about a cell on its journey of immune functionality, and to fully
understand that story we must also understand the causality and mechanisms of altering
receptor cell-surface expression.

Categorization and characterization of immune surface receptors have been long-
time goals for scientists, hence the creation of the cluster of differentiation (CD) system
and continued efforts to elucidate cell-specific receptor expression and global receptor
interplay (8-10). Such an understanding is vital in predicting biomarkers and targets for
pharmacotherapies, as it is estimated that over 60% of existing drugs target cell-surface
molecules (11). This is particularly important in the case of lymphocytes, which are the

most common target of immunomodulatory treatments (12).



Manipulating relevant lymphocyte receptor expression is an attractive target for
immune-responsive cancers and immune hyperactivity disorders, such as transplant
rejection and autoimmunity (12). However, only a thorough grasp of receptor behavior
can serve to predict response and functionality in differing backgrounds of disease or
treatment. In the studies presented here, we illuminate selected underappreciated
mechanisms of receptor regulation in human lymphocytes with the hope that our findings
will add to the knowledge of factors affecting receptor availability in varying immune

contexts.

MORE THAN A MARKER: RECEPTORS AND IMMUNE CONTEXT

In the field of immunology, surface receptors are commonly seen as markers used
to identify cell types or subsets, as in traditional T helper (Th) or B cell subclassifications
(8, 13-16). However, it has recently been realized that phenotypic and functional
plasticity is common among cell subsets, and the lines differentiating these subsets are
often blurred (17-19).

For example, in CD4 T cell biology, CXCRS5 is a marker of T follicular helper
(Tth) cells while CXCR3 is a marker of T helper 1 (Th1) cells (14-16, 20). CXCRS5 will
guide cells to the lymphoid follicle due to the local expression of its ligand CXCL13 (21,
22), whereas CXCR3 typically directs traffic to inflamed tissue by responding to
gradients of CXCLD9, 10, and 11 (4, 23). CXCR5 and CXCR3 are commonly considered
markers for unique Th cell lineages with differing functions, yet, differentiated
CXCR3*CXCR5* cells also exist, called “Tfh1” as a nod to their mixture of Tth/Thl

phenotypes and functional roles (24-26). Further, in early CD4 T cell activation and



before true differentiation, CXCR5 and CXCR3 are transiently co-expressed in what is
hypothesized to be some form of a transitional state, though the true reasoning and
mechanism for this expression have not yet been determined (27, 28). Such challenges to
the subset dogma highlight the value of separating receptors from their “marker”
designation and independently considering what receptor expression and regulation
suggest of a cell in varying contexts.

Changes to receptor expression through a cell’s life often mirror temporal changes
in functionality, matching the fluid need for variation in response to differing ligands. In
T cell activation, lymph node homing receptors like CCR7 (CD197) are quickly
downregulated while receptors promoting expansion and differentiation such as IL-2Ra
(CD25) are upregulated (1, 3, 7, 29). During this time, T-cell co-stimulators such as
ICOS and CD40L are also tightly regulated, with the general trend being co-stimulator
expression peaking early in activation and fading later (7, 30-33). An opposite trend
occurs for co-inhibitors, like PD1 and CTLA-4, following the tidal model of co-signaling
that suggests an early need for enhancement of activation but a later need for suppression
to prevent overactivation (7, 30-33).

Recognition and characterization of patterns like these give clues for better
prediction of novel expression and functionality for other receptors in related situations.
Additional clues can come from a deeper understanding of the mechanisms altering
receptor display, which vary even between similarly behaving receptors in the same
context (30, 31). Particularly for receptors of unknown or debated function, clues like this
are important in generating, supporting, or challenging hypotheses that predict context-

dependent modifications to receptor expression during the immune response.



MANAGING RECEPTOR DISPLAY IN IMMUNE RESPONSE
Direct feedback: Ligand-directed internalization

One of the most direct methods of receptor regulation is that of ligand-directed
internalization. This form of negative feedback is particularly important for receptors
where overstimulation in the presence of high levels of ligand would be detrimental to
cellular function. Immune receptors whose expression is at least partially regulated by
internalization include IL-2Ra, 1L-2Rp, and the common gamma chain (34-36); Band T
cell antigen receptors (BCR and TCR, respectively) and partners such as CD3 (37-41); as
well as the T cell co-stimulator CD28 (42, 43). In these cases, ligand binding triggers
endocytosis of the receptor and a transient decrease in surface levels. This mechanism
allows swift changes to modulate responsiveness and maintain receptor fluidity based on
cellular needs.

It is ultimately the balance of internalization, degradation, receptor recycling, and
new protein synthesis that determine a receptor’s overall surface expression levels. For
TCR and its CD3 co-receptors, constant internalization and recycling keep surface levels
relatively stable in resting T cells (38, 41). Upon stimulation by cognate antigen,
internalization and degradation begin to outbalance recycling and protein synthesis, and
only then does surface expression decrease (38-41, 44).

Pharmacotherapeutics can take advantage of this process to target downregulation
and inhibition of receptors mediating disease, as is one proposed mechanism of the
recently approved drug Teplizumab which targets CD3 to induce tolerance in type |
diabetes (45-47). Therapies may also take advantage of activation-induced internalization

of receptors to target medications to the intracellular compartment of cells. Zynlonta® is



one such antibody-drug conjugate that targets CD19 in B cell lymphoma to deliver
cytotoxic therapy (48, 49). In developing such therapeutics, it is important to understand
how specific interactions might affect the continued expression of a target receptor over
the course of treatment.

Interestingly, ligand-mediated internalization does not always force a decrease in
overall surface levels for a receptor. This seems to be the case in the regulation of the Fc
receptor for IgM (FCMR). FCMR s a potential drug target expressed on chronic
lymphocytic leukemia B cells that is also constitutively expressed on human B, T, and
NK cells (50-55). FcMR is known to internalize upon binding to multimeric human IgM
in these cells (50-53). Yet, we have found that physiologic levels of IgM do not modulate
FCMR expression on lymphocytes in cell culture (Chapter I1) (56). This lack of
modulation is important to consider when anticipating the levels of FCMR on both
healthy and target cells throughout FCMR-targeted therapeutics. Additionally, in the
normal immune response of healthy cells, additional mechanisms of FCMR regulation
may be more pertinent for the appropriate prediction of situational expression and
function.

Even when relevant, direct ligand-mediated receptor modulation often works in
concert with other mechanisms of regulation to ensure a desired outcome. In the case of
CD28, which is transiently downregulated by ligand binding, both direct internalization
and signaling-directed transcriptional changes contribute to the observed decrease in
surface expression levels (42). Unlike receptor internalization, which is primarily
mediated by ligand presence, transcriptional regulation can simultaneously account for

many input signals that independently affect messenger RNA (mRNA) and therefore



protein expression. Thus, in response to a combination of environmental signals, a
specific level of mMRNA is made available for protein synthesis, contributing to highly

specific and context-dependent levels of receptor availability.

Transcriptional regulation

Deep sequencing technologies used to sequence mRNA transcripts have
illuminated many examples of differential MRNA expression between immune cell states
and during disease pathology (57-60), revealing dynamic regulation of gene expression in
the immune response. Transcriptional regulation may occur at any one of the many steps
required for successful mMRNA synthesis.

First, for initiation of transcription, the target DNA must be liberated from dense
chromatin to allow appropriate access by RNA polymerase and other transcriptional
proteins. The varying needs of differential gene expression can force changes in this
DNA accessibility through epigenetic alteration. These alterations occur “above” the
level of the nucleotide sequence of the genome and include histone modifications, which
influence accessibility by altering how tightly an area of chromatin is wound (61, 62), as
well as DNA methylation, which physically inhibits the binding of transcription-factors
(62, 63). Epigenetic modifications permit cells to either restrict the expression of
undesired genes or to rapidly express functionally dynamic proteins, and epigenetic
changes may affect receptor expression and subsequently receptor surface levels. In non-
follicular T cells, methylation in cysteine-guanine dinucleotide (CpG) motifs near the
transcription start site of CXCR5 normally inhibit transcription at this locus (64-67).

Inappropriate demethylation or hypermethylation leads to aberrant transcription in



diseases with over- or under-expression of cell-surface CXCRS5, respectively (64-67),
highlighting the importance of DNA accessibility to allow adequate transcriptional
control of receptor expression.

An accessible DNA profile not only allows for RNA polymerases to bind the
promoter region and begin transcription but also allows effective binding of associated
transcription factors that independently serve to enhance or inhibit MRNA expression.
The activity and availability of transcription factors coordinating gene expression are
tightly regulated; most transcription factors are not specific to a single gene but are
instead broad regulators of a group of genes needed in a specific state of cellular function.
Further, there are often multiple transcription factors per locus that differentially interact
to regulate a gene’s expression (68).

In the type | interferon response, for instance, a transcriptional regulatory
complex of interferon regulatory factor 9 (IRF9) and STAT1/STAT2 is an important
mediator in the upregulation of multiple genes whose loci contain an interferon-
stimulated response element (69-73). However, in the type Il interferon response, STAT1
predominantly forms a homodimer that allows it to preferentially bind and upregulate
genes containing gamma-activated sequences (70-73). Differential modes of interaction
among transcription factors allow cells to tailor their transcriptional responses to the
specific extrinsic signals received.

There are also cases of single transcription factors that are sufficient to mediate
multi-gene responses. When these single transcription factors coordinate a response
required for a specific differentiation program, the factor might be considered a “master

regulatory transcription factor”. For example, Pax5 is considered a B cell-specific master



regulator as it is required for lineage commitment and subsequent function in B cells (74-
76). Each subset of T helper cell also expresses a lineage-specific master regulator, such
as Bcl6 (Tfh), T-bet (Thl), GATA3 (Th2), and RORyT (Th17) (20, 68, 77-80). Each of
these transcription factors is tightly associated with the expression of surface receptors
that define each T helper subset. Most of these transcription factors regulate subset-
specific receptor expression through either direct binding in or near the transcription start
site, as in T-bet binding to the promoter of CXCR3 in Th1 cells (81, 82), or through
indirect mechanisms of enhancement, as in Bcl6 regulation of CXCR5 in Tfh through
disinhibition of E2A binding to enhancer elements (77-79, 83, 84).

However, the dogma of “master transcription regulators” has also come under
scrutiny, particularly for T cell subset differentiation (85-87). While “master regulators”
hold importance in key aspects of receptor expression during cellular differentiation, they
may not be as singularly vital as initially thought. For example, stable expression of
CXCR5 on differentiated Tfh and Tfh1 requires Bcl6 (77-79), but transient expression of
CXCR5 inearly T cell activation is thought to be independent of this master transcription

regulator and may be dependent on a second transcription factor, Ascl2 (88, 89).

Translational regulation

While transcription factors often predict the expression profiles of cell-surface
and other proteins, they are not always defining determinants. Similarly, directly
measuring the transcript abundance of genes of interest gives an incomplete picture of
their actual protein expression patterns. It is estimated that just 40% of the variation in

protein expression can be explained by a corresponding variation in transcript expression



(90), suggesting that the majority of protein expression is regulated after mRNA
synthesis. Thus, we must also consider regulation at post-transcriptional levels in seeking
to understand changes to receptor expression during the immune response and how to
best develop therapeutics targeting them.

A primary cause of the imperfect correlation between mRNA levels and protein
expression is the presence of intrinsic sequences within mRNA transcripts that can affect
the amount of protein synthesized (90-93). These sequences may regulate protein
expression through alterations in translational efficiency or through alterations in mMRNA
stability that determine the amount of time a transcript is available for translation. For
any given gene, multiple forms of its mMRNA may possess different kinds or amounts of
these regulatory elements. Distinct forms of protein-invariant mRNA under differential
regulation would be classified as types of mMRNA isoforms (94-96).

Isoforms are variants of mMRNA transcribed at the same gene locus, commonly
generated by alternative splicing or through alteration in transcription start or termination
sites (94-96). Though isoforms are most studied in contexts where differential protein
variants are expressed, mRNA isoforms may also harbor differences only in noncoding
regulatory regions of the mRNA. For a mature mRNA, these regulatory regions are the 5’
and 3’ untranslated regions (UTR), which flank the coding sequence on either end.

Within UTRs, elements such as differential secondary structure, sequence motifs
bound by RNA binding proteins (RBPs) or micro-RNAs (miRNAS), or sequences
triggering ribosomal stall, will ultimately serve to adjust the amount and efficiency of
translation for a specific transcript (92, 96-98, 99, comprehensive review in Chapter I11).

The influence of these regulatory elements may be changed based on the state-dependent



presence of their interacting factors, such as miRNA and RBP, as well as altered
availability of ribosomal and initiation factors (100, 101). Small differences within these
elements can lead to large differences in protein expression and may contribute to
clinically relevant differences in responses, such as in the NLRP3 29940 G to C
polymorphism in the 3° UTR which is associated with resistance to septic shock (102).
This is thought to occur because the G to C polymorphic form of the mRNA contains a
binding site for a miRNA that increases degradation and leads to inhibition of expression
of NLRP3, resulting in less downstream inflammation during sepsis (102).
Translation-altering variation in mRNA could play an important role in receptor
regulation. However, compared to our knowledge of changes to mRNA abundance, the
range and impact of differential expression of mMRNA regulatory isoforms in human
immune cells remain relatively understudied (90-93). Though methods are improving,
this is in part due to the limitations of popularized RNA-Seq analyses, which generally
lack the capacity to accurately annotate isoforms because of inherent algorithmic
challenges of reconstructing de novo isoforms from only short sequencing reads (103-
105). Therefore, to gain a full picture of receptor regulation, we must achieve an
“isoform-aware” understanding of the human immune transcriptome that relies on long,

contiguous reads of intact full-length mRNA transcripts.

DISSERTATION GOALS AND OVERVIEW
In this dissertation, we explore underappreciated mechanisms of receptor
regulation in human lymphocytes with the goal of using knowledge gained for better

prediction of receptor expression and functionality.
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We first investigate the role of the ligand IgM in regulating cell-surface
expression of the only constitutively expressed Fc receptor on human T cells, FCMR,
whose function remains relatively unknown in these cells (106, 107) (Chapter II).
Elucidating FCMR expression patterns is important to lend clues to physiologic contexts
where this receptor may be most functional and predict responses to
pharmacotherapeutics targeting the receptor.

Next, we describe a new and developing sequencing technology, Iso-Seq, that
relies on single-molecule real-time sequencing for the unambiguous determination of
intact MRNA transcript sequences. We report the first isoform-aware transcriptomes,
using Iso-Seq, of human circulating lymphocytes and activated CD4 T cells, laying the
groundwork for additional studies of isoforms in these cells (Chapters I111-V). We further
report the discovery of novel 5’ end-variant isoforms in transcripts of immune-important
receptors expressed only during CD4 T cell activation, indicating the existence of an
underappreciated layer of transcriptional and translational regulation (Chapter V).
Finally, we suggest that an isoform-aware understanding of transcriptomic changes is
vital to gaining a more complete understanding of the regulation of receptor protein
expression during the immune response.

The studies reported here provide novel insights into lymphocyte surface receptor
biology, cataloging knowledge and variation important for better predicting the context-
dependent behavior of lymphocyte receptors for their use as biomarkers and as drug

targets (11, 12).
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CHAPTER II
AN UNEXPECTED ROLE FOR CELL DENSITY RATHER THAN IGM IN

CELL-SURFACE DISPLAY OF THE FC RECEPTOR FOR IGM (FCMR)*

INTRODUCTION

The Fc receptor for IgM (FcuR or FCMR) was identified in 2009 and remains the
only known IgM-exclusive Fc receptor (106, 107). Cell-surface FCMR has been
confirmed on human B, T, and NK cells, and on mouse B cells (106-110) with debated
expression in myeloid lineages of both humans and mice (108, 111-116). Although
FCMR is the only FcR constitutively expressed by human T cells (108), its role in these
cells remains unclear. Indeed, many aspects of FCMR function remain to be elucidated.
Because regulation of expression often hints at where and when a protein may be
functionally relevant, we decided to characterize patterns of FCMR expression in human
lymphocyte populations at the level of cell surface display.

FCMR surface abundance is regulated by cellular activation status and
composition of the surrounding tissue milieu (106, 108, 110). At baseline, lymphocyte
cell-surface FCMR is reported to be low, but detectable, in blood and peripheral lymphoid
organs (53, 106, 108). One hypothesized contributor to this low baseline surface level is

the presence of the FcMR ligand, IgM (106, 108, 110), supported by findings that FCMR

1 Woolley, C. R., N. C. Brinkman, E. D. Cash, S. K. Chandran, and T. C. Mitchell. 2022. An Unexpected
Role for Cell Density Rather than IgM in Cell-Surface Display of the Fc Receptor for IgM on Human
Lymphocytes. ImmunoHorizons 6: 47-63. doi: 10.4049/immunohorizons.2100094.
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internalizes after binding to multimeric IgM (50-53). Indeed, pre-incubation of cells in
IgM-deficient media has been recommended to raise surface FCMR to levels adequate for
study, particularly for human T cells (53, 106, 110). Studies of primary lymphocytes
allowed to recover FCMR in this manner have led to important insights whose recurring
theme seems to be that FcMR plays markedly different roles in B versus T cells. For
example, B cell activation increases surface FCMR, whereas T cell activation decreases it
(53, 106). Further, FCMR limits the tonic BCR signaling by reducing transport of IgM-
BCR to the surface of mouse B cells in vivo (50), whereas in cultures of primary human T
cells, FCMR engagement by exogenous IgM resulted in increased transport of the TCR
signaling complex to the cell surface (53).

Hypotheses regarding the function of FCMR are more advanced for B cells
relative to T cells, presumably because its expression in T cells is species-specific and
thus cannot be evaluated in Fcmr’- mice. From mouse models, a consensus appears to be
forming around a B cell ‘rheostat’ hypothesis (117) in which FcMR-mediated effects on
BCR signal strength enhance detection of self-antigens by immature B cells during
development as well as of foreign antigens by mature B cells in secondary lymphoid
organs. By contrast, hypotheses to explain why FCMR is expressed by human T cells are
far less comprehensive and currently center around the tonic effect, noted above, that
FCMR internalization was observed to have on the TCR complex and co-stimulatory
molecules. In this model, naive T cells are envisioned as encountering abundant IgM
upon entry into lymph nodes or spleen that will internalize as complexes with FCMR,
resulting in enhanced surface expression of the TCR complex and co-stimulatory

molecules, thus preparing the cells for cognate interactions (53). Less consideration has
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been given to potential functions of FcMR in T cell populations outside of lymphoid
organs, perhaps because the increase in surface display of FCMR observed after culturing
PBMC in IgM-deficient media implies low abundance prior to harvesting the cells from
whole blood, i.e., while in circulation.

Changes in FCMR expression by circulating lymphocytes observed in some
disease states such as chronic lymphocytic leukemia (CLL) may provide clues about its
function. In CLL patients, FCMR is elevated compared to healthy counterparts not only
on leukemic B cells, but also on non-leukemic B and T cells (108, 118). Abnormally
elevated FCMR expression by leukemic cells is thought to be due to antigen-independent
cross-linking of BCR in cis, which is ultimately mitogenic (106, 108). In the same
patients, the mechanism by which FCMR expression on non-leukemic B and T cells is
unclear, but may reflect the fact that CLL patients commonly experience a global
deficiency in serum IgM such that comparatively less IgM is available to drive
internalization of FCMR (108, 118). However, in patients with selective IgM deficiency,
surface display of FCMR is unchanged on most lymphocyte subsets (and is actually
decreased on circulating naive marginal zone B cells) relative to healthy controls (119).
The lack of a consistent relationship between IgM abundance and FCMR surface
expression in these two disease states suggests a need for further characterization of the
regulatory mechanisms that determine when and where FCMR is available for functional
interactions.

In our study, we confirmed that FCMR surface levels are upregulated on
peripheral blood lymphocytes cultured in IgM-deficient media but also found that,

surprisingly, FCMR upregulation was equally robust after culture in the presence of
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human serum, which contains an average of 1.5 mg/mL IgM (120), indicating IgM
exposure has little effect on steady-state surface FCMR expression. Cell-surface FCMR
was instead strongly affected by culture at higher cell densities. Downregulation of
FCMR independent of IgM abundance occurred through a mechanism requiring close
cell-cell proximity that does not appear to require the presence of a particular cell type or
soluble factor and thus remains undefined. We also found that ex vivo processing of
whole blood decreases surface expression of FCMR, implying circulating lymphocytes
express it at significantly higher levels than previously believed despite continuous
exposure to IgM. Collectively, our findings suggest that the physiological environments
in which FCMR is available for functional interactions, especially for T cells, are different
than previously thought, which has implications for the role FCMR may play in the

human immune response.

MATERIALS AND METHODS
Blood Sampling and Peripheral Blood Mononuclear Cell Preparation

Between 15 and 300 mL of venous blood was collected by standard phlebotomy
techniques from consented donors who reported themselves to be healthy at the time of
the blood draw. Blood collection was approved by the University of Louisville
Institutional Review Board under expedited review. Donors were between 20 and 60
years of age, 25% female and 75% male, with some donors repeated across different
experiments such that 28% of experiments were performed with female cells.

Blood was collected in a total of 6 MM K3EDTA as an anticoagulant. In some

experiments, blood cells were stained under conditions of minimal manipulation in which
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flow cytometric antibodies were added immediately before or after lysing red blood cells
(RBCs) prior to flow cytometry, as described below. In all other experiments, peripheral
blood mononuclear cells (PBMCs) were isolated using Sepmate ™ PBMC Isolation
Tubes (StemCell Technologies, 85450) as directed by the manufacturer. Briefly, fresh
anticoagulated blood was diluted 1:1 with PBS lacking calcium and magnesium (PBS™,
Thermo Fisher Scientific, 10010-023) and then layered into Sepmate™ tubes preloaded
with 15mL of Lymphoprep™ Density Gradient Medium (StemCell Technologies,
07801). Tubes were centrifuged at 1200 x g for 10 minutes at room temperature (RT).
After centrifugation, PBMCs were poured off into fresh 50 mL tubes and washed twice
with PBS”- by centrifugation first at 600 x g for 10 minutes then at 300 x g for 10
minutes. Total cell yield was determined using the count per uL feature of a Cytek®
Northern Lights flow cytometer. Counts were performed by generating a 1:10 dilution of
the original cell suspension in 200 uL PBS™, running the diluted suspension on the flow
cytometer, and using the count per pL of events in a cell gate generated on an FSC/SSC
plot in SpectroFlo® for subsequent calculations. PBMCs were used immediately for flow
cytometric staining or culture procedures or were further manipulated to purify or deplete

blood cell subsets.

Cell Type Depletions and Isolations

Cell depletions were performed via immunomagnetic selection using EasySep™
kits with the EasyEights™ Magnet (StemCell Technologies, 18103) and the
manufacturer’s recommended medium (PBS supplemented with 2% FBS and 1 mM

KsEDTA). For depletion of NK, B, or CD8 T cells, EasySep™ Biotin Positive Selection
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Kit Il (StemCell Technologies, 17683) was used in combination with anti-CD56
biotinylated antibody, anti-CD19 plus anti-CD20 biotinylated antibodies, or anti-CD8
biotinylated antibody, respectively (Table 2.1). For CD14* monocyte depletion,
EasySep™ Human CD14 Positive Selection Kit Il (StemCell Technologies, 17858) was
used following a modified protocol provided by the manufacturer (121). Briefly, after
traditional addition of reagents per manufacturer’s instructions, dwell time in the
EasyEights™ magnet was doubled and then unbound cells were transferred to fresh tubes
for a second round of depletion before final collection. Mock depletions were performed
in parallel by adding isotype pre-matched control antibodies (NK, B, and CD8 T
depletions) or without addition of isolation cocktail (CD14+ monocyte depletion) as the
cocktail composition is proprietary.

For platelet depletion, PBMCs were first isolated using a modified Sepmate ™
protocol in which the top platelet enriched fraction was pipetted off and discarded after
density gradient separation before pouring the PBMC fraction into a new tube. Two wash
steps were then performed with centrifugation at reduced speed to preferentially pellet
nucleated cells (120 x g 10 minutes at RT). Platelets were further depleted using
magnetic separation in the EasyEights™ Magnet with EasySep™ Human Platelet
Removal Cocktail (StemCell Technologies, 19369C component of 19359). Mock platelet
depletion was performed in parallel by processing PBMC without removal of the top
fraction after density gradient separation, without low-speed wash steps, as well as

without addition of the platelet depletion cocktail in subsequent steps.
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Table 2.1. Staining and Depletion Antibodies

Target Fluorochrome/
Specificity Conjugate Clone Company Catalog #
STAINING ANTIBODIES

FcMR Bv421 HM14 BD Biosciences | 564714

KLH

(Isotype ctrl for Bv421 X40 BD Biosciences | 562438

clone HM14)

FCcMR APC HM7 Biolegend 398104

Unknown

(Isotype ctrl for APC MPC-11 Biolegend 400322

clone HM7)

FCMR Unlabeled Rabbit Sigma-Aldrich | HPA003910

(primary) Polyclonal
Rabbit 19G Fc FCMR (secondary) Goat BD Biosciences | 565014
Polyclonal

CD4 BV570 RPA-T4 Biolegend 300534

CD8a Super Bright 645 | OK-T8 Thermo Fisher | 51 6086-42
Scientific

CD8a Super Bright 645 | RPA-T8 Thermo Fisher | ¢4 40g8g-42
Scientific

CD8a BB700 RPA-T8 BD Biosciences | 566452

cD3 Alexa Fluor 532 | UCHT1 Thermo Fisher | ¢ 0038-42
Scientific

CD56 BV786 NCAM16.2 BD Biosciences | 564058

CD19 eFluor 506 HB19 Thermo Fisher | 64 9199.42
Scientific
Thermo Fisher

CD20 Alex Fluor 700 2H7 Scientific 56-0209-42

CD185 (CXCRS) | PerCP-eFluor 710 | MUSUBEE | [SMOFINET | 46,915 47

CD279 (PD-1) | APC J105 Thermo Fisher | 17 5799 4
Scientific

CD4la —

(ITGA2B) BB515 HIP8 BD Biosciences | 565938

Fixable Viability APC-eFluor 780 i Th_erm_o_Flsher 65-0865-14

Dye Scientific

DEPLETION ANTIBODIES

MOPC

(Isotype ctrl for Biotin MOPC-21 StemCell 60070BT

biotinylated abs)

_— Thermo Fisher

CD56 Biotin NCAM S 13-0567-82
Scientific

CD19 Biotin HIB-19 StemCell 60005BT

CD20 Biotin 2H7 StemCell 60008BT

CD8a Biotin RPA-T8 StemCell 60022BT
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Tonsil Collection and Tonsil Mononuclear Cell Preparation

Tonsil tissue was collected from pediatric patients at Norton Children’s Hospital
undergoing tonsillectomy performed by Swapna Chandran, M.D. Prior to tonsillectomy,
the patient’s legal guardian signed an informed consent following IRB ethical guidelines.
All patients between ages 2-18 presenting for tonsillectomy with or without
adenoidectomy were eligible. Consecutive patients were invited into the study. Of the
four donors used for this study, three were male and one was female. All patients were in
the 4-11-year age range and undergoing tonsillectomy for management of sleep-
disordered breathing with no other immune system-impacting comorbidities.
Immediately following tonsillectomy, one half of each of the right and left tonsil were
placed into a cold solution of 35 mL tonsil buffer made with 1ImM K3EDTA, 100 U/mL
penicillin with 100 pug/mL streptomycin (Thermo Fisher Scientific, 15140-122), 5 ug/mL
gentamicin (Thermo Fisher Scientific, 15710-064), and 0.5 ug/mL amphotericin B
(Sigma-Aldrich, A2942) in PBS™ for storage on ice up to 4 hours prior to processing.

Tonsils were processed to obtain tonsil mononuclear cells (TMCs) using an
optimized version of a previously published protocol (122). Tonsil tissue was minced in a
sterile 100 mL petri dish while being kept wet with tonsil buffer solution. Once 1-3 mm
fragments were obtained, the tissue was then transferred to a metal cell strainer sitting in
a fresh 100 mL petri dish with additional tonsil buffer solution. Tissue was gently pushed
through the strainer using the plunger of a 5 mL syringe. The tissue in the cell strainer
was periodically washed with tonsil buffer to ensure it stayed wet and to encourage
release of cells. The resulting cell suspension was then passed through 40 um plastic cell

strainers into fresh 50 mL tubes and pelleted by centrifugation at 600 x g for 10 minutes
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at RT. The pellet was resuspended in 20 mL fresh tonsil buffer and split such that each of
two 10 mL cell suspensions was layered on top of 25 mL Lymphoprep™ Density
Gradient Medium (StemCell Technologies, 07801) in a 50 mL tube. This density gradient
suspension was centrifuged at 800 x g for 20 minutes at RT with the brake off.
Mononuclear cell layers at the resulting interfaces were pipetted into new 50 mL tubes
and washed twice using tonsil buffer solution by RT centrifugation at 600 x g for 10
minutes. Cells were pooled by donor and mononuclear cell yield was determined using
the count per uL feature of a Cytek® Northern Lights flow cytometer as described above.

TMCs were used immediately for flow cytometric staining or for culture procedures.

Fresh Serum Collection

For experiments requiring the use of fresh serum, venous blood (5 to 15 mL) was
collected in BD Vacutainer® SST™ serum separation tubes (BD Biosciences, 368013) at
the time of blood collection for PBMCs from either the same blood donor (autologous) or
a separate donor (non-autologous). Serum was isolated according to manufacturer’s
protocol in which collected blood was mixed with clotting agents by inversion of the
tubes and incubation at RT for 30 minutes before centrifugation at 1200 x g for 10
minutes at RT. Serum was collected from above the polymer gel plug. An additional
centrifugation at 1200 x g for 10 minutes at RT was used as necessary to remove any

remaining RBC.
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Cell Culture

For all experiments, unless otherwise indicated, PBMC or TMC were cultured in
suspension of 2.5 million cells/mL plated at 200 uL/well in 96-well Falcon® U-bottom
tissue culture-treated plates (Corning, 353072). In most experiments, PBMCs or
derivatives were cultured in complete RPMI generated using RPMI 1640 media (Thermo
Fisher Scientific, 21870-076) with the addition of 1X Glutamax (Thermo Fisher
Scientific, 35050-061), 100 U/mL penicillin and 100 png/mL streptomycin (Thermo
Fisher Scientific, 15140-122), and 10% sterile-filtered, heat-inactivated male AB serum
(Sigma-Aldrich, H3667). TMCs were cultured in complete RPMI supplemented with 5
ug/mL gentamicin (Thermo Fisher Scientific, 15710-064) and 0.5 ng/mL amphotericin B
(Sigma-Aldrich, A2942).

For serum dilution experiments, complete RPMI was supplemented with 0, 10,
20, 40, or 70% human serum. For 100% human serum cultures, only antibiotics and
Glutamax were added at the same concentrations as in complete RPMI. Human serum in
these experiments was either fresh and autologous/non-autologous, collected as described
above, or sterile-filtered, heat-inactivated male AB serum (Sigma-Aldrich, H3667). IgM
concentrations in these sera ranged from 0.36 to 2.3 mg/mL, as determined by ELISA.
For density dilution experiments, cells were cultured at densities of 0.2, 0.5, 1, 1.5, 2, or 4
million cells/well in 200 uL of complete RPMI. In some experiments, Falcon® flat-
bottom tissue culture-treated plates (Corning, 353077) were used alongside U-bottom
plates for these cultures.

For transwell culture experiments, HTS Transwell ® (Corning, 3388) were used

with a total of 200 pL per well. The bottom “receiver” wells were first loaded with 100
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uL of either complete RPMI alone or containing 0.2 or 2 million cells After loading the
bottom wells, the top “insert” wells were loaded with 100 puL of complete RPMI
containing either 0.2 or 2 million cells to yield a total of 200 uL/well with top and bottom
cell amounts as specified in Figure 2.10b.

Transwell plate wells are flat-bottomed, so a muted density-dependent effect in
bottom wells would be expected based on our results. However, in some experiments cell
density effects for the cells in the transwell bottom wells were muted compared even to
what we saw in Falcon® flat-bottom plates. As controls, FCMR expression on cells plated
in the bottom wells were assessed to determine if the expected density-driven effect had
occurred, and thus if the results could be meaningfully compared to those observed when
using other plate formats. These controls were assessed by calculating the ratio between
FCMR AMFI measured for bottom well 0.2 million and 2 million cell densities and
comparing this ratio to the range of ratios observed in four experiments performed in
traditional Falcon® flat-bottom tissue culture-treated plates (Corning, 353077). In two
experiments with transwell plates we found that ratios were well outside this range.
Failure of these positive controls led to the exclusion of one experiment for all subsets,
and exclusion in one other experiment for the B and NK cell subsets only.

To test for the presence of secreted factors, cell-free culture supernatants (SUPS)
were collected after 24-hour (24hr) cultures. SUPs were generated by centrifuging culture
plates at 860 x g for 3 minutes at RT, transferring media supernatants to 1.5 mL
Eppendorf tubes, and storing at -80° C until use in subsequent experiments. Immediately
prior to use, SUP tubes were centrifuged 10,000 x g for 3 minutes at RT to remove cell

debris. Cells tested for responses to potential soluble factors were either cultured in 200
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pL fresh complete RPMI with 10% human serum alone (No SUP) or with 100 pL
complete RPMI mixed with 100 uL of culture supernatants (50% SUP, collected from
cultures of 0.2 or 2 million cells/well).

All cells were analyzed after 24hr culture or, for time course experiments, after
0.5,1, 2, 4,6, 12, and 24hr culture in a standard 5% CO2 humidified incubator (Thermo
Fisher Scientific, HERAcell 150i CO: incubator). Tests of the effects of oxygen tension
were performed by culturing cells in a standard incubator (18-20% O3) in parallel to cells
cultured at approximate physioxia (5% 02; 123, 124) in a humidified, 5% COg, nitrogen-

controlled incubator (Sanyo O2/COz2 incubator, MCO-5M).

PBMC Flow Cytometric Staining and Analysis

Cells were stained for flow cytometric analysis in the same 96-well U or flat-
bottom plates in which they had been cultured. Ohr measurements were performed by
mock plating cells in 96-well U-bottom plates. Cells in these 96-well plates were pelleted
and then washed twice with PBS” prior to viability staining. All pelleting and wash steps
were performed by 4°C centrifugation at 860 x g for 3 minutes. To assess viability, cells
were resuspended in 100 pL of a viability stain containing eBioscience™ Fixable
Viability Dye (Thermo Fisher Scientific, 65-0865-14) in PBS” lacking added serum or
protein. Cells plated at 0.2 or 0.5 million cells per well were resuspended directly in 100
pL of viability stain while cells plated at higher densities were first split to achieve a
uniform density of 0.5 million cells per 100 pL stain. After addition of viability stain,
cells were incubated 20-30 minutes at 4° C, washed once with PBS-, and washed again

with stain buffer (PBS”- containing 0.09% sodium azide and 2% human serum to prevent

23



binding of fluorescent antibodies to FcR (125)). After the second wash, cells were
resuspended in 100 pL of stain master mix. Stain master mix was generated by first
mixing staining antibodies (Table 2.1) in BD Horizon™ Brilliant Stain Buffer (BD
Biosciences, 566385 or 563794) according to manufacturer’s instructions, then adding
standard stain buffer to reach a cumulative 100 uL. Cells were incubated in this stain
master mix for 20-30 minutes at 4° C, washed twice with standard stain buffer, and
resuspended in cold stain buffer containing 1% formaldehyde for fixation prior to transfer
to 12 x 75 mm polystyrene tubes for flow cytometric analysis.

For flow cytometry with rabbit polyclonal anti-FcMR (RpAb), cells were stained
in a buffer containing TruStain FcX (Biolegend, 422302) diluted in PBS”- with 2% FBS
and 0.09% sodium azide according to the manufacturer’s instructions. After primary
incubation with RpAb, two washes with stain buffer were performed prior to secondary
incubation with an antibody master mix supplemented with BV421 labelled goat anti-
rabbit staining antibody, as described above.

Flow cytometry was performed with a Cytek® Northern Lights 3-laser flow
cytometer. Spectral profiles were unmixed accounting for autofluorescence using
SpectroFlo® software and appropriate single-stain and unstained controls. Processed data
files were then analyzed in FlowJo (BD Biosciences), with additional fluorescence
compensation performed using FlowJo compensation matrices if needed. Gating
strategies used to identify cell populations are shown in Figure 2.1. FCMR stain mean
fluorescence intensity (MFI) of gated cell populations were determined using FlowJo and
corrected for background to calculate AMFI as FCMR MFI of each technical replicate

minus the average MFI of all isotype control replicates in the same experiment. For the
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rabbit polyclonal anti-FCMR stains, AMFI was calculated as FCMR MFI of each
experimental replicate minus the average MFI of all fluorescence-minus-one control
replicates in the same experiment. If the calculated AMFI was negative, indicating a
replicate MFI was below that of the average isotype for the experiment, its AMFI was

recorded as zero.

Fresh Blood RBC Lysis and Staining

For experiments involving direct staining of leukocytes without using density
gradients for isolation of PBMC, BD Pharm Lyse™ (BD Biosciences, 555899) solution
at 1X concentration was used to lyse red blood cells (RBCs). Three variations of the
manufacturer’s protocol were performed, all starting with whole blood supplemented
with 6 mM K3EDTA as anticoagulant and performed at room temperature unless
otherwise indicated:

1) “Stain then lyse”: 100 uL freshly drawn whole blood collected was added to 12
X 75 mm polystyrene flow cytometry tubes. Staining was performed by adding 50 uL of a
stain master mix containing staining antibodies (Table 2.1) in BD Horizon™ Brilliant
Stain Buffer (BD Biosciences, 563794). Cells were incubated for 15-30 minutes at 4°C in
the dark. After incubation, 2mL of 1X BD Pharm Lyse™ was added, the tubes were
gently vortexed, and then incubated for 10 minutes in the dark at RT for RBC lysis.
Tubes were centrifuged at 300 x g for 5 minutes at RT, washed once with 3mL of stain
buffer, and then resuspended in PBS”- containing 1% formaldehyde for fixation. Cells

were kept on ice prior to flow cytometric analysis.
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2) “Lyse 1x then stain”: 1 mL whole blood was added to 15mL polypropylene
tubes. RBC lysis was performed by adding 10mL 1X BD Pharm Lyse™, gently
vortexing the mixture, and incubating for 15 minutes. After incubation, tubes were
centrifuged at 300 x g for 5 minutes. The cell pellet was resuspended in 2 mL staining
buffer, split into a 96-well U-bottom plate at 200 uL/well, and centrifuged at 860 x g for
3 minutes at 4° C. Cells were stained in 96-well plates as described above for PBMC but
without viability staining. After staining, cells were resuspended in a 1% formaldehyde
solution for fixation prior to transfer into 12 x 75 mm polystyrene flow tubes. Cells were
kept on ice prior to flow cytometric analysis.

3) “Lyse 2x then stain”: Initial RBC lysis and cell centrifugation was performed
as described above. The cell pellet after first lysis was resuspended in 1 mL stain buffer
and RBC lysis was repeated by adding 10 mL 1X BD Pharm Lyse™, gently vortexing
the mixture, and incubating for 15 minutes. After incubation, tubes were centrifuged at
300 x g for 5 minutes. This pellet was resuspended in 2 mL staining buffer, split into a 96
well U-bottom plate at 200 pL/well, and stained then fixed for flow cytometric analysis

as described for the “lyse 1x then stain” procedure.

IlgM ELISAs

Serum IgM concentrations were measured using the HRP/TMB based Human
IgM ELISA Kit (Thermo Fisher Scientific, 88-50620) following the manufacturer’s
protocol. All sera were tested in triplicate at dilutions of 1:4,000, 1:8,000, and 1:16,000.
Measurements were taken using “Emax Precision Microplate Reader” (Molecular

Devices) at 450nM wavelength. Triplicate values from 1:4,000 dilutions, which
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consistently had the lowest coefficient of variability compared to other dilutions, were
averaged, and used to calculate serum IgM content in mg/mL. Values plotted in Fig. 2.4C

show final IgM concentrations in culture media containing 10% human serum.

Statistics

Statistical significance was assessed using GraphPad Prism software version 9.2.0
with the test specified in each figure legend. Normality was tested with the same software
by assessing linear fit of the data set to a Normal Q-Q plot generated using GraphPad
Prism. For tonsil data, values for technical replicates outside of 3 standard deviations of
the data set mean were deemed outliers and excluded from figures and calculations. This

led to the exclusion of one technical replicate in one experiment.

RESULTS
FcMR levels on the surface of blood lymphocytes increase after 24-hour culture.
Previous studies reported that overnight culture in IgM-deficient media increased
FCMR surface levels on human B, T, and NK cells (53, 106). We confirmed this pattern
using flow cytometry to measure surface FCMR on peripheral blood B, T, and NK cells
that were stained after processing whole blood into PBMC and then again after culture.
Using a BV421-conjugated anti-FcMR mADb (clone HM14), surface FcMR was found to
be increased after 24-hour culture in serum-free media for CD4 T cells, CD8 T cells, B
cells, and NK cells (Figure 2.2a-d). No sex-specific differences in FCMR surface
expression were observed, either at Ohr or after 24hr culture (not shown). To validate the

specificity of FCMR staining in controlling for epitope- or fluorochrome-specific effects,
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staining was also performed with a second anti-FCMR mAb (clone HM7) conjugated to
APC. In addition, FCMR expression was measured with rabbit anti-FCMR polyclonal
antibodies (RpAb) as a primary stain and BV421-conjugated anti-rabbit 1gG Fc goat
polyclonal antibody as a secondary. HM7 and RpAb staining of FCMR showed identical
patterns of expression for CD4 T cells and CD8 T cells (Figure 2.2a,b) and NK cells
(Figure 2.2d). B cells cultured in serum-free media displayed more variable amounts of
surface FCMR such that only mAb clone HM14 registered a statistically significant
increase when comparing “no serum” culture to Ohr samples (Figure 2.2c). However, all
anti-FCMR antibody stains showed roughly the same magnitude of increases over the
24hr culture period, including for these B cell populations. Our observations of similar
staining patterns with three anti-FCMR antibodies and two different fluorochromes
suggest the differences we observe are not artifacts of antibody affinity, epitope
specificity, or fluorochrome.

To assess whether the presence of human serum, and thus IgM, would suppress or
reduce cell-surface display of FCMR, PBMC were cultured with media containing 10%
human serum in parallel to cultures with no serum. Unexpectedly, on all four cell types,
FCMR upregulation from Ohr baseline occurred in the presence of human serum to the
same extent when measured with all three antibody stain formats (Figure 2.2a-d, red
overlays and bars). Further, for all cell types and all stains there was no difference in the
observed FCMR level after culture in serum-free media compared to culture in the
presence of 10% human serum (Figure 2.2a-d, red compared to blue overlays and bars).

These results show that the use of IgM-deficient culture media is not needed to detect
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FCMR expression and suggest that IgM may not determine the steady state amount of

FCMR on the cell surface to the extent reported elsewhere.

Surface FCMR levels are reduced by cell processing.

Baseline surface FCMR on peripheral blood lymphocytes has been reported
previously to be low (53, 106, 108). However, most measurements were taken using
PBMC prepared by processing whole blood to remove red blood cells and granulocytes
through density gradient separation and multiple wash steps. To test if manipulation of
blood lymphocytes affects surface FCMR levels, three separate direct-from-blood staining
procedures were performed to determine which allowed reliable FCMR detection with as
little cell handling as possible (Figure 2.3). The average amounts of FCMR on the
surfaces of each lymphocyte cell type were the highest on the least manipulated cells
(Figure 2.3 “stain then lyse”, green bars and overlays) and decreased with increasing
manipulation. These decreases did not reach statistical significance but were consistent
across all cell types. Hence, the comparatively intense manipulation needed to process
whole blood into PBMC with a density gradient is likely to underestimate the amount of
FcMR displayed by blood lymphocytes in vivo. Moreover, the average FCMR AMFI
obtained by the “stain then lyse” method likely gives a more accurate estimate of FCMR
present on the surfaces of circulating lymphocytes in vivo than values obtained after

preparation of PBMC fractions by standard methods.
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Serum or IgM content in culture does not affect surface FCMR display.

To further test for any linkage between IgM content and surface display of FCMR,
PBMC were cultured in media supplemented with human sera from multiple donors
which contain naturally variable amounts of IgM (Figure 2.4a). For these experiments,
PBMC from the same donor were tested so that IgM content was the primary variable.
Five separate serum sources were used including two separate lots of filtered and heat-
inactivated sera, one non-autologous serum, and two separate collections of autologous
sera. The IgM content in these sera ranged from 0.36 to 2.3 mg/mL as measured by
ELISA, and therefore the dose range in 10% culture was 0.036 to 0.23 mg/mL. For all
subsets of lymphocytes, no correlation was found between the amount of IgM in culture
media and surface FCMR after 24hr culture (see Figure 2.4a for R- and p-values),
indicating no dose-responsive relationship exists, at least within this dose range.

We next asked whether regulation of surface FCMR requires more IgM than is
present in culture media containing 10% human serum. This was done by culturing
PBMC with increasing amounts of human serum and assessing FCMR display after
culture. For all lymphocyte subsets tested, no consistent or significant differences in
surface levels of FCMR were observed when cells were cultured for 24 hrs with 0, 10, 40,
70, or even 100% human serum (Figure 2.4b). This indicated that even after culture in
physiologic amounts of IgM, FCMR surface levels could be maintained to a similar extent
as when IgM was absent. Although not seen consistently, some experiments did show a
trend toward decreasing FCMR with increasing serum content, especially in cultures with
70% or 100% human serum. To determine if a culture medium with low (30%), or no,

RPMI present had limited buffering capacity we measured pH after 24hr use in culture
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and found both 70% and 100% sera media were acidified well outside of physiologic pH
range (data not shown). We speculate that this is because RPMI is buffered specifically
for tissue culture in incubators with 5% COz2 such that human serum becomes acidified
without added buffers. For this reason, 40% serum was the maximum amount used in
subsequent experiments.

To investigate the kinetics of FCMR surface display and determine if increasing
serum amounts influenced surface FCMR at time points earlier than at 24 hrs, as tested
thus far, time course measurements were performed with PBMC cultures containing 0,
10, 20, or 40% human serum. For B and T cells it appeared that the change in FCMR
surface levels were biphasic, with an initial short-term increase that reached a limited
plateau as early as 1hr after culture initiation before a secondary increase that began
sometime after 6 hrs (Figure 2.4c). This biphasic pattern was observed in B and T cell
populations regardless of the amount of serum added. When serum was absent, FCMR
surface display on CD4 and CD8 T cells lagged that of the serum-replete cultures,
indicating that there is no early time point at which FCMR s of greater abundance with
IgM absent. Interestingly, the initial plateau reached for both CD4 and CD8 T cells in 10-
40% serum culture was similar to the AMFI measured for minimally manipulated blood
cells (e.g., Fig 2.3, “Stain then Lyse” samples), which may provide a more accurate
estimate of surface FCMR display by T cells while in circulation. These patterns
collectively suggest that T cells cultured in the presence of 10-40% human serum quickly
recover surface FCMR that was lost during cell processing, while in the absence of serum
the recovery is comparatively slow rather than accelerated. Ultimately, these data further

support a limited or absent role for IgM in regulating FCMR surface display of circulating
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lymphocytes, which appear to have more FCMR available for functional interactions than

previously appreciated.

Higher cell densities during culture impede FCMR display.

During pilot experiments to optimize culture conditions, we observed surprisingly
low surface display of FCMR when cells were plated at higher densities. To rigorously
test how high-density culture might affect FCMR surface display, PBMC were cultured at
cell densities ranging from 0.2 to 1.5 million cells per well and surface FCMR levels were
measured after 24 hrs. As in the pilot experiments, when PBMC were cultured at higher
densities, FCMR levels on all lymphocyte cell types did not reach the same levels as when
PBMC were cultured at lower densities (Figure 2.5a). For all cell types, the relationship
between FCMR display and cell density in 24hr culture fit with a regression line that had
a significantly non-zero negative slope, strongly indicative of a cell density-dependent
mechanism.

To determine if higher cell density in culture influenced the kinetics of FCMR
expression, PBMC were cultured at cell densities ranging from 0.2 to 2 million cells per
well and tested at time points ranging from 0.5 to 24 hrs. As in the previous time courses,
B and T cells cultured at low densities of 0.2 or 0.5 million cells per well had a biphasic
increase in FCMR display with an initial plateau and subsequent increase between 6 and
24 hrs of culture (Figure 2.5b). The initial plateau in surface FCMR expression reached
by T cells again approximated the amount estimated to be present on circulating cells in

vivo, whereas T cells cultured at higher densities of 1 or 2 million cells per well never
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recovered to reach this level and, further, remained low at times when the second
upregulation of FCMR expression was evident in lower cell density cultures.

FCMR expression by B cells was not as clearly influenced by cell density with
significant differences between the 0.2 and 2 million cell groups observed only at one
early time point, 2 hrs, which became amplified at the later time points of 12 hrs and 24
hrs. NK cells did not show a discernable pattern, with no significant differences found
between the two high and low cell density groups at any time point. Collectively, the
findings depicted in Fig. 2.5 indicate a density-driven suppressive effect on surface
FcMR for B and T cells occurring early in culture, most notably for T cells at early time
points when it is plausible that increases in surface FCMR are due primarily to recycling
of FcMR from internalized pools (53).

One possible explanation for cell density effects is that oxygen becomes limiting
when greater numbers of cells are cultured together. Standard incubators keep cultures at
close to room oxygen (around 20% O3), which is hyper-oxic compared to approximate
physiologic oxygen tension of 5% 02 (123, 124). To assess whether oxygen tension might
regulate surface FCMR display, cells were cultured at different densities in either
normoxia (room oxygen) or physioxia (5% Oz). However, the same patterns of lower
surface FCMR after culture at higher cell densities were observed for all lymphocyte cell
types regardless of oxygen tension (Figure 2.6). Statistically only one difference was
observed between the surface FCMR of cells cultured in normoxia compared to
physioxia, in NK cell cultures containing 1 million cells per well. All other comparisons

showed no differences as a function of oxygen tension, indicating that the density-
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dependent effect on surface FCMR expression is probably not a reflection of differences

in oxygen availability.

Tonsil cells in culture are not affected by serum IgM or cell density.

Peripheral blood lymphocyte subsets have a different composition than those of
lymphoid organs, with the latter possessing high cell densities as well as activated and
specialized subsets of cells. To determine if the lymphocyte subsets in one such lymphoid
organ, the tonsil, exhibit similar patterns of surface FCMR display in culture to those of
PBMC, tonsil mononuclear cells (TMC) were cultured for 24 hrs with varying amounts
of human serum (Figure 2.7a). Interestingly, the maximum surface FCMR on tonsil
lymphocytes was lower than that of corresponding PBMC subsets, whether cultured for
24 hrs with no serum or with 10% human serum. Analyses of NK cells were not included
due to low counts in the TMC preparations. For all tonsil lymphocyte subsets observed
after 24hr TMC culture without serum, there were no significant increases in surface
FCMR compared to those observed at Ohr. In cultures with 10% human serum, a
significant increase in surface FCMR from Ohr to 24hr was only observed for the Tfh
subset. However, for all subsets there were significant increases in surface FCMR from
Ohr for 40% serum cultures. The relative difficulty in observing increases in surface
FCMR in culture with lower serum levels could reflect the more extensive manipulation
needed to prepare tonsil cells for culture, as evidenced by the higher serum amounts
required to recover and FCMR and sustain cell health in our experiments. Regardless, the

lack of expected surface FCMR differences after culture with increasing serum amounts
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and failure to increase FCMR in cultures without serum suggest that IgM does not affect
FCMR display on tonsil lymphocyte subsets.

Tonsil-derived lymphocytes were also tested for the same density-dependent
regulation of surface FCMR in culture as previously observed with PBMC. Unlike their
PBMC counterparts, a linear regression showed no significant relationship between the
cell density and surface FCMR when TMC were cultured for 24 hrs (see Figure 2.7b for
R- and p-values). These data suggest 24hr culture is insufficient for FCMR to recover
from high cell density in vivo or from the extensive manipulation needed to isolate TMC
from intact tonsils. Alternatively, the regulation of surface FcMR in TMC culture may

differ from that of PBMC.

The density-dependent regulation of FCMR may not depend on a specific PBMC cell type.

We next asked if a particular cell type present in PBMC might be responsible for
cell density-dependent suppression of FCMR surface display. For these experiments we
chose to focus on FCMR display by CD4 T cells as these cells consistently exhibited
more pronounced responsiveness than CD8 or B cells. To assess whether a specific cell
type in PBMC cultures was necessary for the density-driven regulation of surface FCMR
on CD4 T cells, five different cell types were independently depleted from PBMC prior
to culture at varying cell densities (Figure 2.8). All targeted cell types were depleted by
at least ten-fold compared to mock depleted controls (platelets, CD14* monocytes, B,
CD8 T, or NK cells; see Figure 2.9), but in no depleted culture did surface FCMR fail to
be downregulated on CD4 T cells under conditions of high culture density. Although

these findings were not definitive, they suggested that density-dependent regulation of
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CDA4 T cell surface FcMR is not likely to reflect the activity of any specific cell type but

may instead reflect bulk cell density.

FcMR display is regulated by cell-cell proximity rather than a soluble mediator.

As no specific cell type was readily identified as responsible for the effect of cell
density on FCMR display, we turned to evaluations of cell proximity and secreted factors
as explanations. We first tested if the spatial relationships of cells cultured together
played a discernible role by comparing FCMR expression after culture over a range of cell
densities in U- versus flat-bottom wells (Figure 2.10a). The magnitude of differences
attributable to well shape seemed greater for T and B cells than for NK cells, in which
FCMR surface expression is generally low under any conditions. FCMR abundance on
cells cultured in flat-bottom microplates trended higher than after culture in U-bottom
microplates, in which cells settle into multilayer cell clusters at comparatively lower cell
densities. Statistically, differences were significant at intermediate PBMC densities; e.g.,
FCMR was increased more on CD4 T cells in flat-bottom wells containing 1 or 2 million
cells per well, but not 0.2, 0.5 or 4 million. This pattern was suggestive of cell-to-cell
contact playing a larger role than secreted factors but was not definitive.

To test directly for a soluble factor produced in high-density cultures we first used
a transwell culture system that allows exchange of soluble factors between separated
populations of cells. PBMC were plated at high- (2 million cells per well) and low- (0.2
million cells per well) density in opposite transwell chambers and surface FCMR was
measured after 24hr culture. No significant differences were observed in FCMR surface

display on cells in low-density cultures that had been continuously exposed to factors
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secreted by high-density cultures (Figure 2.10b) suggesting no soluble factors played a
role. However, the failure of positive controls for expected density-dependent effects on
CD8 T and NK cells indicated that this conclusion was more justified when considering
soluble factors that could affect FcMR display on CD4 T and B cells. Specifically,
compared to previously significant differences in FCMR display for low- vs high-density
cultures when using traditional U-bottom wells, flat-bottom transwell control cultures
showed no significant differences in FCMR display between high- and low- density
culture for NK or CD8 T cells (though the difference was trending for CD8, p=0.057).
To further test for the presence of a soluble factor in high-density culture affecting
FCMR display, PBMC were cultured at 0.2 million cells per well in media with 1:1
addition of cell-free supernatant (SUP) collected previously from high- (2 million cells
per well) or low- (0.2 million cells per well) density cultures (Figure 2.10c). In these
experiments, control cultures plated at high-density, without SUP added, exhibited the
expected downregulation of surface FCMR. Surface expression of FCMR by all cell types
tested was not affected by the addition of SUP from a high-density culture compared to
those cultured with SUP from a low-density culture. These results support the transwell
data in finding no evidence that a soluble factor produced during high-density culture
regulates surface FCMR display. In combination with data demonstrating that the density-
driven inhibition of FCMR display is muted in flat- compared to U-bottom wells, these
findings suggest the density-driven effect on surface FCMR in culture is dependent on

cell proximity rather than a soluble factor.
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DISCUSSION

We report here that FCMR expressed on the surfaces of human lymphocytes is not
decreased in the presence of IgM, contrary to the prevailing hypothesis of a role for
ligand-dependent downregulation of FCMR display (52, 53, 106, 110). We further
observed higher surface FCMR on blood lymphocytes when stained immediately ex vivo,
without prior RBC lysis or processing to isolate PBMC fractions, suggesting FCMR is
expressed on the surfaces of circulating lymphocytes at higher levels than previously
appreciated (53, 106, 108). We also report a novel cell density effect that strongly
restricts FCMR surface display in culture, which we believe to be mediated by a yet
unknown cell-proximity-dependent mechanism. Our findings alter the current
understanding of factors influencing FCMR display and suggest more FCMR s available
at the surface of circulating lymphocytes for functional interactions than had been
considered.

The idea that IgM abundance is not correlated with cell-surface FCMR is
supported by our finding that FCMR levels were as high after 24-hour culture with IgM-
containing human serum present as in serum- and IgM-free media. We additionally found
no evidence of a relationship between FCMR display and IgM content when accounting
for natural variation amongst different sources of human sera. In time course studies, we
saw no time point at which surface FCMR levels were reduced as a function of increasing
serum supplementation. In fact, for T cells, the only cultures in which FCMR display
lagged were those lacking serum entirely where, based on previous reports (53, 106, 110),

the absence of IgM should have increased surface FCMR the most.
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As we found no evidence that serum IgM influenced FCMR display, we
investigated cell manipulation-related decreases as an alternative explanation for the low
amounts of surface FCMR observed on lymphocytes in PBMC fractions of whole blood.
To this end, we tested for and found higher FCMR levels on cells after direct-from-blood
antibody staining, suggesting circulating lymphocytes have higher surface FCMR display
than previously reported by investigators who may have inadvertently stressed cells when
using density gradient centrifugation and multiple washes immediately prior to flow
cytometric analysis (53, 106, 108). This conclusion seems strongest in the case of
peripheral T cells, whose surface FCMR rebounded quickly upon culture within 1 hr and
then stabilized at levels approximating those measured by direct-from-blood antibody
staining.

Though we did not test for it here, FCMR receptor recycling on T cells has been
previously reported to take place in culture (53). We speculate that cell processing to
isolate PBMC triggers the internalization of FCMR, causing the apparent amount of
FCMR on circulating B, T, and NK cells to seem artificially low, and further speculate
that display returns to true circulating levels due to receptor recycling in unperturbed
PBMC cultures. Sometime after 6 hrs of culture, surface expression of FCMR began to
increase again, which is suggestive of de novo synthesis. Hence, we propose that tests of
FcMR function in human T cells may best be performed with PBMC that have been
rested in complete culture medium for 1-6 hrs, diverging from prior recommendations of
overnight pre-culture in serum free media (53, 106, 110), which were based on studies
performed before monoclonal antibodies for the receptor became available. Fluorescently

labeled IgM was therefore used to stain what would come to be known as FCMR (106,
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126), and because serum IgM can block binding by labeled IgM, serum-free media was
thought to be necessary. Our results using monoclonal antibodies to stain the receptor
reveal that the presence of serum IgM does not alter true receptor display.

In contrast to circulating cells, lymphocytes in secondary lymphoid organs may
truly have very low surface FCMR in vivo. T cells have been shown to have low surface
FcMR not only in our and others’ tests of tonsil T cells from TMC, where more extensive
cell processing may admittedly be a confounding factor, but also in tonsil thin section
microscopy (53, 106). This idea is further supported by our evaluation of high-density
PBMC cultures, which are believed to approximate the lymphoid environment in part
because they yield better T cell activation outcomes in studies of the optimal conditions
needed to prepare T cells for adoptive transfer immunotherapy (127-130). We found that
high-density culture markedly downregulated surface expression of FCMR by T cells,
especially in U-bottom microplates in which cells cluster at the bottoms of the wells. At
no time point tested did T cells in high-density cultures (1-2 million cells/well) reach
FCMR amounts we estimate to be present on the surfaces of circulating lymphocytes, a
stark comparison to their low-density (0.2-0.5 million cells/well) counterparts which
quickly reached this level. Assuming high-density PBMC cultures favor at least some
cell-to-cell interactions more typical of lymphoid organs, an intriguing implication is that
FCMR may be more functionally relevant in populations of circulating T cells.

Interestingly, TMC T cells did not display cell density-dependent regulation of
FCMR and consistently showed limited increases from a comparatively low starting point
for all varieties of cultures tested. This pattern may indicate that mechanisms acting on T

cells in high-density environments in vivo can continue to suppress surface FCMR display
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for as long as 24 hrs in culture. Thus, a crowded cellular environment may not only be a
novel contributing factor to low surface FCMR on T cells within lymphoid organs, but
exposure to such environments could have lingering effects.

Understanding the mechanism by which high cell density downregulates surface
display of FcMR remains an elusive goal. We found no evidence that oxygen tension or
secreted factors, including IgM, played a role, and further tested multiple cell types in
systematic depletion experiments and found none that could explain the effect. We
cannot rule out cell types present in PBMC fractions that were not tested. However, based
on the existing data, we speculate that high cell density downregulates FCMR by a
mechanism that is not cell-type specific but is driven by close cell proximity, likely
requiring either cell-to-cell contact or production of a short-range factor, or both. Future
studies are needed to decipher the mechanism(s) involved, as well as to evaluate the
significance of the effect for human immune responses, especially those involving T
cells.

In summary, our findings reveal a novel cell density-dependent effect on FCMR
surface display in culture experiments and support the idea that FCMR expression, and
therefore functional relevance, is likely to be greater on circulating lymphocytes than has
been previously appreciated. A new understanding of FCMR regulation may in turn
contribute to generation of new hypotheses that advance efforts to decipher when, where,

and why this unusual receptor is expressed by human T cells.
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Figure 2.1. Gating strategy to identify lymphocyte subsets in PBMC and TMC.

Representative flow cytometry dot plots for (a) fresh PBMC or (b) tonsil mononuclear

cells (TMC) showing the gating used to identify B cells, CD4 T cells, CD8 T cells, NK

cells and T follicular helper cells (Tfh). Some early PBMC stains did not have viability

dye so live cell gating was omitted for those experiments.
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Figure 2.2. Flow cytometric detection of FCMR after culture with or without human
serum. PBMC processed from whole blood were stained for FCMR before and after

culture using multiple antibodies. (a-d) Histogram overlays show FCMR fluorescence
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intensity after staining with mAb clones HM14 or HM7, or polyclonal rabbit anti-FCMR
(RpADb). Bar graphs show mean fluorescence intensity (MFI) for each stain corrected to
AMFI by subtracting fluorescence observed with isotype-matched controls for HM14 and
HM?7, or fluorescence-minus-one for RpAb. Bar heights indicate average values
measured from 4 donors in 10 experiments for HM14, 3 donors in 3 experiments for
HM?7, and 3 donors in 3 experiments for RpAb; error bars denote standard deviations.
Independent experiments are represented with different symbol shapes. Welch and
Brown-Forsyth one-way ANOVA with Dunnett’s T3 post-hoc analyses were used to
obtain adjusted p-values; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, n.s. not

significant.

44



cD4 cDs8
a- 3000 T Cell 3000 T Cell 5000 B Cell 2000 DR

4000
1500 = Stain

2000 3000 - then lyse

e -
1000 H 1000

. 2000

|

o m

= Lyse x1
2000{ L & then stain

a D = Lyse x2
H H then stain

1
| =lIsotype Ctrl

1000

AMFI Surface FcMR
»
I
» l -
o o
o o
o o o
-
-

L ©
Lo

i
iy ©
s aTTERe—

Count
Normalized to Mode

i

L

HM14
Figure 2.3. Surface FCMR is reduced by processing of blood cells ex vivo. Staining

procedures of either minimal necessary manipulation (“stain then lyse”) or slightly
increased manipulations (“lyse 1x then stain” or “lyse 2x then stain”, respectively) were
performed in parallel directly after peripheral blood collection to assess how cell
processing affected FCMR abundance. (a) Bar graphs show FCMR mean fluorescence
intensity (MFI, HM14 mADb) corrected to AMFI by subtracting fluorescence observed
with isotype-matched controls. Bar heights indicate average values measured from 3
donors in 3 experiments; error bars denote standard deviations. Independent
experiments/donors are represented with different symbol shapes. Welch and Brown-
Forsyth one-way ANOVA with Dunnett’s T3 post-hoc analyses were used to obtain
adjusted p-values; no significant differences were observed. (b) Representative histogram
overlays showing FCMR fluorescence intensity for each cell type after staining with

HM14 mADb versus isotype controls, which were repeated for each processing procedure.
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Figure 2.4. Surface FCMR increases to similar levels after 24hr culture regardless of

serum or IgM content. PBMC were processed from whole blood and cultured in

medium supplemented with varying amounts of human serum prior to flow cytometric

measurement of FCMR. (a) Cell surface FCMR as a function of serum content after 24hr

culture. FCMR mean fluorescence intensity (MFI, HM14 mAb) was corrected to AMFI by

subtracting fluorescence observed with isotype-matched controls. Bar heights indicate

average values measured from 4 donors in 6 experiments; error bars denote standard
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deviations. Independent experiments are represented with different symbol shapes. Welch
and Brown-Forsyth one-way ANOVA with Dunnett’s T3 post-hoc analyses were used to
obtain adjusted p-values. No significant differences were observed. (b) Time course of
surface FCMR on B, NK, and T cells cultured with varying serum amounts in media.
Solid lines run through average values measured at each time point for 3 donors in 3
independent experiments (in one experiment, the 0.5hr timepoint was not collected).
Dotted lines show AMFI surface FCMR for each cell type when whole blood was stained
directly to minimize cell manipulation (see Fig. 2 “stain then lyse”). Two-tailed Welch’s
t-tests were performed to compare differences between the 0% and 40% serum cultures at
each time point; *p < 0.05, **p < 0.01, unlabeled is not significant. (c) No correlation of
IgM abundance in culture media with cell surface FCMR. Cell surface FCMR was
measured after 24hr culture in 10% human serum media containing varying amounts of
IgM, quantified by ELISA. PBMCs, from the same donor, were tested in five
independent experiments. Human serum was derived from one of five sources with
varying IgM amounts; two sources were repeated across experiments. Dotted lines show
lines of best fit for each cell type; Pearson two-tailed correlation analyses were performed

to generate the p- and R-values depicted.
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Figure 2.5. High cell density during culture suppresses surface FCMR expression.

PBMC were processed from whole blood and cultured at varying cell densities prior to

flow cytometric measurement of FCMR. (a) Effect of cell density during culture on

FCMR expression. Scatterplots for different PBMC cell types show 4 donors in 4

experiments with FcMR mean fluorescence intensity (MFI, HM14 mADb) corrected to

AMFI by subtracting fluorescence observed with isotype-matched controls. Regression

line, R?, and p-values from linear regression analyses are depicted. Histogram overlays
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show representative FCMR fluorescence intensity after staining with HM14 mAb or
isotype control. (b) Time course of surface FcMR on B, NK, and T cells cultured at
varying cell densities. Solid lines run through average values measured at each time point
for 3 donors in 3 independent experiments (in one experiment, the 0.5hr timepoint was
not collected). Dotted lines show AMFI surface FCMR for each cell type when whole
blood was stained directly to minimize cell manipulations (see Fig. 2 “stain then lyse”).
Two-tailed Welch’s t-tests were performed to compare differences between the 0.2M and
2M cells/well cultures at each time point; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.001, unlabeled is not significant.
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Figure 2.6. Surface FcMR is modulated by cell culture density independent of
oxygen tension. PBMC were processed from whole blood and cultured for 24hr at
varying cell culture densities at either normoxia (room Oz, 18-20%) or physioxia (5% O2)
prior to flow cytometric measurement of FCMR. (a-d) Oxygen tension does not affect
density-driven regulation of surface FCMR in culture. FCMR mean fluorescence intensity
(MFI, HM14 mADb) corrected to AMFI by subtracting fluorescence observed with
isotype-matched controls. Bar heights indicate average values measured from 3 donors in
3 experiments; error bars denote standard deviations. Independent experiments/donors are
represented with different symbol shapes. Welch and Brown-Forsyth one-way ANOVA
with Dunnett’s T3 post-hoc analyses were used to obtain adjusted p-values. Only
comparisons between each respective cell density at room Oz and 5% O are shown. *p <

0.05, unlabeled is not significant.
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Figure 2.7. Surface FCMR changes after tonsil cell culture. Whole tonsils from
obstructive sleep apnea patients were processed to prepare and stain tonsil mononuclear
cells (TMC) to assess FCMR surface levels. (a) TMC stained at Ohr or after culture for
24hr with varying amounts of human serum. FcCMR mean fluorescence intensity (MFI,
HM14 mADb) corrected to AMFI by subtracting fluorescence observed with isotype-
matched controls. Bar heights indicate average values measured from 4 donors in 2
experiments; error bars denote standard deviations. Independent donors are represented
with different symbol shapes. Welch and Brown-Forsyth one-way ANOVA with
Dunnett’s T3 post-hoc analyses were used to obtain adjusted p-values. *p < 0.05, **p <
0.01, unlabeled is not significant. (b) The relationship of TMC cell surface FCMR after
culture to cell culture density. Scatterplots for different TMC cell types show 2 donors in

4 experiments. Regression line, R?, and p-values from linear regression analyses are

shown.

51



Mock Depleted B Cell Depleted
4000 ; Cells per
H Culture Well

Pm =0.2M

. (v

0 #1 ﬁ |:|=1'5'2M

w
(=3
(=3
(=]

AMFI| Surface FCMR
on CD4 T Cells
After Culture
N
=]
=]
=]

b. C.
CD8 T Cell NK Cell
3000, Mock Depleted : Depleted 6000, ockDepleted : Depleted
x x© |
% 2 [) i i)
L'g 5 i g e
8 © £ 2000 i g & 2 4000
£¢06 : st 3 :
50 5 : tx© i
®O0g ' ==} H '
ek : 29 i
= ° 1000 I L, L §< 2000 §
’% | % < | ﬁ
0 : | 0 ﬁ]Em &L
d CD14+ Monoc e.
. yte Platelet
Mock Depleted Depleted Mock Depleted Depleted
4000 : 6000
. | 2
=, 3000{ (& .2 Sa,
w g £ : 's'3 5 4000 !
go= : g3 : I
§F3 £40 i
€ < © 2000 i £3% :
3t : >0 H 1
ho g : Loz ;
ek ; £ 5 < 2000 :
Z° 1000 5 ’{_l 3 ; ’-X-‘
0 ﬁ == H - 0 |—I-| i

Figure 2.8. The density-dependent regulation of surface FCMR does not depend on a
specific cell-type. PBMC processed from whole blood were depleted of various cell
types, cultured at increasing cell densities, and stained for FCMR. (a-e) The effect of cell
density on CD4 T cell surface FCMR is not attributable to B cells, CD8 cells, NK cells,
CD14+ monocytes, or platelets. FCMR mean fluorescence intensity (MFI, HM14 mADb)
was corrected to AMFI by subtracting fluorescence observed with isotype-matched
controls. Bar heights indicate average values measured from (a) 4 donors in 4

experiments, (b) 3 donors in 3 experiments, or (c-€) 2 donors in 2 experiments; error bars
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denote standard deviations. Independent experiments/donors are represented with
different symbol shapes. Welch and Brown-Forsyth one-way ANOVA with Dunnett’s T3
post-hoc analyses were used to obtain adjusted p-values for comparisons of similar cell

densities between mock versus depleted groups; no significant differences were observed.
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Figure 2.9. Confirmation of cell-type specific depletions. Flow cytometric stains to
confirm depletion of (a) B cells, (b) CD8 cells, (c) NK cells, (d) CD14+ monocytes, and
(e) platelets. Plots shown had been gated on live, singlet cells (a-d) or on all events less
than 0.75 M FSC and 0.75 M SSC (e). Average depletion success for each cell type was
determined by first finding the average percent depleted compared to mock depleted at
Ohr for each experiment and subsequently averaging these percent depleted for all

experiments depleting a specific cell type.
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Figure 2.10. Surface FCMR is regulated at high densities in culture by cell-cell

proximity but not a soluble factor. PBMC were cultured in varying formats to test for

soluble factors versus cell-to-cell proximity effects. (a) PBMC cultured at varying cell

densities in flat- or U-bottom wells prior to FCMR staining. Solid lines run through

average values at each cell density for flat- (blue) or U-bottom (red) wells for 5 donors in
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5 experiments (0.2 — 2M cells/well) or 2 donors in 2 experiments (4M cells/well). Two-
tailed Welch’s t-tests were performed to compare differences between the flat- and U-
bottom cultures at each cell density; *p < 0.05, **p < 0.01, unlabeled is not significant.
(b) Cells were cultured in the tops or bottoms of transwell plates, allowing media but not
cell communication, prior to staining for FCMR. Shaded cells in the table indicate cell
populations whose FCMR expression is reported in the bars above. FCMR mean
fluorescence intensity (MFI, HM14 mAb) was corrected to AMFI by subtracting
fluorescence observed with isotype-matched controls. Bar heights indicate average values
measured from 3 donors in 3 experiments (for CD4 and CD8 T cells) or 2 donors in 2
experiments (for B and NK cells); error bars denote standard deviations. Independent
experiments/donors are represented by different symbol shapes. (c) Cells were cultured at
0.2M cells/well in media with 50% cell-free supernatant (SUP) from prior culture of
0.2M or 2M cells/well for 24hr. Positive effect control was PBMC cultured at 2M
cells/well with no SUP; negative control was PBMC cultured at 0.2M cells/well with no
SUP. Bar heights indicate average values measured from 3 donors in 3 experiments. For
(b) and (c) independent experiments/donors are represented with different symbol shapes.
Two-tailed Welch’s T test was used to compare means to first assess success of controls
and separately assess significance between test groups. *p < 0.05, **p < 0.01, n.s. not

significant.
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CHAPTER IlI

INTRODUCTION TO ISO-SEQ

PRELUDE

In seeking to continue expanding our characterization of the Fc receptor for IgM
(FCMR) in human lymphocytes, we considered that isoform-specific variation in this
receptor could serve as a means of regulation during the immune response. FCMR is
known to possess both a canonical membrane-bound isoform as well as a secreted form
that retains the ability to bind IgM but lacks a membrane-spanning domain (118, 131).
However, few regulatory mRNA variants of FCMR have been identified (132, 133), and
the specific isoforms of FCMR expressed in each lymphocyte cell type have yet to be
fully characterized (131). We thus sought to visualize isoforms that were differentially
present across lymphocyte subsets and activation states, particularly within T cells where
FcMR functional significance and expression patterns remain understudied. In attempting
to find reference isoform-aware transcriptomes in human lymphocytes to use as
benchmarks, we were surprised to find none had been published. Thus, we sought to
bridge this gap by using Pacific Biosciences Isoform Sequencing (Iso-Seq) to generate
the first isoform-aware reference transcriptomes for circulating human lymphocytes
(Chapter IV) and activated CD4 T cells (Chapter V). These reference transcriptomes are
intended to serve as benchmarks for future studies of isoform-specific regulation across a

wide variety of lymphocyte receptors.
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WHAT IS 1SO-SEQ?

Iso-Seq is a long-read sequencing method that makes use of single-molecule real-
time (SMRT) sequencing technology to allow visualization of full-length mRNA
molecules (94, 134). This is achieved by allowing the entirety of a captured mRNA to
enter cDNA synthesis, with subsequent circularization of cDNA permitting a sequencing
polymerase to make multiple read passes that can then be collapsed into a highly accurate
consensus read for each molecule (Figure 3.1, image synthesized using figures from

Corney and Basturea, 2016 (135), and https://www.pach.com/blog/understanding-

accuracy-in-dna-sequencing/ with permission from Pacific Biosciences’ Nancy
Francoeur). After initial cleanup and calling of the most accurate reads known as HiFi
reads, this technology achieves > 99.9% sequencing accuracy of intact, full-length
MRNA transcripts (127, 134, 136).

Importantly, the majority of isoforms that can be visualized using 1so-Seq
methods cannot be easily detected using traditional RNA-Seq (134). Although both
methods start with polyA capture, in RNA-Seq mRNA is fragmented before cDNA
synthesis and generation of “short-read” sequences (Figure 3.1). The sequenced
fragments must be individually aligned to the genome after which a sequence for the
initial, full-length mRNA is inferred from the positions and abundance of the short reads.
RNA-Seq is frequently used to quantify gene expression, a purpose for which it is well-
suited as the primary analytical output needed is based on the relative read coverage of a
particular genetic locus (137). However, when attempting to use traditional RNA-Seq to
analyze isoform-aware expression, it is algorithmically challenging to reconstruct and

deconvolute isoforms based on fragmented reads (103-105, 137) (Figure 3.2, from
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https://www.pacb.com/wp-content/uploads/short-reads-vs-hifi-reads-1.svqg). This is

particularly true when RNA-Seq technology is used in isolation (103-105). Though

isoform-aware analysis methods using traditional RNA-Seq are ever-evolving, it is

currently beneficial to use both short- and long-read sequencing technologies when

investigating differential isoform expression. The former approach provides superior

information about transcript abundance, while the latter provides full-length sequences of

intact MRNA.
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Figure 3.1. lllumina RNA-Seq vs. Pacific Biosciences 1so-Seq. (Left) Image taken

https://www.pacb.com/blog/understanding-accuracy-in-dna-sequencing/ altered with

permission from Pacific Biosciences’ Nancy Francoeur.
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Figure 3.2. Mapping and assembly of RNA-Seq short reads compared to direct
mapping of full-length HiFi reads with Iso-Seq. Image taken from

https://www.pacb.com/wp-content/uploads/short-reads-vs-hifi-reads-1.svq.

MECHANISMS OF RNA-INTRINSIC REGULATION

Alternative isoform use has become increasingly acknowledged for its role in
altering the expression and function of important immune response mediators. The most
frequently recognized mechanisms are those involving splice variant isoforms that alter
protein coding sequences (138-147). However, there is also a range of immune-
significant isoforms that differ only in the in the noncoding regions of mature mRNA, the
5’ and 3’ untranslated regions (UTR) (91, 96, 148-150).

Thanks to the common use of 3’ polyA capture methods in sequencing, 3’-UTR
associated regulation of gene expression is relatively well characterized (151). In fact,
one of the first MRNA-intrinsic mechanisms of regulation discovered was that of the
adenyl-uridine-rich elements (ARE) in the 3 UTR (151, 152). These regions have been

found to be binding sites of RNA binding proteins (RBPs) that typically lead to decreased

60


https://www.pacb.com/wp-content/uploads/short-reads-vs-hifi-reads-1.svg

expression by destabilization of a transcript, though certain RBP presence and activity
may result in the opposite effect as well (151, 153-156).

Exemplifying this, the RBP Tristetraprolin, also known as TTP or ZFP36,
mediates the degradation of various inflammatory mediators in resting immune cells by
binding to the ARE of their 3> UTR (153, 157-159). Upon exposure to inflammatory
agents such as LPS, phosphorylation of TTP inhibits the recruitment of degradation-
associated proteins such that the transcripts of desired inflammatory mediators become
protected and the proteins they encode are expressed at higher levels (153, 157-159). In a
similar situation, during the interferon response, TTP-mediated degradation is
antagonized by the simultaneous stabilization of transcripts via additional RBPs, such as
EVAL1 (155).

Outside of RBP binding sites, the 3> UTR may also contain binding sites for
microRNA (miRNA) that further regulate expression and stability. MiRNAs are small
non-coding RNA molecules that bind to messenger RNA and trigger degradation through
the induction of the RNA-induced silencing complex (RISC) (160, 161). Alterations in
miRNAs and their binding sites can serve as important mechanisms of gene regulation in
immune function, as in the hypothesized regulation of peripheral tissue antigen (PTA)
expression during thymic immune tolerance (150). Medullary thymic epithelial cells
regulate PTA expression by altering levels of both available miRNA and corresponding
MRNA isoforms containing complementary miRNA binding sites (150). The concerted
and situation-specific effects of miRNA and RBPs binding to 3’ UTR can contribute to a

variety of RNA-intrinsic regulation outcomes.
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Though arguably less studied, the variation of components within the 5 UTR is
another important mediator of translational regulation. In traditional cap-dependent
translation, the 5 UTR is the first encountered portion of the mRNA during ribosomal
scanning, and thus the elements present within or binding to this region may affect the
efficiency of translation initiation (97, 98, 162, 163). Like the 3’ UTR, the 5> UTR may
regulate the expression of a transcript through differential binding sites of RBPs.
However, RBPs interacting within the 5 UTR more often directly modulate translation
as compared to indirect modulation via changes in RNA stability. Most 5’-binding RBPs
will inhibit translation by either blocking ribosomal scanning or interfering with initiation
factors. This is the case for the protein bound by iron-response elements; it blocks the
association of the 43S ribosomal subunit with the initiation complex (163-165). However,
other RBPs promote translation through 5° UTR interaction, such as EVAL1 protein
which enhances translation of hypoxia-inducible factor 1o (156, 163, 166).

The 5’ UTR also may confer regulatory effects through differences in mMRNA
secondary structures (97, 98, 163). Highly structured regions upstream of the mRNA
initiation sequence can stall a ribosome in its scanning and thus decrease translation (163,
167). Specific secondary structures may also carry out additional gene-specific regulatory
purposes, like that of pseudoknot regulation of interferon-gamma (IFNG) mRNA (163,
168). In this case, the pseudoknot structure of the 5 UTR activates interferon-inducible
kinase PKR which subsequently acts to inhibit translation initiation of IFNG mRNA.
This allows autoregulatory feedback through PKR because its expression is increased by

interferon activation (168).
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Aside from secondary structure and altered RBP binding sites, the 5 UTR may
also contain upstream start codons or upstream open reading frames (UORFs) that
regulate translation outcomes, either directly or by altering transcript stability (163, 169-
173). Upstream start codons, both alone and as a part of UORFs, will be recognized as a
protein-coding start and thus can stall ribosomes during scanning and force re-initiation
prior to translation of the main ORF (163, 172, 174). Because of their short length, the
UORF stop codon may also be recognized as premature by RNA surveillance mechanisms
and trigger nonsense-mediated decay of a transcript (163, 175, 176). Outside of these cis-
regulatory mechanisms, a uUORF may further encode for a small peptide that can
independently interact and regulate the expression or activity of its associated gene (171,
176, 177). In total, due to a combination of these mechanisms, it is estimated that uUORFs
can reduce the translation of a transcript by 30 to 80% (173). Thus, upstream start codons
and, especially, uUORFs can be a powerful mechanism of regulation, simultaneously

conferring both differential translational efficiency and differential transcript stability.

ISOFORM-SPECIFIC EFFECTS ON THE IMMUNE RESPONSE

Changes in transcript isoforms for a given gene allow immune cells to tailor the
availability and functionality of important immune mediators by altering the levels or
structure of an expressed protein. Transcripts with alternatively spliced coding exons
most often mediate the latter, resulting in mRNA isoforms with corresponding protein
variants. Alternative splicing is a functionally significant mechanism of regulation for
many immune-important genes, including mediators of T cell apoptosis (144),

interleukins and their receptors (146), and HLA family members (147), among others
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(141-143, 178). The importance of these alternatively spliced transcripts is reflected in
the global changes to the spliced isoform landscape that occur during an immune
response to infection or to a vaccine (138-140, 179), and the many dysfunctional
outcomes associated with dysregulated RNA splicing (138, 180, 181).

Compared to protein-variant isoforms, transcript isoforms differing only in the
UTR, or end-variants, are understudied. Using the mechanisms outlined previously, these
end-variant isoforms can confer large variations in protein expression without altering the
sequence or structure of the resulting protein. Furthermore, 5’ or 3’ UTR differences
reflect the use of different transcription start or termination sites, respectively, suggesting
corresponding differential transcriptional regulation. A recently discovered 5’ end-variant
isoform of AIM2, for instance, not only possesses novel intrinsic regulation through the
inclusion of an iron response sequence element but also maps to a previously unannotated
promoter (95).

A shift in end-variant use can mediate a quick change in protein synthesis rates
which may play important roles both in normal immune response and in disease states
such as cancer (91, 96, 148-150, 182-184). Alternatively spliced protein-variant isoforms
are also thought to be important in these processes, mediating both physiologic and
disease-associated changes to protein function (142-144, 146, 147, 178, 181). Still, many
of the nuances surrounding isoform-specific regulation remain under-characterized,

particularly in cells where isoform-aware insight is lacking.
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A NEED FOR ISOFORM-AWARE REFERENCE TRANSCRIPTOMES

As most protein expression variation cannot be explained by fluctuations in
MRNA levels alone (90-93), established differential expression analyses are not enough
to gain a full understanding of the changes observed in disease and during altered
immune states. We must also understand the landscape of isoforms present within
expressed mRNA. While traditional RNA-seq analyses rely on algorithmic prediction to
infer full-length sequences (103-105, 137), the Iso-Seq method allows direct visualization
of the true sequence of novel isoforms, with the potential to identify differences between
cell types and cellular environments.

Before we can begin investigating highly specific aspects of isoform variation, it
is best to have a well-annotated roadmap of what to broadly expect in the form of an
isoform-aware reference transcriptome. Isoform-aware references are particularly
important for studies using single-cell RNA-Seq isoform prediction where fragmented
sequences are mapped to known isoforms to estimate the abundance of transcript variants
(185). Here, having the most complete isoform reference possible is essential. Even with
the advent of newer single-cell isoform sequencing technology, bulk sequencing remains
unmatched in depth and breadth of coverage for novel transcript discovery (186-189).
Bulk Iso-Seq can identify lower-expressed novel isoforms of likely functional
significance such that validation and consequences of these isoforms in specific cell types
can be followed up with less expensive and more targeted studies. 1so-Seq also serves as
a particularly powerful tool for identifying novel regulatory elements, as full-length
sequencing is championed for identifying and visualizing end-variant isoforms present in

a sample (190-192).
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Due to a current gap in reference isoform-aware transcriptomes, databases of
transcript variants (94, 132, 193) and UTRs (97, 98) are likely incomplete for human
immune cells. There is a need for isoform-aware references to comprehensively cover
isoform presence in these samples and provide a baseline for future targeted studies. We
present here the first reference Iso-Seq transcriptomes of four circulating human
lymphocyte subsets (Chapter 1V) and early activated human CD4 T cells (Chapter V),
which provide insight into the isoform landscape of these cellular states. We further
identify novel end-variant transcripts from these references that warrant further study for

their potential role in the regulation of immune-important genes.
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CHAPTER IV
REFERENCE LONG-READ ISOFORM-AWARE TRANSCRIPTOMES OF

FOUR HUMAN PERIPHERAL BLOOD LYMPHOCYTE SUBSETS?

INTRODUCTION

Structural details of transcript isoforms, also called transcript variants, are
important to catalog to advance understanding of the roles they play in cellular fitness.
With the isoform sequencing (Iso-Seq) method, individual mMRNA molecules are first
converted into cONA and then into circular templates which undergo multiple rounds of
iterative sequencing using Single Molecule Real-Time (SMRT) technology (Pacific
Biosciences). Ultimately, this generates a highly accurate (>99.9%) intramolecular
consensus read of each full-length mRNA transcript (127, 136). Iso-Seq has the potential
to identify important changes in isoform structure, such as those occurring in activated
and/or memory human lymphocytes participating in the immune response. However, to
robustly characterize functional changes in RNA biology in the context of innate and
adaptive immunity, a reference transcriptome is needed to serve as a benchmark. Thus
far, most human Iso-Seq transcriptomes currently published have included stem cells,

cancer lines, or are pooled broadly from multiple tissues (94, 136, 194, 195). To our

2Woolley, C. R., J. H. Chariker, E. C. Rouchka, E. E. Ford, E. A. Hudson, S. J. Waigel, M. L. Smith, and
T. C. Mitchell. 2022. Reference long-read isoform-aware transcriptomes of 4 human peripheral blood
lymphocyte subsets. G3 Genes|Genomes|Genetics 12. doi: 10.1093/g3journal/jkac253.
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knowledge, no 1so-Seq transcriptome had been published for primary human B, T, or NK
cells, even though isoform-specific expression patterns are known to play a role in
defining lymphocyte development and functions (178, 181). To begin to fill this gap, we
purified these four lymphocyte subsets from the peripheral blood of a healthy donor to
obtain high-quality RNA (RIN>8) for SMRT sequencing and Iso-Seq analysis. Full-
length non-concatemer reads (FLNC) as well as processed Iso-Seq data files have been
deposited to the Gene Expression Omnibus (GEQO) database (196) alongside matched
data from Illumina short-read RNA-Seq that was performed in parallel (GSE202329
Super Series). Many novel transcript isoforms supported by both Iso-Seq and RNA-Seq
data were identified. Each cell-type sample and its corresponding sequence data set met
several metrics of quality as assessed by flow cytometric and SQANTI3 (192) analysis,

respectively, indicating they will be valuable as benchmarks for future studies.

RESULTS AND DISCUSSION
Quiality of purified cell samples

Purified cells used to extract RNA for sequencing were sampled and found to be
highly viable (viability > 91%, Table 4.1). CD4* T, NK, and Pan B cells showed
excellent purity (purity > 95%, Table 4.1), suggesting RNA extracted from these samples
was also reasonably exclusive of other cell types. CD8* T cells, on the other hand, were
less pure (91.7%), with the major contaminating cell types being CD4-CD8 CD3* cells
(6.8%, Table 4.1) and Pan B cells (1.4%, Table 4.1). Thus, sequencing data obtained for
the CD8* T cell sample, though still highly reflective of the cell type, should be

considered less specific.
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The lymphocytes used in this study were purified by negative selection to avoid
transcriptional artifacts caused by antibody binding. Because our goal was to generate
reference transcriptomes that were broadly representative of subsets within each
circulating lymphocyte population, purification kits with fewer exclusions were chosen
whenever possible. For example, the Pan B cell kit was selected because it did not
exclude CD43" cells, a marker of plasma B cells (Table 4.2, CD19" and/or CD43* B cell
frequencies), and the CD4* and CD8* T cell purification kits did not exclude CD4*CD56*
or CD8*CD56* NK T cells, respectively (Table 4.1, NK T cell frequencies reported
among CD45* cells alongside purity). Further, based on flow cytometric data from two
previous experiments, the peripheral blood donor possessed a range of circulating naive
and memory T cell subtypes which we viewed as desirable for these reference data sets
(Table 4.3). Ultimately, all four isolated populations were high-quality and representative

samples of their respective lymphocyte subset.

RNA-Seq reads and genomic mapping

RNA sequencing generated ~102-124 million short reads per lymphocyte
population, and when allowing the reads to map to multiple loci the alignment rates were
above 98% for all samples (Table 4.4). To parallel the parameters used for Iso-Seq
analyses, we also mapped RNA-seq reads to hg38 in a manner that restricted their
alignments to a single locus. Alignment rates for these uniquely mapped reads were
between 85 and 89 percent (Table 4.4). The high alignment rates achieved with both

mapping strategies indicated the RNA-Seq datasets were of high quality.
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Iso-Seq sequencing and initial data metrics

To generate 1s0-Seq transcriptomes, pairs of barcoded samples were loaded on
each of two 8M SMRTcells and sequenced on the Sequel Ile system, which produced ~1-
2 million full-length non-concatemer reads (FLNCs) per lymphocyte population.
SMRTcell loading, read length and yield metrics fell within expected ranges for both
SMRTcells (Table 4.5). For data derived from both SMRTcells, 50% of bases were in
reads > 110,000 (read length N50), allowing > 30 passes of the average 3 kb mRNA,
which resulted in highly accurate HiFi data (Q38, 99.98%) as the input into Iso-Seq
analysis. These metrics were consistent with the generation of highly accurate and

extensive sequencing data for all four lymphocyte populations.

Iso-Seq transcript annotation

After processing HiFi reads into FLNCs the mRNA transcripts they represented
were categorized and summarized using SQANTI3, provided any given transcript had
been observed as at least two unique molecules. The four lymphocyte populations
expressed 11,542 to 14,487 genes with 34,211 to 59,845 distinct isoforms, as determined
by the locations of splice junctions and transcription start and stop boundaries (Table
4.6). The number of annotated genes ranged from 10,402 (CD8* T cells) to 12,162 (B
cells) across the individual samples. The 961 to 2,325 novel genes (Table 4.6) were
categorized as such because they had no annotated counterparts in GENCODE v39 and
may represent Ig or TCR gene rearrangements, although several hundred mono-exon

transcripts mapped to novel locations in the genome. The 15,433 to 33,918 novel
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transcripts identified (Table 4.6) were categorized as such because they did not match

any known Gencode v39 annotated transcript.

Iso-Seq results after filtering for short-read coverage

To reduce the risk of artifacts, the genes and isoforms detected by Iso-Seq alone
(Table 4.6) were filtered to include only those with at least one RNA-Seq short-read for
every internal splice junction present in a transcript. As shown in Table 4.7, the
exclusion of long-read transcript sequences lacking short-read support reduced the
number of unique isoforms detected to 60% of the value observed before filtering. This
reduction occurred more frequently with annotated genes than novel genes because 92%
of the latter remained after filtering (an average of 1255 novel genes detected after, as
compared to 1359 before, filtering). However, only 55% of novel transcripts remained
after filtering (an average of 13,563 novel transcripts detected after, as compared to
24,680 before, filtering), suggesting filtering effectively refined the dataset, as desired,

while retaining most novel isoforms.

Classification of transcript isoform structures

Filtered transcript isoforms were classified by SQANTI3 into several structural
categories, based on alignment to previously reported reference transcripts, and the usage
of known donor and acceptor splice sites. These were either full splice match (FSM),
incomplete splice match (ISM), novel in catalog (NIC), novel not in catalog (NNC),
intergenic (between annotated genes), antisense (anti-sense to an annotated gene), fusion

(fusion of two annotated genes), genic genomic, or genic intron (Figure 4.1). Most

71



isoform structures matched their reference transcripts completely (FSM), but many novel
transcript structures were also identified within each sample (e.g., NIC and NNC, Table
4.8).

Across all samples, the median values and distribution of lengths in novel (NIC
and NNC) isoforms were similar to those of corresponding transcripts with complete or
partial reference matches (FSM and ISM) (Figure 4.2a). Further, most novel transcripts
identified were predicted to correspond to protein-coding transcripts (Figure 4.2b).
Though these transcripts remain to be fully validated, these attributes support the notion
that many novel transcripts identified in our sequence datasets are likely real variants of
known transcripts with potential functional relevance in protein expression.

Novel transcripts (NIC and NNC) were primarily enriched within immune-
important signaling pathways (Figure 4.3), further supporting the potential for relevance
to the field. However, enrichment here does not directly mean a pathway was active, as
many cell-type specific pathways share common genes, such as T and B cell receptor
signaling sharing GRB2. It is also important to consider that isoform functionalities can
be vastly different, even for the same gene (197), so the roles of novel isoforms may not
align with their assigned gene-level functional classifications. Still, pathways enriched for
novel isoforms, and particularly those differentially enriched between samples such as
IL-2 signaling, could have yet unexplored layers of cell-specific isoform-level regulation.
Further functional validation of novel isoforms is necessary before more accurate

annotation and enrichment analyses can be performed.
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Quality metrics of filtered isoforms

Using the top four isoform categories (FSM, ISM, NIC, NNC) to assess metrics of
quality for each sample dataset via SQANTI3, we observed relatively high percentages of
transcripts within each category demonstrating good quality attributes and low
percentages of transcripts with bad quality attributes (Figure 4.4a-b, respectively). For
example, over 90% of transcripts in all categories mapped to known annotated genes, and
the majority had cap analysis gene expression (CAGE) peak and polyadenylation (polyA)
motif support (Figure 4.4a). On the other hand, low fractions of transcripts were
predicted to have undergone nonsense-mediated decay (NMD) or reverse transcriptase
(RT) switching, both common causes of artifactual novelty (Figure 4.4b).

Compared to the unfiltered transcriptomes, filtering for short-read coverage of
internal splice junctions increased the fraction of transcripts for which all splice junctions
were supported by short-read data (Figure 4.4a, unfiltered data not shown). Yet, for all
categories within our filtered dataset, there were a fraction of transcripts with no short-
read coverage for at least one splice junction. This is likely due to our filtering based on
only internal splice junctions rather than all splice junctions, as was considered for this
metric. This fraction was particularly high for the novel, not-in-catalog (NNC) transcripts
where 73.8% to 84.2% of transcripts contained at least one splice junction without short-
read coverage (Figure 4.4b). A high number of our NNC transcripts also contained at
least one noncanonical splice junction (35.7% to 40.8%, Figure 4.4b). However, when
considering the overall number of noncanonical splice junctions out of all junctions in
these transcripts, the percentage is much lower (all samples < 10% noncanonical

junctions with the rest being novel canonical or known canonical, Figure 4.4c),
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suggesting this characteristic may be reflective of the NNC classification itself rather than
the transcript quality.

Taken together with the high quality of each contributing cell sample, these
metrics support the notion that the filtered datasets provided here consist of representative
and high quality polyadenylated transcripts, some entirely novel and previously
unannotated. These will add to the known catalog of transcript isoforms present in
healthy circulating B, T, and NK cells, and will be valuable for reference in future

lymphocyte transcriptomic analyses.

MATERIALS AND METHODS
Human blood collection and PBMC isolation

Venous blood, 175 mL, from a healthy consented 57-year-old male donor was
collected in and adjusted to 6mM K3EDTA using standard phlebotomy. Collection was
approved by the University of Louisville Institutional Review Board under expedited
review (IRB 14.0661).

PBMCs were isolated using Sepmate™ PBMC Isolation Tubes (StemCell
Technologies, cat no. 85450) as previously described (56), with an additional granulocyte
depletion step (RosetteSep™ Human Granulocyte Depletion Cocktail, StemCell
Technologies, cat n0.15624) as directed by the manufacturer. Cell yield was determined
using the count per uL feature of a Cytek® Northern Lights flow cytometer as previously
described (56), immediately after which the PBMCs were further processed to purify

blood lymphocyte subsets.
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Human lymphocyte subset enrichment

Lymphocyte subsets were purified from freshly prepared PBMC using EasySep™
(StemCell Technologies) negative magnetic selection kits: Human CD4* T Cell Isolation
Kit (StemCell Technologies, cat no. 17952), Human CD8* T Cell Enrichment Kit
(StemCell Technologies, cat no. 19053), Human NK Cell Enrichment Kit (StemCell
Technologies, cat no. 19055), and Human Pan-B Cell Enrichment Kit (StemCell
Technologies, cat no. 19554) per manufacturer’s instructions. After purification, two
million (Pan-B) or three million (CD4* T, CD8* T, and NK) isolated cells were lysed in
Buffer RLT Plus (RNeasy® Plus Mini Kit, Qiagen, cat no. 74134), per the
manufacturer’s protocol and lysates were kept at 4° C until RNA extraction. The
remaining isolated cells were used for flow cytometric staining of markers to assess cell

viability and purity as described below.

Flow cytometric staining and analysis

Isolated cells were distributed at 0.2 million cells per well in a 96-well plate for
flow cytometric staining (56) with some modifications. For viability staining, cells were
first washed twice with PBS lacking calcium and magnesium (PBS) and then
resuspended in 100 pL of PBS”- containing eBioscience™ Fixable Viability Dye
eFluor™ 780 (Thermo Fisher, cat no. 65-0865-14). Cells were incubated for 30 minutes
prior to wash and resuspension in PBS” followed by fixation with 1% formaldehyde and
transfer to 12x75 mm flow cytometry tubes. Fixed cells were kept on ice until flow

cytometric analysis.
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To evaluate the purity of the lymphocyte subset samples, cells were washed twice
with standard stain buffer (PBS”- with 0.09% NaNs and 2% human serum) prior to
resuspension in a cocktail of antibodies specific for markers of myeloid and lymphoid
lineages. The antibody cocktail was generated by first adding appropriate amounts of
fluorescent-conjugated monoclonal antibodies (Table 4.9) to Brilliant Stain Buffer Plus
(BD Biosciences, cat no. 566385), and subsequently adding standard stain buffer to reach
a cumulative 100 pL per test. After resuspension in this antibody cocktail, cells were
incubated for 30 minutes prior to wash and resuspension in stain buffer. Cells were then
fixed with 1% formaldehyde and transferred to flow cytometry tubes which were kept on
ice until flow cytometric analysis.

Flow cytometry was performed with a Cytek® Northern Lights 3-laser flow
cytometer, and spectral profiles of each fluorophore were unmixed using SpectroFlo®
software (Cytek Biosciences) and appropriate single-stain and unstained controls to
account for autofluorescence. Processed data files were analyzed in FlowJo™ (BD
Biosciences). Purity and viability were determined using the gating strategies shown in
Figure 4.5. Purity is reported as the average of two technical replicates, and viability as a

single replicate value, of a fraction of the same cells used for RNA isolation.

RNA extraction and purification
Total cellular RNA was extracted and purified from 2-3 x 108 cells per sample
using RNeasy® Plus Mini Kit (Qiagen, cat no. 74134) following the manufacturer’s

protocol. RNA from each lymphocyte subset sample was eluted in 30 pL of RNA-ase
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free water and kept in a cold block on ice until 1so-Seq library preparation the same day.

Remaining RNA was frozen and kept at -80°C for RNA-Seq library preparation.

Iso-Seq library preparation, sequencing, and initial data analyses

To generate 1so-Seq libraries, 500 ng of high-quality RNA (RIN > 8) was used as
initial input into oligo-dT primed cDNA synthesis using commercially available NEB
Next reagents (New England Biolabs, cat no. E6421L). Barcoded primers were
incorporated into the cODNA during second-strand synthesis. Following double-stranded
cDNA amplification, transcripts were equimolar pooled to include two samples per
SMRThbell library preparation (CD4* and CD8* T; NK and Pan B). SMRThbell libraries
were generated from the pooled cDNA as recommended by the manufacturer. Briefly, the
pooled cDNA underwent enzymatic DNA damage and end repair prior to ligation with
SMRThbell hairpin adaptors. Final libraries were purified with magnetic beads prior to
annealing to sequencing primer (v4) and binding to polymerase (v2.1). Sequencing was
performed using one SMRTcell 8M per pair of barcoded samples on a Sequel Ile system
in the UofL Sequencing Technology Center. Following data generation, multiple,
iterative sequences covering a single SMRThbell molecule were collapsed to generate
highly accurate circular consensus sequence (CCS) reads, followed by analysis using the
IsoSeq 3 tool in the SMRTLink software suite (v10.1). CCS reads were further filtered on
those CCS reads with quality > 99%, producing “HiFi” reads. The IsoSeq 3 pipeline
demultiplexed HiFi reads per individual samples from the pooled sequencing data, filters
out amplification artifacts, trims primers and polyA tails, and produces de novo FLNC

transcripts for downstream mapping and annotation.
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Tertiary 1so-Seq data analysis and isoform characterization
A custom pipeline was developed to integrate steps in the cDNA Cupcake
protocol for post-processing of 1so-Seq v3 clustered FLNC reads

(https://github.com/Magdoll/cDNA_Cupcake). The alignment files for the FLNC reads

were converted to fastq (198) and fasta format. Fasta files were aligned to the Homo
sapiens reference genome assembly (hg38) using minimap2 v2.18-r1015 (199). The
resulting alignment files were collapsed into isoforms based on sequence similarity using
the cDNA Cupcake Python script collapse_isoforms_by sam.py. Isoform abundance was
calculated using get_abundance_post_collapse.py, and isoforms were filtered to include
those with at least two supporting reads with filter_by count.py. Isoforms were also
filtered to remove possible non-full length reads by removing those with indications of a
degraded 5’ prime region, i.e., apparent 5’ shortened isoforms with otherwise equivalent
long reads (filter_away_subset.py). SQANTI3 (192) was used to summarize the results

for each of the individual samples.

RNA-Seq library preparation and sequencing

RNA-Seq libraries were prepared using the Universal Plus mMRNA-Seq with
NuQuant (NuGEN, cat no. MO1485). For each sample, 100ng of RNA (in a volume of
50ul) was used for poly A enrichment. First and second strand cDNA was synthesized
followed by adapter and unique index ligation. Samples were barcoded using the
Universal Plus (UDI) 96-Plex Adaptor Plate (NuGEN, cat no. S02480). The
concentration of each library was measured using a Qubit dSDNA HS kit (Thermo Fisher

Cat# Q32854). The correct size of each library was confirmed by Agilent Bioanalyzer
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analysis using the DNA High Sensitivity Kit (Agilent Technologies, cat no. 5067-4626).
In addition, correct adapter and index ligation, as well as the library concentration, was
validated by sequencing all libraries on a MiSeq Nano Kit V2 300 cycles (Illumina, Cat.
No. MS-103-1001).1.5 pM of barcoded library was denatured, and sequencing was
performed on an Ilumina NextSeq 500 using the NextSeq 500 75 cycles High Output Kit
v2.5 (Illumina, cat no. 20024906). One single-end 75 bp read was performed for each
sample. The MiSeq quality control run, as well as the data run on the Illumina NextSeq
500 yielded reads with a data quality of 94.9% of reads at or above Q30. The read
alignment rate to the human reference genome Hg38 was 98.6% or higher for each

sample.

RNA-Seq data analysis

The quality of the sequenced reads was assessed using FastQC (v.0.10.1, 200),
which indicated high-quality reads such that no sequence trimming was necessary. The
sequences were directly aligned to the Homo sapiens reference genome assembly (hg38)
using the STAR aligner (v2.6, 201) two-pass method with Gencode (v39) annotations
(133). When used to filter 1so-Seq long reads, RNA-seq short reads were restricted to
uniquely mapped genomic positions by setting the STAR aligner option

outFilterMultimapNmax to 1.

Integration of Iso-Seq and RNA-Seq data

To assess short-read coverage across the splice junctions identified in the long-

read data, short reads were realigned using the STAR two-pass method with the reference
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GTF produced by the cDNA Cupcake analysis of the 1so-Seq results. The resulting
SJ.out.tab file was provided as input to SQANTI3 (v4.0) which produced a file with short
read coverage across each splice junction in the long reads (junctions.txt). Additional
SQANTI3 input included the cDNA Cupcake GTF, Gencode (v39) annotations, the hg38
assembly, long read transcript abundance, a polyA motif list, and a CAGE peak (TSS
sites) BED file for human and mouse. A custom script was written to identify isoforms
with at least one short read covering all internal splice junctions (not including the first
and last junction) using the junction file produced by SQANTI3. Coverage of only
internal junctions was used for filtering since we saw a pattern of noticeably less short
read coverage of long-read transcript ends, particularly 5° ends, similar to as previously
observed by others (192).

Transcripts not meeting the filtering criteria were removed from the GTF,
resulting in a filtered GTF with high-confidence transcripts based on short read coverage.
The filtered GTF was then annotated with SQANTI3. To make visual comparisons
across the two methods, UCSC Genome Browser tracks were created to explore
expression across the genome (202). The custom tracks for Iso-Seq and RNA-Seq data
were created using guidelines and utilities available on the UCSC Genome Browser

website. Custom tracks are available to view at http://genome.ucsc.edu/cgi-

bin/hgHubConnect?hgHub do redirect=on&hgHubConnect.remakeTrackHub=on&hgH

ub do firstDb=on&position=chr1:206,903,317-

206,921,941 &hubUrl=http://162.215.210.70/~tracks/Mitchell Lymphocyte Reference T

ranscriptomes/hub.txt.
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Functional annotation for novel isoforms

Ensembl gene 1Ds were extracted for all isoforms classified as novel in catalog
(NIC) and novel not in catalog (NNC) from the SQANTI3 classification file for each cell
type. The IDs were used in functional annotation analysis, performed separately for
individual cell types, with gProfiler2 (203). WikiPathways was selected as the primary
annotation source. Disease-related pathways were excluded on account of samples being
from a healthy donor, and only pathways which returned an adjusted p-value of less than
0.01 in at least one of the cell-type samples were reported. Expression levels were not

considered for this analysis.

Data Availability Statement

All Sequencing data sets were deposited to the Gene Expression Omnibus (GEO).
For each Iso-Seq human lymphocyte dataset, raw FLNC files were deposited in BAM
format alongside processed data files (Iso-Seq only: GSE202328, SuperSeries:
GSE202329). The processed files consist of raw gene isoform counts, annotation (GTF)
files, and UCSC Genome Browser tracks. The annotation files were obtained prior to and
after filtering for RNA-Seq coverage. Raw Illumina RNA-Seq data for each dataset were
deposited as fastq.gz files (RNA-Seq only: GSE202327, SuperSeries: GSE202329).
Processed RNA-Seq files deposited consist of raw gene counts and UCSC Genome

Browser tracks.
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CHAPTER IV TABLES

Table 4.1. Viability and purity of samples. Four lymphocyte populations were purified

by negative selection and a fraction was set aside for flow cytometric analysis. % Live

Cells, percent of events in a live gate amongst non-debris singlets. % Cell Type, percent

of each cell type amongst all CD45" cells; *, below 0.1%. See Table 4.1 for cell surface

markers used. Bold text headings and highlighted entries indicate the cell types targeted

for purification and sequencing.

Purified | % % Cell Type —
Sample Live CD4* T CcD8*' T CD4 CD8 NK Pan B Cglldé CD14* CD16*
Name: Cells (CD4*NK T) (CD8"NK T) CD3 Monocyte Monocyte
98.3
+ * * * *
CDh4* T 99.1 (0.4) 0.9 0.6
91.7
+ * *
CD8" T 99.2 3.9) 6.8 0.3 14 0.1
NK 98.3 * * * 97.6 0.8 * *
Pan B 91.0 * * 0.3 15 95.8 0.1 *

% Cell Type, percent amongst CD45* cells; *<0.1%.

Table 4.2. Frequencies of B cell subtypes in each sample. Calculated by flow

cytometric analysis of a fraction of cells in each of the purified samples that were

sequenced, reported both out of all CD45* cells within a sample as well as out of the Pan

B subset in the sample. * = below cutoff value of 0.1%.
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Purified % of CD45* Cells % of Pan B Cells

sample: CD19* CD19* CD19 CD19* CD19* CD19
CD43 CD43* CD43* CD43 CD43* CD43*

CcDh4*T 0.3 0.1 0.2 61.6 9.1 29.3

CcD8*T * 0.2 1.2 0.51 11.7 87.8

NK * * 0.8 0.76 2.3 96.9

Pan B 88.1 44 3.1 92.2 4.6 3.3

*<0.1%.




Table 4.3. Frequencies of T cell subsets within the peripheral blood of the donor

selected. Reported as the average percent + standard error of the mean based on flow

cytometric analysis in two prior experiments, three technical replicates per experiment,

using the same male donor. Subset percentages are reported out of the total CD4" or

CD8* T cell parent population within peripheral blood mononuclear cells. Tcm =T

central memory; Tem =T effector memory.

% Subset
Naive Tem Tem
T Cell Type:
yp (CD62L" (Cbe2L* (Cb62L- CD62L" CD45R0
CD45R0) CD45R0%) CD45R0%)
CD4* 56.1+3.6 34.2+3.7 9.1+0.1 0.6+0.3
cD8* 36.8+0.8 21.3+2 341+05 78+17

% Subset, percent amongst CD4* or CD8* T cell parent population; mean =+ std error

Table 4.4. Total RNA-Seq Reads and Alignment. Multi-mapped parameters allow

reads to map to one or multiple places across the genome. Uniquely mapped parameters

allow only mapping to a single locus.

Multi-Mapped Uniquely Mapped
Sample Total Reads Aligned Reads | Alignment Rate | Aligned Reads | Alignment Rate
CDA4* T cells | 102,630,137 | 101,328,169 98.73% 86,939,812 84.71%
CD8* T cells | 124,630,896 | 123,279,274 98.91% 108,717,331 87.23%
NK cells 114,296,338 | 113,001,142 98.86% 101,944,728 89.19%
Pan B cells | 112,101,017 | 110,586,693 98.64% 95,317,079 85.02%

83




Table 4.5. Number of FLNCs, clusters, and non-zero transcripts for 1so-Seq.

Quiality -
Samole SMRTcell Loading Read Length Number of Meggag”:' Number of
P Pool Efficiency N50 (bp) HiFi Reads : FLNC
Quiality
(P1)
nglsT 038 1,495,624
" 1 65.7% 120,750 2,805,160 0
CD8" T (99.98%) 976,601
cells
NK cells Q38 2,179,981
2 93.1% 113,750 4,325,837
Pan B (99.98%) 2,091,657
cells
Table 4.6. Number of genes and isoforms detected by Iso-Seq.
Unique Unique Novel Novel
Sample Genes Isoforms Annotated Genes Genes Transcripts
CD4* T 11,973 44,159 10,962 1,011 22,248
cells
CD8*T 11,542 34,211 10,402 1,140 15,433
cells
NK cells 12,176 50,905 11,215 961 27,119
Pan B cells 14,487 59,845 12,162 2,325 33,918

Table 4.7. Number of genes and isoforms detected by Iso-Seq after RNA-Seq

filtering.
Sample Unique Unique Annotated Novel Nove!
Genes Isoforms Genes Genes Transcripts
CD4* T 7,797 23,524 6,904 893 10,647
cells
CD8*T 8,417 22,304 7,326 1,091 9,380
cells
NK cells 9,052 32,555 8,178 874 15,730
Pan B cells 10,649 34,858 8,488 2,161 18,496
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Table 4.8. Number of transcripts identified in each structural category after
filtering by short-read coverage. FSM, full splice match; ISM, incomplete splice match;

NIC, novel in catalog; NNC, novel, not in catalog.

Genic . . . Genic Intron
Sample | FSM ISM NIC | NNC | - mic | Intergenic | Antisense | Fusion | | = = Retention*

+

'I?(I:Delllls 10,998 | 1,879 | 4,524 | 4,406 603 544 393 177 0 2103
CcD8*

T cells 11,066 | 1,858 | 4,296 | 3,290 494 720 399 181 0 1757

c’\el:l<s 14,254 | 2,571 | 7,281 | 6,642 663 553 365 225 0 3075
Pan B

cells 13,359 | 3,003 | 6,492 | 6,283 998 1,510 742 2,470 1 3189

* Intron Retention subcategory events were tabulated from within ISM, NIC, NNC, and Fusion categories
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Table 4.9. Antibody markers used for cell-type identification. A fraction of each

purified sample was stained with antibodies specific for the myeloid and lymphocyte

lineage markers listed. Bolded cell types are the lymphocyte subsets purified. Cell types

were defined within the samples by flow cytometric analysis as follows: +, the presence

of the lineage marker was required; -, cells with the lineage marker were excluded from

the group; +*, either the presence of one or both markers was required. No symbol entry

means the marker was not considered in defining the cell type.

Supplier,

Cell Type Defined

EolE - o - e e
56%2:37 CD45 + + + + + + + + +
e | e | - |- | - |- | -

oot | oor | -

T | oo 3K

563257 CD56 + + +

56%2’22 CD43 i

T | oo -

20-(110;9%100 cb14 " "
558551)68 D16 *

*Pan B cells were defined as positive for CD19 or CD43 or both, and negative for myeloid, T, and NK lineage markers.
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CHAPTER IV FIGURES
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Figure 4.1. Schematic of SQANTI3 isoform structural characterization

(image taken from https://github.com/Conesal ab/SQANTI3/wiki/SQANTI3-isoform-

classification:-categories-and-subcategories). FSM, full splice match; ISM, incomplete

splice match; NIC, novel in catalog; NNC, novel, not in catalog. Intron retention events

are not depicted but would fall within ISM, NIC, NNC, or fusion categories.
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Figure 4.2. Characteristics of transcripts within each structural category. From left to right, each graph represents a

different lymphocyte subset. (a) Box-and-whisker plots depict the distribution of transcript lengths (bp) for each transcript

structural category. Center lines of the plots represent median transcript lengths. (b) Bar graphs depict the proportions of

transcripts predicted to be protein-coding. Bar height indicates the percent of transcripts within each structural category out

of the total transcripts present in the sample. Darker or lighter shading within a bar represents the proportion of the category

predicted to be protein-coding or non-coding, respectively.
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Figure 4.3. WikiPathways enriched for novel isoforms. Dot plot depicting gene-level
functional classification and enrichment for novel isoforms in each lymphocyte subset.
The size of the dot represents gene count within a category while heatmap-based
coloration indicates p-value adjusted for false positive expectation. Only non-disease
pathways that returned an adjusted p-value of less than 0.01 in at least one of the cell-

type samples are depicted.
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Figure 4.4. Quality control metrics within each isoform sample dataset. From left to
right, each graph represents a different lymphocyte subset. (a) Metrics of good quality,
the percent of transcripts within the noted categories which have: Annotated, mapped to
annotated genes; Canonical, all canonical splice junctions; Coverage Cage, an identified
CAGE Peak; Coverage PolyA, an identified polyA motif; Coverage SJ, supporting short-
read coverage of all splice junctions. (b) Metrics of bad quality, the percent of transcripts
within the noted categories which have: Noncanonical, at least one noncanonical splice
junction; Not Coverage SJ, no short-read coverage of at least one splice junction;
Predicted NMD, predicted nonsense mediated decay; RT switching, predicted RT
switching occurrence. (c) Proportions of all splice junctions identified which are: known

canonical, known noncanonical, novel canonical, or novel noncanonical.
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type, the fraction of the corresponding cell type of total CD45" cells was used.
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CHAPTER V
FULL-LENGTH MRNA SEQUENCING RESOLVES 5° END-VARIANT

ISOFORMS IN ACTIVATED HUMAN CD4 T CELLS

INTRODUCTION

Only about 40% of the variation in human protein expression can be explained by
changes to MRNA levels alone (90). To fully comprehend differential expression across
both physiologic and disease states, we must recognize mRNA-intrinsic mechanisms of
regulation occurring among isoform variants. Pacific Biosciences Isoform Sequencing
(Iso-Seq) has revolutionized our understanding of isoform variation by utilizing single-
molecule real-time (SMRT) technology to generate full-length reads of mRNA. In this
method, circularized cDNA allows multiple sequencing passes which are ultimately
collapsed into highly accurate consensus reads (94, 134). After primary analysis and
cleanup, Iso-Seq can achieve > 99.9% sequencing accuracy of complete mMRNA
molecules (127, 134, 136).

Full-length transcriptomes generated by bulk Iso-Seq can be useful tools to
provide isoform references across different cell types and conditions. A comprehensive
reference may be especially beneficial for mapping short-read data during isoform
prediction, as in the recently developed Scasa method (185). Though single-cell isoform

sequencing is also now available, its lower sequencing depth may neglect low-expressed
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isoforms (186-189). In comparison, bulk Iso-Seq provides the depth necessary to
generate a sufficient roadmap of transcript variants and remains unsurpassed in its ability
to broadly identify novel isoforms across all transcript lengths, particularly end-variants
(190-192). End-variant isoforms, which differ from canonical isoforms through alteration
of their 5” or 3’ most ends, are often overlooked by RNA-Seq de novo reconstruction
algorithms that focus primarily on estimating alternatively spliced transcripts (103-105,
137). Yet, end-variants may possess important regulatory elements within differential
untranslated regions (UTRs) that can drastically affect protein expression (97, 98, 162,
163).

For human immune cells, regulation of both internal splicing and transcript UTRS
are thought to play important roles in controlling expression during anti-cancer immunity,
pathogenic response, inflammation, and autoimmune disease (91, 92, 96, 140, 143, 145,
148-150, 178, 179, 182-184). However, few studies have attempted to investigate the
global isoform landscape of activated human CD4 T cells and no bulk 1so-Seq reference
yet exists (204-206). To begin to address this gap, we activated human CD4 T cells from
a female donor and purified RNA (RIN>8) at four-time points (4, 16, 48, and 120 hrs) of
activation for parallel I1so-Seq and RNA-Seq analysis. Full-length non-concatemer reads
(FLNC) as well as processed Iso-Seq data files have been deposited to the Gene
Expression Omnibus (GEO) database (196) alongside matched data from Illumina short-
read RNA-Seq that was performed in parallel (GSE229972 SuperSeries). Each time point
and its corresponding sequence dataset met several metrics of quality as assessed by flow
cytometric and SQANTI 3 (192) analysis, respectively, suggesting the value of these

references for future use. Within these datasets, we further classified multiple novel 5’
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end-variant isoforms mapping to immune-important genes. One gene, CXCR5, was
selected for further study to validate two novel isoforms and assess their relevance in

altering protein expression kinetics and mRNA stability.

RESULTS AND DISCUSSION
Quality of purification and metrics of activation

Isolated CD4 T cells to be used as input for activation were sampled and found to
be viable (99.9%) and highly pure (98.2%) with contaminating cells primarily consisting
of CD4'CD8CD3* T cells (0.82%) (Figure 5.1). In accordance with our goal of creating
broadly representative references, the negative selection kit catered to enriching diverse
circulating subsets. Of the CD4 T cells present, most were naive (58.3%) or memory
(41.4% total Tcm and Tem), with a low fraction of effector (0.31%) and NK T cells
(0.007%) (Figure 5.1). This allowed our activated references to reflect both new and re-
activated CD4 T cells.

Once cells were isolated, they were cultured with anti-CD3/CD28 beads for
various time points of activation. Each time point succeeded in achieving nearly complete
activation, supported by almost all sampled CD4" cells expressing CD69 and/or CD25
(Figure 5.2). Throughout stimulation, cells also remained viable (viability >95.9%,
Figure 5.2) and demonstrated expected kinetics for the primary stages of T-cell
activation (Figure 5.2). Cells initiated upregulation of the activation marker CD69 by 4
hrs and fully transitioned to a blasting phenotype with increased FSC and SSC by 48 hrs
(Figure 5.2). Based on comparative calculations of cells per staining well, we further

found that cells had not yet doubled at 48 hrs but by 120 hrs had expanded to over six
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times the estimated input cell count. These metrics of cellular phenotype and behavior
suggest that the references presented are high-quality representations of early activated (4

and 16 hrs), blasting (48 hr), and proliferating (120 hr) CD4 T cells.

RNA-Seq read metrics and genomic mapping

RNA sequencing generated ~58-70 million reads per activation timepoint with
alignment rates > 92.9% when considering reads that were uniquely mapped to a single
locus (Table 5.1). Between 91.5% and 92.0% of sequenced reads were at or above Q30,
and sample data mean quality scores were all above Q35 (>99.97%). High alignment and
good quality metrics suggest these short-read data may serve as a useful counterpart to

each long-read dataset for future analyses.

Iso-Seq initial sequencing data metrics

Isoform sequencing was performed with two pooled samples per 8M SMRTcell
(4 and 16 hrs, 48 and 120 hrs). Loading, read length, and yield metrics fell within the
expected ranges for both SMRTcells (Table 5.2). For all sequencing data, 50% of bases
were in reads > 146,000 bp (read length N50), a length allowing > 48 passes of the
average 3 kb mRNA. This multi-pass sequencing resulted in highly accurate HiFi reads
(>Q40, 99.99%) that were further processed using primary 1so-Seq analysis to generate
~1-2 million full-length non-concatemer reads (FLNCs) per sample (Table 5.2). These
FLNCs could then be viewed independently as processed sequence reads or used as input

for further downstream analyses.
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Transcript annotation and classification of isoforms

To further analyze only the highest confidence and truly unique reads, FLNCs
were collapsed and filtered for each sample and a combined collapse of all samples was
used to generate a chained analysis group. The chained group was created to assess the
sum of unique expression across CD4 T cell activation states, representing a broader,
combined reference for this cell state. Resultant transcripts for the chained and per-
sample groups were summarized using SQANTI 3 (Table 5.3). Unigue genes were
identified based on the mapped genomic locations of expressed reads, while unique
isoforms were categorized as collapsed reads possessing distinct splice junctions and/or
distinct transcription start and stop boundaries.

At each activation time point, ~11-15 thousand unique genes and over 39
thousand distinct isoforms were expressed (Table 5.3). When all four samples were
considered together, ~18 thousand unique genes were found with over 118 thousand
unique isoforms, which is less than the raw total across samples suggesting some overlap
of both genes and isoforms throughout CD4 T cell activation (Table 5.3). Most genes
expressed were previously annotated within Gencode v39. However, between 601 and
3,311 novel genes were found across samples, totaling 4,970 novel genes within the
chained sample (Table 5.3).

SQANTI3 was utilized to further categorize transcript isoforms into various
structural classifications based on their alignment to previously reported reference
transcripts and their utilization of known donor and acceptor splice sites. These were
either full splice match (FSM), incomplete splice match (ISM), novel in catalog (NIC),

novel not in catalog (NNC), intergenic (between annotated genes), antisense (anti-sense
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to an annotated gene), fusion (fusion of two annotated genes), genic genomic, or genic
intron (Figure 5.3). Unexpectedly, transcripts matching their reference completely (FSM)
represented only 36-40% of transcripts per sample and were less than a third of unique
transcripts identified within the chained analysis group (Table 5.4). Rather, a larger
percentage of transcripts were novel (e.g., NIC and NNC, Table 5.4), supporting the
notion that the isoform landscape of activated CD4 T cells has many nuances that remain
to be illuminated. Most of these novel transcripts were also predicted to be protein-coding
(Figure 5.4), further suggesting that, if valid, these transcripts may hold relevant

expression-level consequences.

Quality metrics of isoform discovery

The top four isoform categories (FSM, ISM, NIC, NNC) were used to assess
metrics of quality via SQANTI 3, with most transcripts reflecting attributes of good
quality and few demonstrating potential for bad quality (Figure 5.5a-b, respectively). A
majority of transcripts mapped to known genes and possessed transcription start and
termination sites within annotated cap analysis gene expression (CAGE) peaks or
polyadenylation (polyA) motifs, respectively (Figure 5.5a). These transcripts also
appeared to primarily use canonical splice junction motifs (Figure 5.5a), maintaining a
high biological capacity for expression. Genuine expression was also supported by the
low percentages of transcripts predicted to have undergone reverse transcriptase (RT)
switching, a common cause of artifactual novelty (Figure 5.5b). For both full and

incomplete splice match categories, there were also very few transcripts predicted to have
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undergone nonsense-mediated decay (NMD) which would result in incomplete reads
(Figure 5.5b).

Though still relatively minimal, a fraction of novel transcripts (NIC and NNC)
was marked as possible NMD (Figure 5.5b). It is important to consider that this NMD
flag appears any time an isoform’s predicted coding sequence ends at least 50 base pairs
before the last junction identified for a transcript (192). Thus, NMD prediction may be
artificially inflated by instances in which splicing occurred within 3 UTRs (207, 208)
and may not necessarily indicate true decay within these novel categories.

Considered in combination with the quality of purification and subsequent
activation achieved, these metrics demonstrate that the datasets provided here consist of
representative and high-quality polyadenylated transcripts, a large proportion of which

are entirely novel and previously unannotated.

End-variant isoforms within our Iso-Seq datasets

As we examined the novelty of transcripts in our datasets, we noticed that many
isoforms were end-variants, meaning they differed from previously annotated references
only on their 5" or 3' ends. SQANT] 3 classified some of these end-variant isoforms as
subcategories of full splice match transcripts, with alternative 5' or 3' transcripts having
novel transcription start sites or termination sites, respectively (Figure 5.6). Interestingly,
end-variant transcripts made up the majority of the full splice match transcripts identified
(Table 5.5), suggesting a significant gap in the current annotation of end-variation. While
some of these proportions may be inflated due to collapse, particularly for 5" end variants

where collapse skews towards longer reads, many of these transcripts were still found
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within annotated regions of CAGE Peaks or PolyA motifs, supporting the potential for
true expression (Table 5.5). It is therefore likely that many of these transcripts represent
real events.

End-variant isoforms can alter the regulation of protein expression by modifying
elements within the 5' or 3' UTR. While the 3' UTR primarily regulates mRNA stability,
the 5' UTR plays an important role in regulating both stability and translational efficiency
(97, 98, 162, 163). Therefore, we focused on analyzing 5' end-variants of protein-coding
isoforms with longer 5' UTRs than previously annotated for their gene. Longer UTRs are
more likely to introduce new regulatory mechanisms and less likely to be sequencing
artifacts of processivity or degradation. To classify these isoforms in categories beyond
FSM, we developed a custom script that compared the calculated 5' UTR length of each
sample isoform to the longest known UTR of its parent gene within MANE (Matched
Annotation from NCBI and EMBL-EBI) or Gencode (v39, comprehensive) annotations.
Only isoforms that were predicted to be protein-coding, mapped to known genes, and
were within the FSM, ISM, NNC, or NIC categories were considered for this analysis.

To validate the use of this method for 5° UTR comparisons, we first analyzed the
distribution of lengths compared to MANE Select transcripts (209). Each MANE Select
transcript is a singular transcript created from a convergence of the two major
transcriptome annotation references, NCBI and EMBL-EBI, that is representative of
biology at its gene locus (209). Based on the assumption that most transcripts expressed
are MANE and MANE 5’ annotations are representative, we would expect these
differences to cluster around zero with a relatively normal distribution of shortened or

lengthened UTRs. Yet, like the findings of SQANTI-classified end-variants, large
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proportions of the isoforms analyzed within every sample were found to possess 5> UTRS
> 10bp longer than the MANE transcript of their parent gene (Table 5.6). Far fewer
transcripts were predicted to possess UTRs lengthened by > 100bp (Table 5.6), which
was further visualized in the overall distribution of lengths compared to MANE UTRs
where the modes centered around zero with only a slight skewing towards lengthened
reads (Figure 5.7a). It is possible this skewing in part reflects an artifact of the 5’
collapse to longer reads, as processed by cDNA Cupcake to minimize the impact of 5’
degraded reads. However, as previously mentioned for the SQANTI classified end
variants, this does not mean these reads were not real but instead suggests that lengthened
reads may be slightly overrepresented in the processed datasets. It is also possible that the
skewing towards longer reads is actually a true reflection of the UTRs present in the
transcripts, contrary to our initial assumptions. This could be because MANE transcripts
are not always the predominant transcripts in every cell state, and current annotations for
5" UTRs, even in the MANE set, may be incomplete. We thus continued to compare our
transcript 5° UTRs to the longest previously annotated UTRs with an understood caveat
that some lengthened reads may be overrepresented.

As expected, far fewer reads had 5° UTRs longer than the longest known UTR of
any Gencode annotated transcript for their parent gene (Table 5.6). This was also shown
in distributions that were similarly centered around zero but heavily skewed towards
shorter lengths (Figure 5.7b). In further classifying these lengthened UTRs for the
chained sample, all structural categories appeared to retain similar proportions of
transcripts with novel UTR > 10bp longer, while the NIC and NNC categories had a

higher proportion of transcripts with UTR >100bp longer (Table 5.7). An even higher
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proportion of intron retention events within the ISM, NIC, and NNC categories resulted
in lengthened 5’UTR (Table 5.7), though these events did not dominate because the sum
of intron retention events was far less than the sum of events within their parent
categories. These results suggest novel lengthened UTRs are represented in a diverse set
of transcripts generated from multiple mechanisms of isoform variation. Even with some
element of 5’ collapse artifact, [so-Seq appears to have illuminated novel additions to 5’
UTRs that could be important to characterize, particularly for enhancing further
understanding of UTR deviation in instances of pathology or disease response (91, 92,

148, 149, 183).

Immune-important genes with novel end-variant isoforms

To support the potential relevance of these lengthened 5' UTRs, we looked for
variant transcripts within immune-important genes and discovered, among other
examples, variants of CXCR3, CXCRS5, and IL7R with lengthened 5 UTRs (Figure 5.8a-
¢). Both end-variants of CXCR5 and two of the three variants of CXCRS3 retained all
canonical junctions and the canonical CDS (Figure 5.8a-b), suggesting the added UTR
length could serve a predominantly regulatory role. For IL7R, the dominant end-variant
transcripts did not retain the canonical CDS and instead skipped canonical exon 1,
causing a frameshift and a predicted N-terminal truncation of the IL7R protein (Figure
5.8¢). UTRscan of these exon-skipping transcripts suggested the transcription start of this
truncated CDS was downstream of a predicted internal ribosomal entry (IRES) site (97),

supporting the biological potential for protein production. These examples, though
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unvalidated, demonstrate instances where 5° UTR variation could hold relevance for
genes important to the activated CD4 T cell state.

Of these examples, we became particularly interested in the two CXCR5 isoform
variants due to the importance of this gene in T helper cell differentiation (79, 210, 211).
Furthermore, we noticed an apparent enrichment in FLNC matching the novel CXCR5
end-variants at later activation time points (Figure 5.9a). The TSS of these novel
isoforms mapped to a known promoter that had not previously been associated with any
CXCRS5 transcripts in the Eukaryotic Promoter Database (v006) (212) (Figure 5.8b).
These isoforms also appeared to have a high potential to confer intrinsic regulation of
CXCRS5 expression through novel 5° UTR elements (Figure 5.9b). As only one 5° UTR
had been previously documented for CXCR5 (97, 98), and given the potential importance
of these novel CXCR5 end-variants, we decided to validate these isoforms as an example

of the significance of discovering such variants using Iso-Seq.

Evidence of novel CXCR5 end-variants in other donors and datasets

In order to assess the presence of these isoforms in other donors and investigate
for CD4 T cell subset preference, we probed for evidence of these isoforms in previously
deposited RNA-Seq datasets (Table 5.8). Using the isoforms present in our activated
references as a guide, we determined the genomic location of the novel 5” junctions of
our isoforms (Novel Isoform 1: Chr11:118882935,118883851 and Novel Isoform 2:
Chr11:118882935,118883748) and used these to assess junctional coverage, or uniquely
mapped reads spanning each junction, within previous RNA-Seq data. Coverage of the

shared internal CXCR5 junction (reads spanning Chr11:118883993,118893595) was used
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as a metric of total CXCR5 expression. Total junctional coverage across the two novel
junctions was then divided by coverage across this shared internal junction to estimate
per sample fractions of expressed CXCR5 corresponding to our novel isoforms. The
average of approximated isoform expression could then be calculated for samples across
different cell subsets and states (Table 5.9).

Of the 216 unique donors considered to express CXCR5, 166 were found to
p0Ossess 2 or more junction-spanning reads across our novel CXCR5 isoforms.
Interestingly, our novel isoforms were primarily found among activated subsets of CD4 T
cells, particularly those which would be classified as early proliferating (72-120 hrs
activation) (Figure 5.10a-b). This aligns with our own observations of novel isoform
frequency increasing with activation time to 120 hrs and relatively aligns with a pattern
of transient CXCRS5 protein expression known to occur during early CD4 T cell
activation (27, 28). This correlation with activation appeared in all CD4 T cell subsets
except in resting and in activated T regulatory cells (Figure 5.10b).

We further investigated the frequencies of novel isoforms occurring in resting T
follicular helper (Tfh) cell subsets. Lymphoid resident Tfh cells, particularly germinal
center Tfh (GC Tfh), express high levels of CXCRS5 protein to encourage homing to
follicular germinal centers (79, 210, 211). Corresponding high and stable CXCR5 mRNA
expression is achieved through disinhibition of transcription at the canonical CXCR5
promoter (77, 78, 79, 210). Thus, we did not expect to find our novel isoforms at high
frequencies in lymphoid-resident Tfh. However, we considered that our isoforms might
play a role in CXCR5 expression within circulating T follicular helper (cTfh) cells, which

are thought to express low tonic levels of CXCR5 under non-traditional transcriptional
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control (77). Contrary to this hypothesis, we found low frequencies of the novel isoforms
in all resting Tfh, including cTfh (Figure 5.10c), suggesting that these novel end-variant
isoforms are not the primary transcripts responsible for stable CXCR5 expression within
any of these differentiated cell subsets. Instead, these novel end-variant isoforms might
play a part in CXCR5 expression regulation prior to Tfh commitment. This is supported
by the observation of higher novel isoform frequencies in ex vivo generated transitional
Tth cells (Figure 5.10c). To explore the regulatory potential of these isoforms, we next
considered the effects of isoform-specific variation on mRNA stability and protein

expression.

A novel CXCRS5 transcript is an unstable, low-expressing, protein-invariant isoform

Plasmids expressing each isoform variant were generated with a standardized
CXCR5 CDS and 3’ UTR (Figure 5.11 and Table 5.10). These plasmids were then
transfected into HEK293T cells to force the unique expression of each CXCR5 mRNA
variant.

To investigate the MRNA stability of each variant and calculate an estimated half-
life in this idealized system, we performed an Actinomycin D (ActD) transcription
inhibition assay of transfected HEK293T. FOXO3 was used as an internal control
unstable RNA (213), confirming assay success (Figure 5.12a). Using this assay, we
observed that both variants of CXCR5 had altered decay curves compared to their
canonical counterpart, and for Isoform 2 the half-life of its transcripts was significantly

decreased compared to the canonical transcripts (Figure 5.21b, ti2 95% CI shown on
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graph). This suggested that the 5° UTR additions were sufficient to confer decreased
transcript stability.

We next investigated if either novel variant exhibited altered kinetics of protein
expression. We did this using a synchronized transfection system where transfection was
allowed to proceed unhindered for 3 hours prior to the removal of transfection reagents
followed by flow cytometric measurement of CXCR5 expression at various timepoints
thereafter (Figure 5.12c). This synchronized transfection approach allowed the continued
use of the CMV overexpression system with preservation of relative efficiency (214, 215)
while simultaneously preventing an overload of the system with CXCR5 mRNA that
would hinder the observation of more nuanced differences in expression.

Using this approach, we observed significantly altered CXCR5 expression at all
time points for Isoform 2 compared to the Canonical Isoform (Figure 5.12c), suggesting
novel mechanisms of MRNA-intrinsic translational regulation occurring. Interestingly,
Isoform 1 did not show a difference in protein expression compared to the Canonical
Isoform (Figure 5.12c), distinct from apparent differences in mRNA stability (Figure
5.12b). We believe this may be in part due to the CMV overexpression system allowing
for sustained availability of mMRNA which masked changes in expression caused by lower
RNA stability. However, Isoform 2 revealed significantly lower protein expression even
when overexpressed. Thus, we hypothesized that elements present in the 5° UTR of

Novel Isoform 2 could contribute to its decreased ability to express CXCRS5 protein.
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Specific elements of the novel CXCR5 5’ UTR decrease the efficiency of protein
expression

In previously scanning the 5> UTR of each novel isoform for regulatory elements,
we found Novel Isoform 2 contained multiple uORFs and an upstream adenine-rich (A-
rich) region (Figure 5.9c). To test whether these elements caused differences in
expression, we generated plasmids expressing mutant variants of Isoform 2 lacking
UORFs or the A-rich region. To ensure the complete negation of UORF activity, we
altered the sequence of all three upstream start codons possessing an in-frame stop
(Isoform 2 w/o uORFs, Table 5.10). Separately, in removing the A-rich region, we kept
only the minimum A-repeat necessary to retain the frame of upstream elements present
with respect to the downstream CXCRS5 coding sequence (Isoform 2 w/o A-rich, Table
5.10). This ultimately produced two separate mutants with minimally altered sequences.
We then tested these mutants’ expression kinetics against the Canonical Isoform and
unaltered Novel Isoform 2.

When the A-rich region of Isoform 2 was removed, we observed a late but
nonsignificant divergence of CXCR5 expression from the unaltered isoform which
trended towards a similar expression to the Canonical Isoform (Figure 5.12d). This
suggests that the A-rich element does not play a primary role in inhibiting CXCR5
translation. However, this variant may still play a small role in mRNA intrinsic regulation
that remains to be further investigated, perhaps only in altering mRNA stability which
seems less easily visualized in this system.

Removal of all uORF regions, on the other hand, rescued CXCR5 expression by

Isoform 2-derived constructs to levels mirroring those of the Canonical Isoform (Figure
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5.12e). CXCRS5 expression was significantly increased compared to unaltered Isoform 2
at all but the 3 hr time points (Figure 5.12¢). This pattern suggests that intact uUORF
regions are the primary elements responsible for decreased expression of CXCR5 protein
by Novel Isoform 2.

Previous studies have shown the presence of UORFs can decrease transcript
expression by 30-80% (173) through mechanisms such as ribosomal stalling or by
encoding small regulatory peptides that independently affect translation (163, 171, 172,
174,176, 177). Though we confirmed expression hindrance from the uORFs within
Novel Isoform 2, further investigation is needed to explore the impact of the single uUORF
within Novel Isoform 1. Novel Isoform 1 did not appear to directly regulate CXCR5
protein expression in our study, but our investigations were conducted in an
overexpression system that likely masks some effects. Thus, while we may not have
observed the full range of expression differences that would be present in an activated
CD4 T cell system where the isoforms are naturally expressed, the experiments with
Novel Isoform 2-derived constructs demonstrated a functional consequence for protein
expression was conferred by uORF regions.

Ultimately, our investigation into these novel CXCRS5 end-variants emphasizes
the significance of isoform-level differences that may be overlooked despite evidence of
expression in RNA-Seq datasets. Many such novel isoforms, discovered using Iso-Seq,
may have important expression-level consequences and should not be excluded from
transcriptome annotations. The high-quality isoform references provided here will help
fill gaps in the known transcriptome of activated CD4 T cells and enhance our

understanding of the isoform landscape to guide future differential expression analyses.
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MATERIALS AND METHODS
Human blood collection and CD4 T cell isolation

Using standard phlebotomy, venous blood, 100 mL, from a healthy, consented 24-
year-old female donor, was collected in and adjusted to 6mM K3EDTA. Blood collection
was approved by the University of Louisville Institutional Review Board under expedited
review (IRB 14.0661).

PBMCs were isolated from blood using Sepmate™ PBMC Isolation Tubes
(StemCell Technologies, cat no. 85450) as directed by the manufacturer. Cell yield was
determined using the count per uL feature of a Cytek® Northern Lights flow cytometer
as previously described (56), immediately after which the PBMCs were further processed
to isolate CD4 T cells.

CDA4 T cells were purified from freshly prepared PBMC via negative magnetic
selection using EasySep™ Human CD4* T Cell Isolation Kit (StemCell Technologies,
cat no. 17952) per manufacturer’s instructions. A fraction of these cells was used for flow
cytometric staining of markers to assess cell viability and purity as described below. The

remaining isolated cells were immediately plated for activation.

CDA4 T cell culture and activation

Isolated CD4 T cells were plated in a 96-well U-bottom plate at 0.3 million (for 4,
16, or 48 hr activation) or 0.1 million (for 120 hr activation) cells per well in complete
RPMI. Complete RPMI was generated using RPMI 1640 media (Thermo Fisher
Scientific, cat no. 21870-076) with the addition of 1X Glutamax (Thermo Fisher

Scientific, cat no. 35050-061), 100 U/mL penicillin and 100 pg/mL streptomycin
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(Thermo Fisher Scientific, cat no. 15140-122), and 10% sterile-filtered, heat-inactivated
male AB serum (Sigma-Aldrich, H3667). Cells were activated for the indicated times
using Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific, cat no.
11161D) according to the manufacturer’s instructions. Cells were plated with a bead:cell
ratio of 1:1 for 4, 16, or 48 hr activation, or 3:1 for 120 hr activation. No additional
cytokines or stimulants were added during this time. Cells stimulated for 120 hrs were
split 1:1 on day 2 of stimulation with 50% new complete RPMI added to prevent
overgrowth and media exhaustion.

At the indicated time points, approximately 3 million (4, 16, and 120 hrs) or 1.8
million (48 hours) activated cells were lysed in-well with Buffer RLT Plus (RNeasy®
Plus Mini Kit, Qiagen, cat no. 74134), per the manufacturer’s protocol. Lysates were
then transferred to a microfuge tube and Dynabeads were removed before immediately
proceeding with RNA extraction. One well of cells per time point was also used for flow

cytometric staining to assess the success of activation as described below.

CXCRS5 Plasmid Preparations

All plasmids were produced through the services of BlueHeron Bio (Bothell, WA)
using standard synthesis and cloning techniques. A plasmid expressing CXCR5 in the
pCMV6-XL4 backbone (OriGene, cat no. SC309454) was used as a base. Three plasmids
expressing a canonical CXCRS mRNA isoform or either of two novel 5° end-variant
isoforms were created (Figure 5.11). Insert sequences differed only in their 5° UTR
region and used a standard CXCRS coding sequence and 3> UTR (Table 5.10, CDS and

3’ UTR from NM_001716.2). Later, two additional mutant variants of the Novel Isoform
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2 were generated in the same backbone, again differing only from their parent only in the
57 UTR region (Table 5.10). All inserts were sequence-verified by BluHeron Bio.
Plasmids were maintained in GC10 E. coli (containing the canonical transcript
sequence), DH10B E. coli (Isoform 1, Isoform 2, and Isoform 2 w/o A-rich), or Stbl3 E.
coli (Isoform 2 w/o uORF). For each plasmid, multiple independent DNA preparations
were performed. All plasmid DNA was purified using ZymoPURE Il Plasmid Midiprep
(Zymogen, cat no. D4201) or Maxiprep (Zymogen, cat no. D4202) kits per the
manufacturer’s instructions with optional endotoxin removal included. Plasmid DNA was

eluted in DNA-ase-free water and stored at -20°C until use in transfection experiments.

HEK293T cell culture and plasmid transfection

HEK?293T cells were maintained in complete DMEM (Thermo Fisher Scientific,
cat no. 10569-010) supplemented with 10% heat-inactivated fetal bovine serum (Thermo
Fisher Scientific) and 0.1 mg/mL Normocin (InvivoGen, cat no. ant-nr-1). Cells were
passaged to achieve 50-80% confluency on the day of transfection, and directly prior to
transfection media was replaced with Opti-MEM® reduced serum media (Thermo Fisher
Scientific, cat no. 31985-070). All transfections were performed using the Lipofectamine
3000 kit (Thermo Fisher Scientific, cat no. L3000-008) according to the manufacturer’s
recommended protocol.

For RNA stability experiments, transfection was performed with a pooled mixture
of preps and allowed to proceed for a full 20 hours of incubation to achieve a
standardized maximum transfection. RNA stability was assessed using an Actinomycin D

(ActD) transcription inhibition assay based on a previously described protocol (216).
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Briefly, after 20 hours of transfection, the media was replaced with complete DMEM
containing 5 ug/mL of ActD. At 0, 1, 2, 4, 8, 12, and 24 hours post-ActD addition, cells
were lysed in-well with Buffer RLT Plus (RNeasy® Plus Mini Kit, Qiagen, cat no.
74134), per the manufacturer’s protocol. Lysates were then transferred to a microfuge
tube and kept at -80°C until same-day RNA extraction and cDNA synthesis as described
below.

For protein expression experiments, transfections were performed with
independent plasmid preps and allowed to proceed for 3 hours prior to the replacement of
media with complete DMEM. This synchronized transfection allowed a clearer
assessment of surface expression kinetics while maintaining a minimum time of
transfection to preserve relative efficiency (214, 215). At the indicated times, cells were

stained for CXCRS5, and flow cytometric analysis was performed as described below.

Flow cytometric staining

All flow cytometric staining was performed in 96-well plates as previously
described (56) with minor modifications.

To evaluate the purity and viability of the initial CD4 T cell sample prior to
activation, cells were first washed twice with PBS lacking calcium and magnesium (PBS-
') and then resuspended in 100 pL of PBS”- containing eBioscience™ Fixable Viability
Dye eFluor™ 780 (Thermo Fisher Scientific, cat no. 65-0865-14). Cells were incubated
for 30 minutes prior to two washes with standard stain buffer (PBS”- with 0.09% NaNs
and 2% human serum) and subsequent resuspension in a cocktail of antibodies specific

for markers of myeloid and lymphoid lineages. The antibody cocktail was generated by
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first adding appropriate amounts of fluorescent-conjugated monoclonal antibodies (Table
5.11) to Brilliant Stain Buffer Plus (BD Biosciences, cat no. 566385), and subsequently
adding standard stain buffer to a cumulative 100 pL per test. After resuspension in this
antibody cocktail, cells were incubated for 30 minutes prior to wash and resuspension in
stain buffer. Cells were then fixed to 1% formaldehyde and transferred to 12x75 mm flow
cytometry tubes which were kept on ice until flow cytometric analysis.

At each time point of RNA extraction, a single parallel well of activated CD4 T
cells was stained as described above except with an antibody cocktail containing a
separate panel of markers, which differed from the initial panel used through the addition
of CD25 and CD69 and the omission of CD45, CD19, CD14, and CD16 (Table 5.11).
Staining and flow cytometric analysis was performed without removing Dynabeads from
the sample. This was possible because of the ability to extract the Dynabead fluorescence
as its own marker using spectral flow cytometric analysis, described below.

When staining transfected HEK293T, cells were first detached using TrypleE
Express (Thermo Fisher Scientific, cat no. 12605010) and washed twice with PBS-
before resuspension in 100 pL of standard stain buffer with anti-CXCR5 antibody
(Biolegend cat no. 356920). Cells were then incubated for 30 minutes prior to subsequent
wash and fixation as described above. Fixed cells were then transferred to flow cytometry

tubes that were kept on ice until flow cytometric analysis.

Flow cytometric analysis

Flow cytometry was performed with a Cytek® Northern Lights 3-laser flow

cytometer, and spectral profiles of each fluorophore were unmixed using SpectroFlo®

112



software (Cytek Biosciences) and appropriate single-stain and unstained controls to
account for autofluorescence. The count per uL feature of the cytometer was also used to
calculate cells per staining well and estimate cell expansion during activation. For
activation staining, Dynabead fluorescence was accounted for per the advice of Cytek
Biosciences technical specialists by independently unmixing the autofluorescence of
Dynabeads from activated cells. To do this, the software was instructed to consider
Dynabeads as a cell marker and was provided a Dynabead-only control in addition to the
other unmixing controls. All processed data files were analyzed in FlowJo™ (BD
Biosciences).

For the CD4 T cell experiment, initial purity and viability are reported as the
average of three technical replicates calculated using a fraction of isolated cells prior to
plating for activation. Quality metrics of activated cells are reported as values for a single
parallel well stained at each time point of RNA extraction.

For analyses of HEK293T cells in synchronized transfection experiments, total
CXCR5 MFI was calculated across two technical replicates for each independent
transfection. These values were then normalized per experiment by dividing by the
average 21-hour MFI of Canonical plasmid transfections. Per the figure legend, between
6 and 13 independent transfections per condition were averaged across experiments.
Significance is reported based on the adjusted p-value of multiple T-test analyses using
the Holm-Sidak method to account for multiple comparisons. Statistical tests were
performed using GraphPad Prism (v8.4.3).

RNA extraction
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RNA was purified from corresponding cell lysates using RNeasy® Plus Mini Kit
(Qiagen, cat no. 74134) following the manufacturer’s protocol with the addition of on-
column DNAase digestion (Qiagen, cat no. 79254). RNA from each sample was eluted in
30 pL of RNAase-free water. For activated CD4 T cell RNA, samples were aliquoted and
kept at -80°C until Iso-Seq library preparation or until shipping to the HudsonAlpha
Institute for Biotechnology (Huntsville, AL) for RNA-Seq library preparation. For
HEK293T RNA, the quality and amount of RNA were assessed using nanodrop, and 1 ug
of eluted RNA was immediately used as input for cDNA synthesis for relative

quantification by qPCR (see below).

RNA-Seq library preparation and sequencing

RNA-Seq libraries were prepared by HudsonAlpha Institute for Biotechnology
(Huntsville, AL) according to an in-house protocol. Approximately 500 ng of high-
quality RNA (all RIN>8 measured by HudsonAlpha directly prior to library construction)
was used as input for a PolyA-based mRNA enrichment and library prep (NEB). The
resulting cDNA libraries possessed fragment sizes ranging from 616 to 628 base pairs
and passed all metrics of quality per company standards, assessed using Kapa qPCR prior
to sequencing. Samples were pooled and paired-end 100bp sequencing (50M) was

performed for each sample on an Illumina NovaSeq instrument.

Iso-Seq library preparation, sequencing, and initial data analysis

IsoSeq libraries were generated as previously described (217). 500ng of high-

quality RNA (RIN>9.7) was used as input into oligodT primed cDNA synthesis using
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commercially available NEB Next reagents (New England Biolabs). A Template Switch
Oligo (Pacific Biosciences) was utilized during the reverse transcriptase reaction for
second-strand cDNA synthesis. The resulting double-stranded cDNA was amplified with
unique barcoded primers and equimolar pooled to include two samples per SMRThell
library preparation (Pool 1: 4 hr and 16 hr; Pool 2: 48 hr and 120 hr). SMRTbell libraries
were generated according to manufacturer protocols (Pacific Biosciences). Briefly, the
amplified and pooled cDNA underwent enzymatic DNA damage and end repair prior to
the ligation of SMRThbell hairpin adapters. An enzymatic cocktail was used to remove the
non-ligated template. Final libraries were then purified with magnetic beads prior to
annealing to sequencing primer (v4) and binding to polymerase (v2.1). Sequencing was
performed using one SMRTcell 8M per pool of barcoded samples on a Sequel Ile system
in the UofL Sequencing Technology Center. Following data generation, multiple,
iterative sequences covering a single molecule were collapsed to generate highly accurate
circular consensus sequence (CCS) reads. These reads were demultiplexed and used as
input into the 1soSeq 3 pipeline within SMRTLink (v10.1). CCS reads were further
filtered on those reads with quality > 99%, producing “HiFi” reads. The IsoSeq 3 pipeline
demultiplexed HiFi reads per individual sample based on barcode from the pooled
sequencing data, filtered out amplification artifacts, trimmed primers and polyA tails, and
produced de novo full-length non-concatemer (FLNC) transcripts for downstream

mapping and annotation.
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RNA-Seq data analysis

For newly generated RNA-Seq data, the quality of the sequenced reads was first
assessed using FastQC v.0.10.1 (200) which indicated high-quality reads such that no
sequence trimming was necessary. The sequences were then directly aligned to the Homo
sapiens reference genome assembly (hg38) using the STAR aligner v2.6 (201) two-pass
method with Gencode (v39) annotations (133). The STAR option —
outFilterMultimapNmax was set to 1 to allow only uniquely mapped reads. Read counts
for gene regions were obtained with HTSeq v.0.10.0 (218) using Gencode annotations.

To analyze previously deposited RNA-Seq data (Table 5.8) (144, 219-234), a
custom script was written to pull FASTQ files from the NIH Sequence Read Archive
(SRA) (235) and directly align sequences to the reference genome assembly (hg38) using
STAR aligner. Resulting SJ.out.tab files generated for each sample were used to assess
uniquely mapped read coverage across CXCR5 junctions. Studies selected contained
human samples with an average read length > 85, and all samples used for analysis were
pre-screened within their respective study to include only those without known
autoimmune conditions. Corresponding study data and associated publications were used
to assign each sample to a cell subset category (Table 5.9). After primary analysis, only
samples with > 5 reads mapping to the previously annotated internal CXCR5 junction
(Chr11:118883993,118893595) were recognized as expressing CXCR5 and included in
calculations. This resulted in 216 unique donors considered as expressing CXCR5 with
some donors repeated across samples and cell types (Table 5.9). The proportion of novel
isoform expression was estimated per sample by dividing the coverage of novel end-

variant isoform junctions (Chr11:118882935,118883748 and
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Chr11:118882935,118883851) by the total coverage at the shared internal CXCR5
junction (Chr11:118883993,118893595). The average of this calculation per subset
category was reported. For all calculations, two or more supporting reads across either

novel junction were required to be considered as true expression.

Tertiary 1so-Seq data analyses and isoform characterization
A modified version of a previously described custom pipeline (217) was used to

integrate steps in the cDNA Cupcake protocol for post-processing of Iso-Seq v3 FLNC

reads (https://github.com/Magdoll/cDNA_Cupcake). The alignment files for the FLNC
reads were converted to fastq (198) and fasta format. Fasta files were aligned to the
Homo sapiens reference genome assembly (hg38) using minimap2 v2.18-r1015 (199)
with the option -secondary=no. The resulting alignment files were collapsed into
isoforms based on sequence similarity using the cDNA Cupcake Python script
collapse_isoforms_by sam.py. Isoform abundance was calculated using
get_abundance_post_collapse.py, and isoforms were filtered to include those with at least
two supporting reads with filter_by count.py. Isoforms were also filtered to remove
possible non-full length reads by removing those with indications of a degraded 5’ prime
region, i.e., apparent 5’ shortened isoforms with otherwise equivalent long reads
(filter_away_subset.py). For chained analyses, the samples were chained together using
chain_samples.py. SQANTI3 v4.0 (192) was used to summarize the results for each of
the individual samples and the chained dataset. SQANTI3 input included the cDNA
Cupcake GTF, Gencode (v39) annotations (133), the hg38 assembly, long read transcript

abundance, a polyA motif list, and a CAGE peak (TSS sites) BED file for human and
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mouse. UCSC Genome Browser tracks were created using guidelines and utilities
available on the UCSC Genome Browser website (202). Custom tracks for the individual
sample Iso-Seq and matched RNA-Seq data are available to view at

http://genome.ucsc.edu/cqi-

bin/hgHubConnect?hgHub do redirect=on&hgHubConnect.remakeTrackHub=on&hgH

ub do firstDb=on&position=chr1:206,903,317-

206,921,941 &hubUrl=http://162.215.210.70/~tracks/Mitchell IsoSeq Stim/hub.txt

Calculating and comparing 5° UTR length for sample isoforms

A custom script was written to compare the 5> UTR length of each isoform in a
sample to the longest known 5 UTR of its SQANTI 3 assigned parent gene. The
SQANTI3 annotated coding sequence (CDS) start was used as an equivalent to isoform
5> UTR length. The longest 5> UTR length among annotated transcripts for each gene
was calculated from transcripts within Gencode (v39, comprehensive) or Matched
annotations between NCBI and EMBL-EBI (MANE Select) (209). Only predicted
protein-coding isoforms that mapped to a known gene were compared in this analysis.
Publicly available R packages ggplot2 and dplyr were used to visualize distributions of
UTR differences across transcripts.

Where indicated, novel 5 UTR discovered for immune-important genes were
aligned to each other and to previously annotated 5 UTR of their parent gene using
CLUSTAL Multiple Sequence Alignment by Muscle 3.8 (236-238). Additionally,
upstream elements within novel 5° UTR were identified using independent observation,

UTRscan (97) or the NCBI ORF finder (239, 240).
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Two-step RT-gPCR and relative quantification analysis

Immediately following RNA extraction, 1 ug of RNA was used as input to cDNA
synthesis. cDNA synthesis was performed using QuantiTect Reverse Transcription kit
(Qiagen, cat no. 205313) following the manufacturer’s protocol. Samples with low-
quality RNA were excluded based on a low A260/A280 ratio, leading to exclusion of the
12 hr timepoint for all preps in one experiment and a single experiment 24 hr time point
for Isoform 1. cDNA was aliquoted and stored at -20°C until gPCR.

gPCR was performed using Quantinova SYBR® Green PCR kit (Qiagen, cat no.
208054) on a Quantstudio 3 (Thermo Fisher Scientific) instrument following the
manufacturer’s protocol. All independent experimental replicates were analyzed with
four technical replicates across two qPCR runs. All primer pairs (Bio-Rad PrimePCR
Assay™, cat no. 10025636, Table 5.12) were certified as wet lab validated and
optimized for qPCR. An un-transfected HEK293T cDNA control was used to assess off-
target amplification of the CXCR5 primer pair, and none was found. No template controls
and controls that had no reverse transcriptase added during cDNA synthesis were also run
in parallel to further screen for the quality of each experiment.

The qPCR data were analyzed using the QuantStudio 3 Design and Analysis
software (Thermo Fisher Scientific) with the Relative Quantification app (v4.3). Only
wells with a raw Ct between 15 and 35 were kept, and those with low-quality
amplification curves were excluded. Endogenous controls SDHA, ACTB, and B2M were
used for initial normalization. The average gene stability score across experiments for
these controls was 0.002, with no single score greater than 0.008, suggesting highly

stable expression. ACt values were calculated based on these controls, and relative
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quantification of CXCR5 and FOXO3 was performed using AACt normalized to 1 hr post-
ActD addition. Relative quantification values of CXCR5 or FOXO3 at 1, 2, 4, 8, 12, and
24 hrs post-ActD addition were graphed using GraphPad Prism. For each condition, one
phase decay nonlinear regression was performed with the constraints of plateau = 0 and
shared Yo. Curves generated were used to estimate the 95% confidence interval (CI) of
RNA half-life (ti2). The 1 hr time point was consistently the peak of CXCRS5 expression,
so 0 hr data were excluded from these analyses and instead inferred by the shared Yo
restriction. Analyses were performed for three independent experiments of the Canonical
Isoform or four independent experiments for each of Novel Isoform 1 or 2. One
experimental outlier at the 4-hour time point for Isoform 1 was detected by GraphPad

Prism and thus excluded.

Data Availability Statement

All Sequencing data sets were deposited to the Gene Expression Omnibus (GEO).
For each time point of CD4 T cell activation, FLNC files were deposited in BAM format
alongside further processed data files (Iso-Seq only: GSE229971, SuperSeries:
GSE229972). The processed files consist of raw gene isoform counts, annotation (GFF)
files, and UCSC Genome Browser tracks. Raw Illumina RNA-Seq data for each dataset
were deposited as fastg.gz files (RNA-Seq only: GSE229969, SuperSeries: GSE229972).
Processed RNA-Seq files deposited consist of raw gene counts and UCSC Genome

Browser tracks.
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CHAPTER V TABLES

Table 5.1. Total RNA-Seq Reads and Uniquely Mapped Alignment.

Sample Uniquely Unique
(Activation Total % of reads > | Mean Read . .
Time Reads Q30 Quality Aligned Alignment
. Reads Rate

Point)

4 hr 58,284,865 91.73% 54,674,774 93.81%
16 hr 69,361,924 92.02% > Q35 64,992,643 93.70%
48 hr 68,319,565 91.52% (>99.97%) 63,499,850 92.95%
120 hr 70,477,487 91.80% 65,908,266 93.52%

Table 5.2. Number of FLNCs, clusters, and non-zero transcripts for 1so-Seq. HiFi

reads are filtered on quality > 99%. FLNC (full-length, non-concatemer) reads are

generated from HiFi reads.

Quiality -
Sa-mpl.e SMRTcell Loading Read Length | Number of Mean HiF Number of
(Activation p o Read
. . Pool Efficiency N50 (bp) HiFi Reads . FLNC
Time Point) (P1) Quality
4 hr Q41 1,714,773
1 75.3% 147,250 3,666,219 (99.99%)
16 hr V)| 1,252,437
48 hr Q40 1,586,335
2 71.0% 146,750 3,327,662 (99.99%)
120 hr SYR) 11,351,430
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Table 5.3. Genes and isoforms detected by Iso-Seq.

Sample
(Activation Unique Unique Annotated Novel
Time Genes Isoforms Genes Genes
Point)
4 hr 10,999 43,269 9,603 1,396
16 hr 10,698 39,690 9,576 1,122
48 hr 14,615 52,538 11,304 3,311
120 hr 11,463 45,246 10,862 601
Chained 18,277 118,287 13,307 4,970

Table 5.4. Transcripts identified in each structural category. FSM, full splice match;

ISM, incomplete splice match; NIC, novel in catalog; NNC, novel, not in catalog. Entries

show the percentage each category represents amongst total unique transcripts, with the

number of transcripts in each category in parentheses.

Sample Genic Genic
(Activation FSM ISM NIC NNC ] Intergenic Antisense Fusion
. . Genomic Intron
Time Point)
4hr 38% 10% 25% 22% 2% 2% 1% 1% 0
(16,367) | (4,241) | (10,686) | (9,411) (722) (1,042) (425) (375)
16 hr 40% 10% 28% 17% 1% 2% 1% 1% 0
(16,036) | (3,821) | (11,128) | (6,831) (511) (872) (273) (218)
48 hr 36% 12% 23% 20% 2% 5% 2% 1% 0
(18,872) | (6,072) | (12,263) | (10,493) (887) (2,486) (969) (496)
120 hr 40% 9% 27% 20% 1% 1% 1% 1% 0
(17,967) | (4,028) | (12,319) | (9,206) (551) (401) (227) (547)
Chained 31% 11% 27% 24% 2% 3% 1% 1% 0
(36,831) | (12,483) | (31,937) | (28,297) (1,982) (3,812) (1,486) (1,459)
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Table 5.5. FSM transcripts identified as end-variant isoforms by SQANTI 3. The

number of specific end-variant transcripts within each FSM subcategory is reported

alongside the proportion of those transcripts whose start or termination sites map within

annotated CAGE peaks or to known PolyA motifs, respectively.

Sample FSM Subcategory (% CAGE, % PolyA)
(Activation 20
Time Point) | Reference Match | Alternative 3’ end | Alternative 5’ end Alternative 3
and 5’ ends
0
4 hr 4’730(/3)7 %, 5,911 (81%, 78%) | 2,372 (43%, 94%) | 2,764 (50%, 79%)
0,
16 hr 4’7893(%3 %, 5,758 (76%, 77%) | 2,285 (42%, 94%) | 2,683 (46%, 79%)
0,
48 hr 5’3%(310(/3)0 %, 6,407 (76%, 73%) | 3,110 (40%, 93%) | 3,348 (47%, 74%)
0,
120 hr 5’459:20(/(?;1 A, 6,191 (79%, 79%) | 2,796 (46%, 94%) | 2,927 (52%, 80%)
0,
Chained 7’822(5/5)3)8 % | 13,895 (75%, 74%) | 5,879 (35%, 93%) | 7.879 (44%, 76%)

Table 5.6. Transcripts with lengthened 5> UTR. Only predicted protein-coding

transcripts that were within FSM, ISM, NIC, or NNC categories and mapped to a known

gene were considered for UTR comparisons.

Predicted 5’ UTR > 10 bp longer than 5’ UTR > 100 bp longer than
Sa_m pl_e protein-coding R R
(Actlvatl_on and map to MANE Longes_t 5 MANE Longes_t 5
Time Point) known gene 5’ UTR UTRn 5’ UTR UTRin
Gencode™ Gencode®
4 hr 37,190 21,516 6,625 10,691 3,869
16 hr 35,112 21,037 6,166 9,606 3,469
48 hr 43,970 27,102 8,070 12,277 4,324
120 hr 40,757 24,853 7,534 11,569 4,151
Chained 100,986 63,176 20,752 32,664 12,635

~Gencode v39 Comprehensive dataset was used for comparison
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Table 5.7. Breakdown of transcripts with long 5° UTR within the chained sample

dataset. SQANTI3 categories (FSM, ISM, NIC, NNC) assigned to the transcripts

discovered to possess long 5° UTR. Only predicted protein-coding transcripts that

mapped to a known gene were considered for UTR comparisons. Proportions among

transcripts compared within each category are shown in parentheses.

Chained Sample Statistic

Within Structural Category

FSM ISM NIC NNC Intron
Retention
Predicted protein-coding 33054 | 11449 | 29402 | 26,181 | 15305
and mapped to known gene

MANE 23199 | 6439 | 18473 | 15065 | 10,265
5’ UTR 68% 56% 62% 580 67%

5° UTR 2 10 bp - = ( 0) ( O) ( 0) ( 0) ( 0)

longer than: &';_gésin 6,551 2,292 6,283 5,625 4,783
0, 0, 0, 0, 0,

Gencodon 19%) | @0%) | @1%) | (21%) (31%)

MANE 9,127 2,820 | 11,550 | 09,166 7,400
5 UTR 27% 25% 39% 35% 48%

longer than: I’J‘;?;Sin 2,760 1,042 4,596 3,875 4,028
% % 15% 15% 26%

Gencodon (8%) (9%) 15%) | (15%) (26%)

~Gencode v39 Comprehensive dataset was used for comparison

* Intron Retention subcategory events were tabulated from within ISM, NIC, and NNC categories
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Table 5.8. BioSamples used to assess novel CXCR5 isoform junctions. FASTQ files

from the NIH Sequence Read Archive used to validate end-variants detected by Iso-Seq.

Some samples were later found to have no short-read sequences that mapped to the

canonical splice junction of CXCRS5 Such that they were judged to have no detectable

CXCRS5 expression (summarized in Table 5.9).

BioProject
Accession Number Assigned cell subset category®: BioSample Accession Number (SRR#)
(PRINA#)
Activated B cell: 22521771, 22521772
Activated CD8 cell: 16808559, 16808560, 16811460, 16811461, 16811937, 16811938, 16815211, 16815212,
16809015, 16809016, 16809791, 16809792, 16811789, 16811790, 16812600, 16812601, 16811164, 16811165,
16812437, 16812438, 16813254, 16813255, 16815213, 16815214
Activated Th17: 22521503, 22522091
Activated Th2: 22521643, 22521644
B Cell: 5048157, 5048158, 5048159, 5048160, 5048161, 5048162, 5048163, 5048164, 5048165, 5048166,
5048167, 5048168, 16809078, 16812085, 16809493, 16811118, 16815804, 22521972, 22521973
30709 Blasting CD4: 16810817, 16810818, 16815643, 16815644
Blasting from Memory: 16814387, 16814388, 16816454, 16816455
ENCODE Blasting from Naive: 16814815, 16814816, 16815923, 16815924
Consortium: Yijun Early Proliferating from Naive: 22521312, 22521436
Ruan, JAX Late Proliferating CD4: 16811841, 16811842, 16814981, 16814982, 22520975, 22520976

Barbara Wold, Caltech
John Stamatoyannopoulos,
uw
Bradley Bernstein, Broad

Late Proliferating from Memory: 16811048, 16811049, 16813298, 16813299

Late Proliferating from Naive: 16808326, 16808327, 16814027, 16814028

Memory CD4: 16809042, 16810750, 16811702, 16808891, 16808892, 16810759, 16810760

Naive CD4: 16810660, 16812052, 16813424, 16815452, 16815453, 16816234, 16816235, 22520801,
22520802, 22521433, 22521556, 22521557

Resting CD4: 16808496, 16808497, 16811207, 16811208

Resting CD8: 16807998, 16808870, 16809699, 16808195, 16808325, 16808561, 16814544, 16814545,
16816236, 16816237, 16813430, 16813431, 16814783, 16814784, 16808323, 16808324, 16811451, 16811452
Th17: 22521821, 22522178

Th2: 22521125, 22521126

Treg: 16807314, 16815055, 16815210, 22521050

252962

GC Tfh: 1747966, 1747967, 1747968
Naive CD4: 1422909, 1422906, 1422907, 1422908

264229

Activated Th1: 1615173, 1615182, 1615177, 1615186
Activated Th2: 1615175, 1615179, 1615184, 1615188
Naive CD4: 1615171, 1615180

Thi1: 1615172, 1615176, 1615181, 1615185

Th2: 1615174, 1615178, 1615183, 1615187

369563

Blasting from Naive: 5223499, 5223500, 5223501, 5223521, 5223522, 5223542, 5223543, 5223544, 5223568
Late Proliferating from Naive: 5223502, 5223523, 5223545

Naive CD4: 5223498, 5223519, 5223540

Treg: 5223518, 5223561, 5223573

464049

Early Proliferating from Naive: 7123400, 7123402, 7123404, 7123406, 7123408, 7123410, 7123412,
7123414, 7123416, 7123418, 7123420, 7123422, 7123424, 7123426, 7123428, 7123430, 7123432, 7123434,
7123436, 7123438, 7123440, 7123442, 7123444, 7123446, 7123448, 7123450, 7123452, 7123454, 7123456,
7123458, 7123460, 7123462, 7123464, 7123466, 7123468, 7123470, 7123472, 7123474, 7123476, 7123478,
7123480, 7123482, 7123484, 7123486, 7123487, 7123489, 7123491, 7123493, 7123495, 7123497, 7123499,
7123501, 7123503, 7123505, 7123506, 7123507, 7123509, 7123511, 7123513, 7123515, 7123517, 7123519,
7123521, 7123523, 7123525, 7123527, 7123529, 7123531, 7123533, 7123535

Naive CD4: 7123401, 7123403, 7123405, 7123407, 7123409, 7123411, 7123413, 7123415, 7123417, 7123419,
7123421, 7123423, 7123425, 7123427, 7123429, 7123431, 7123433, 7123435, 7123437, 7123439, 7123441,
7123443, 7123445, 7123447, 7123449, 7123451, 7123453, 7123455, 7123457, 7123459, 7123461, 7123463,
7123465, 7123467, 7123469, 7123471, 7123473, 7123475, 7123477, 7123479, 7123481, 7123483, 7123485,
7123488, 7123490, 7123492, 7123494, 7123496, 7123498, 7123500, 7123502, 7123504, 7123508, 7123510,
7123512, 7123514, 7123516, 7123518, 7123520, 7123522, 7123524, 7123526, 7123528, 7123530, 7123532,
7123534, 7123536

484735

Activated B cell: 7647655, 7647697, 7647732, 7647657, 7647699, 7647733, 7647659, 7647734, 7647802,
7647817

Activated CD8 cell: 11007097, 11007128, 11007062, 11007161, 11007064, 11007130, 11007098, 11007163,
11007100, 11007165, 11007066, 11007132, 11007068, 11007103, 11007134, 11007167

Activated cTfh: 11007140, 11007173, 11007074, 11007107

Activated Th1: 11007085, 11007116, 11007151, 11007183
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Activated Th17: 11007184, 11007087, 11007118, 11007153

Activated Th2: 11007089, 11007120, 11007155, 11007185

Activated Treg: 11007181, 7647804, 7647810, 11007114, 11007148, 11007083

B cell: 7647654, 7647696, 7647731, 7647767, 7647656, 7647698, 7647768, 7647807, 7647658, 7647700,
7647769, 7647808

Blasting from Memory: 11007142, 11007076, 11007109, 11007175

Blasting from Naive: 11007080, 11007112, 11007179, 11007146, 7647803, 7647818

cTfh: 11007106, 11007139, 11007073, 11007172

Memory CD4: 11007075, 11007108, 11007174, 11007141

Naive CD4: 11007145, 11007079, 11007111, 11007178

Resting CD8: 11007061, 11007096, 11007160, 11007127, 11007162, 11007063, 11007129, 11007065,
11007099, 11007164, 11007131, 11007067, 11007102, 11007133, 11007166

Th1: 11007084, 11007115, 11007149, 7647811

Th17: 11007152, 11007086, 11007117, 7647812

Th2: 11007088, 11007154, 11007119, 7647813

Treg: 11007081, 11007180, 11007113, 11007147, 11007082, 11007182

Activated Treg: 8477715, 8477716, 8477717, 8477718, 8477727, 8477728, 8477729, 8477730, 8477739,

516647 8477740, 8477741, 8477742
Activated CD8: 8534318, 8534324
B cell: 8534319, 8534325
521046 Early Proliferating from Naive: 8534317, 8534323
Naive CD4: 8534320, 8534321, 8534326
Resting CD8: 8534322, 8534327
cTfh: 9021737, 9021740, 9021745
541437 GC Tfh: 9021723, 9021727, 9021731
Naive CD4: 9021725, 9021729, 9021733, 9021739, 9021742, 9021747
Non-GC Tfh: 9021724, 9021728, 9021732
542640 cTfh: 9047607, 9047610, 9047613, 9047616, 9047620, 9047623, 9047626, 9047629, 9047631, 9047634,
9047637, 9047640, 9047643, 9047646, 9047649
cTfh: 9698907, 9698909, 9698913, 9698915, 9698919, 9698921, 9698925, 9698927, 9698931, 9698933,
9698937, 9698939, 9698943, 9698945, 9698949, 9698951, 9698955, 9698957, 9698961, 9698963, 9698967,
555109 9698969, 9698973, 9698975, 9698979, 9698981, 9698985, 9698987
Naive CD4: 9698911, 9698917, 9698923, 9698929, 9698935, 9698941, 9698947, 9698953, 9698959, 9698965,
9698971, 9698977, 9698983, 9698989
557467 Blasting from Naive: 9861798, 9861799, 9861800, 9861801, 9861802, 9861803
Naive CD4: 9861777, 9861778, 9861779
GC Tfh: 10033933, 10033934, 10033937, 10033938, 10033939, 10033940, 10033941, 10033942, 10033943,
10033944, 10033945, 10033946, 10033947, 10033948, 10033949, 10033950, 10033953, 10033954, 10033957,
562144 10033958, 10033959, 10033960, 10033961, 10033962, 10033963, 10033964, 10033967, 10033968
Naive CD4: 10033931, 10033935, 10033951, 10033955, 10033965
Non-GC Tfh: 10033932, 10033936, 10033952, 10033956, 10033966
Early Proliferating CD4: 11607045, 11607047, 11607049, 11607051, 11607053, 11607055, 11607057,
627949 11607059, 11607061, 11607063, 11607065, 11607067
Transitional Tfh: 11607046, 11607048, 11607050, 11607052, 11607054, 11607056, 11607058, 11607060,
11607062, 11607064, 11607066, 11607068
682651 cTfh: 14369428, 14369430, 14369433, 14369436, 14369439, 14369442, 14369445
cTfh: 13768446, 13768447, 13768448, 13768449
704268 Memory CD4: 13768442, 13768443, 13768444, 13768445
Naive CD4: 13768440, 13768441
Activated B cell: 15046299, 15046302, 15046310, 15046311, 15046318, 15046321, 15046322, 15046327,
15046332, 15046335, 15046339, 15046341, 15046347
B cell: 15046306, 15046307, 15046309, 15046316, 15046317, 15046331, 15046334, 15046338, 15046346,
743946 15046350, 15046304, 15046305, 15046314, 15046315, 15046320, 15046324, 15046325, 15046329, 15046330,
15046333, 15046337, 15046340, 15046344, 15046345, 15046349
cTfh: 15046300, 15046301, 15046303, 15046308, 15046312, 15046313, 15046319, 15046323, 15046326,
15046328, 15046336, 15046342, 15046343, 15046348
cTfh: 15055402, 15055406, 15055575, 15055579, 15055583, 15055590
Naive CD4: 15055400, 15055404, 15055470, 15055473, 15055475, 15055478, 15055481, 15055484,
15055487, 15055490, 15055567, 15055570, 15055573, 15055577, 15055581, 15055585, 15055588
Resting CD8: 15055408, 15055414, 15055420, 15055431, 15055439, 15055449, 15055456, 15055463,
15055495, 15055509, 15055517, 15055527, 15055536, 15055543, 15055551, 15055558, 15055594, 15055600,
15055607, 15055426, 15055409, 15055415, 15055421, 15055427, 15055440, 15055450, 15055457, 15055464,
15055501, 15055510, 15055518, 15055528, 15055537, 15055544, 15055552, 15055559, 15055592, 15055595,
15055601, 15055608, 15055432, 15055412, 15055419, 15055425, 15055436, 15055444, 15055454, 15055461,
744261 15055468, 15055496, 15055505, 15055514, 15055522, 15055532, 15055541, 15055548, 15055556, 15055562,

15055605, 15055411, 15055418, 15055424, 15055429, 15055435, 15055443, 15055453, 15055460, 15055467,
15055504, 15055513, 15055521, 15055531, 15055540, 15055547, 15055555, 15055561, 15055604, 15055611,
15055417, 15055423, 15055434, 15055442, 15055452, 15055459, 15055466, 15055503, 15055512, 15055520,
15055530, 15055539, 15055546, 15055554, 15055603, 15055610, 15055410, 15055416, 15055422, 15055428,
15055433, 15055441, 15055451, 15055458, 15055465, 15055502, 15055511, 15055519, 15055529, 15055538,
15055545, 15055553, 15055560, 15055602, 15055609, 15055413, 15055430, 15055437, 15055445, 15055462,
15055469, 15055497, 15055506, 15055515, 15055523, 15055533, 15055542, 15055549, 15055557, 15055563,
15055593, 15055606
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Treg: 15055403, 15055407, 15055472, 15055477, 15055480, 15055483, 15055486, 15055489, 15055492
15055494, 15055569, 15055572, 15055576, 15055580, 15055584, 15055587

Early Proliferating from Naive: 16976861, 16976862, 16976863, 16976864, 16976865, 16976866,
16976867, 16976868, 16976869, 16976870, 16976871, 16976872, 16976873, 16976874, 16976875, 16976876
781654 16976877, 16976878, 16976879, 16976880, 16976881, 16976882, 16976883, 16976884, 16976885, 16976886

16976887, 16976888, 16976889, 16976890, 16976891, 16976892, 16976893, 16976894, 16976895, 16976896
16976897, 16976898, 16976899, 16976900, 16976901, 16976902, 16976903, 16976904, 16976905, 16976906
16976907, 16976908

1Subsets were assigned according to Table 5.4.
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Table 5.9. Description of cell subset assignments and donor numbers for analysis of

previous RNA-Seq data. The time point of activation was only considered where

indicated and activated T cell categories do not distinguish samples activated in the

presence or absence of supplemented IL-2. Independent donor # is not reflective of the

total number of samples investigated as some samples were found to be repeat

sequencing of the same donor. More than 5 reads spanning the shared internal (canonical)

CXCRS5 junction were required to be considered as expressing CXCR5.

# Donors with

differentiation; not yet stable Tfh.

Cell Subset Description of Parameters # Donors Detectable
Category Analyzed CXCR5
Expression*
Resting CD4 Whole CD4 T cells; unactivated. 1 0
. Whole CD4 T cells activated for times ranging from 4-48
Blasting CD4 hours. (Early Activation) 1 1
Early Whole CD4 T cells activated for 72-120 hours. (Mid 12 12
Proliferating CD4 | Activation).
Late Proliferating | Whole CD4 T cells activated for > 120 hours. (Late 2 1
CD4 Activation)
Naive CD4 Isolated naive CD4 T cells; resting condition, unactivated. 113 29
Blasting from Isolated naive CD4 T cells activated for times ranging from 13 5
Naive 4-48 hours. (Early Activation)
Proﬁ?e rrlgting 'Ios\g':izgzg 0nr;a)‘l've CDA4 T cells activated for 72-120 hours. (Mid 96 94
from Naive
Late Proliferating | Isolated naive CD4 T cells activated for > 120 hours. (Late 4 0
from Naive Activation)
Memory CD4 Isolat_ed memory CD4 T cells (both Tcm and Tem); 10 8
unactivated.
Blasting from Isolated memory CD4 T cells reactivated for 24-48 hours. 5 4
Memory (Early re-activation)
Late Proliferating | Isolated memory CD4 T cells reactivated for > 120 hours. 1 0
from Memory (Late re-activation)
Thl Th1 polarized or isolated Th1 cells. 6 1
. Isolated Th1 or pre-polarized Th1 that were re-activated
Activated Thl immediately prigr topsequencing. 6 4
Th2 Th2 polarized or isolated Th2 cells. 7 0
Activated Th2 _Isolate(_j Th2 or_pre-polarized_ThZ that were re-activated 7 5
immediately prior to sequencing.
Thi7 Th17 polarized or isolated Th17 cells. 6 2
Activated Th17 _Isolate(_i Th1l7 or pre-polarize(_j Th17 that were re-activated 6 4
immediately prior to sequencing.
Treg Isolated circulating T regulatory cells (nTreg). 27 10
Activated Treg Isolated T regulatory cells activated ex vivo. 9 3
Circulating T follicular helper cells: CXCR5+ CD4 T cells
cTih from human peripheral blood. 63 61
Activated cTfh Isolated cTfh re-activated directly prior to sequencing. 4 3
Isolated CD4 cells stimulated ex vivo with polarizing
Transitional Tfh || cytokines to create a transitional state of T follicular helper 12 12
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Germinal center T follicular helper cells: CXCR5hiPD1hi
GC Tfh CDA4 T cells isolated from human spleen, lymph node, or 21 20
tonsil.
) Non-germinal center T follicular helper cells: CXCR5lo CD4
Non-GC Th T cells isolated from human spleen, lymph node, or tonsil. 8 !
Resting CD8 Isolated CD8 T cells (resting condition). 32
ACt'ViteeI? cD8 Isolated CD8 T cells activated directly prior to sequencing. 8 4
B cell Isolated B cell (any subtype). 24 22
Activated B cell Isolated B cell activated directly prior to sequencing. 17 14

* > 5 reads spanning the canonical CXCRS5 splice junction
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Table 5.10. cDNA sequences of 5° UTR of plasmid inserts. All 5> UTR sequences were
cloned upstream of the same CXCR5 coding sequence and 3° UTR (CXCRS5 Transcript
Variant 1, NM_001716.2, Origene cat no. SC309454). For Isoform 2 mutants, specific
modifications are bolded and red. Sequences in brackets were removed. For A-rich
removal, the maximum amount of sequence was removed while still maintaining the
frame of other UTR elements to the CXCR5 coding sequence. The location of the CXCR5

start codon is capitalized.

Canonical cctctcaacataagacagtgaccagtctggtgactcacagecggcacagecATG

agacaggacagagttgagggaaaggacagaggttatgagtgcctgcaagagtggcagectggag
tagagaaaacactaaaggtggagtcaaaagacctgagttcaagtcccagctctgccactggttagct
gtgggatctcggcetgacggetgecacctetctagaggeacctggcggggagcectctcaacataag
acagtgaccagtctggtgactcacagccggcacagccATG
agacaggacagagttgagggaaaggacagaggttatgagtgcctgcaagagtggcagectggag
tagagaaaacactaaaggtggagtcaaaagacctgagttcaagtcccagctctgeccactggttagcet
gtgggatctcggaaaagacccagtggaaaaaaaaaaaaaagtgatgagttgtgaggcaggtege
ggccctactgcectcaggagacgatgcgceagctcatttgcttaaatttgcagetgacggctgcecacct
ctctagaggcacctggcggggagcctctcaacataagacagtgaccagtctggtgactcacagec
ggcacagccATG
agacaggacagagttgagggaaaggacagaggttgtaagtgcctgcaagagtggcagcctgga
gtagagaaaacactaaaggtggagtcaaaagacctgagttcaagtcccagctctgccactggttag
Isoform 2 w/o ctgtgggatctcggaaaagacccagtggaaaaaaaaaaaaaagtggtaagttgtgaggecaggtcg

UORFs cggccctactgcctcaggagacggtacgcagctcatttgcttaaatttgcagetgacggetgecacc
tctctagaggcacctggcggggagcectctcaacataagacagtgaccagtctggtgactcacagec
ggcacagccATG
agacaggacagagttgagggaaaggacagaggttatgagtgcctgcaagagtggcagectggag
tagagaaaacactaaaggtggagtcaaaagacctgagttcaagtcccagctctgccactggttagct
Isoform 2 w/o A- | gtgggatctcggaaaagacccagtggaalaaaaaaaaaaaalgtgatgagttgtgaggcaggtce

rich gcggccctactgcctcaggagacgatgcgeagctcatttgcttaaatttgcagetgacggctgecac

ctctctagaggcacctggcggggagcctctcaacataagacagtgaccagtctggtgactcacage
cggcacagccATG

Isoform 1

Isoform 2
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Table 5.11. Antibody markers used for flow cytometric analysis. To assess purity, a

fraction of the initial CD4 T cell sample was stained with antibodies specific to the

myeloid and lymphocyte lineage markers listed. Cell types and subsets were defined

within the sample by flow cytometric analysis as follows: +, the presence of the lineage

marker was required; -, cells with the lineage marker were excluded from the group. No

symbol entry means the marker was not considered in defining the cell type. To assess

the success of activation, staining was performed at indicated time points on parallel

activated wells. *, markers were excluded from activation staining analysis. ”, markers

were introduced as indicators for post-activation staining only and not used for cell type

or subset identification.

Cell Type Defined in Purity and Subset Staining

CUCEESE ¢ |2 | oo (o | oo [sme | feon e | e | 35| 5
55)2(’57 CD45* + + + + + + + + + + +
oo e | C0 U IR I R I N N

e | e [

T | oo +

soaosr | D% ' ’

T | oo

20—3-]?:9[)—?"100 cb14 i i
R, | coso BE

e oo | |- |-

10E323 cb25"

022;332’35 cD6%"

*, included only for purity staining, not included in activation staining panel
A, included only in activation staining panel, not used for cell type identification
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Table 5.12. Primer pairs used in qPCR. All primers were from PrimePCR™ Assay

(Bio-Rad cat no. 10025636) designed for SYBR® Green experiments and wet lab

validated for gPCR.

Target Bio-Rad ulr[l)lque 8558 | Chromosome Location | Amplicon Length
11:118754662-
CXCR5 gHsaClD0020761 118764394 100
6:108986007-
FOXO03 gHsaClD0023235 109001107 134
B2M gHsaClD0015347 15:45003754-45007715 123
SDHA gHsaCEDO0057393 5:256526-256746 191
ACTB gHsaCED0036269 7:5568936-5569027 62
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Figure 5.1. Live cells and major subsets present within the purified CD4 T cell
sample. A fraction of the initial purified sample was stained with makers specific for
myeloid and lymphoid lineages and the gating strategy depicted was used to define live
cells, CD4* T cells, contaminating cells, and CD4 T cell subsets. Inset percentages show
the final calculation averaged across three technical replicates. Dot plots are
representative of the gating of one technical replicate. In calculating viability, the live cell
fraction of total singlets was used. In calculating CD4 T cell subset percentages (Naive,
Tcm, Tem, Teff, and NK T), the fraction of CD4+ T cells was used. All other percentages

are reported as the fraction of total CD45* cells.
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Figure 5.2. Cell viability and activation markers of CD4 T cells stained in parallel to
RNA extraction. At each time point of RNA extraction, a single parallel well of
activated CD4 T cells was stained with makers relevant to T cell activation. The gating
strategy used was the same as that upstream of Live/Dead differentiation depicted in
Figure 5.2. In calculating viability, the live cell fraction of total singlets was used. All
other inset percentages are reported as a fraction of the respective parent population.
Forward-by-side scatter plots are shown only for those cells not bound by Dynabeads to

allow adequate assessment of blasting phenotype.
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Figure 5.3. Schematic of SQANTI3 isoform structural characterization

(image taken from https://github.com/Conesal.ab/SQANTI3/wiki/SQANTI3-isoform-

classification:-categories-and-subcategories). FSM, full splice match; ISM, incomplete

splice match; NIC, novel in catalog; NNC, novel, not in catalog. Intron retention events

are not depicted but would fall within ISM, NIC, NNC, or fusion categories.
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Figure 5.4. Proportions of predicted protein-coding isoforms within each structural
category. Each graph represents data from a chained (a) or per-sample time point (4-120
hrs, (b-e) analysis of 1so-Seq performed at varying time points of CD4 T cell activation.
Bar graphs depict the proportions of transcripts predicted to be protein-coding. Bar height
indicates the percent of transcripts within each structural category out of the total
transcripts present. Darker or lighter shading within a bar represents the proportion of the
category predicted to be protein-coding or non-coding, respectively. Bar order from left

to right matches the structural category listing from top to bottom.
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Figure 5.5. Quality metrics of major isoforms categories. Each graph represents data
from a chained (far left) or per-sample time point (4-120 hrs, left to right) analysis of Iso-
Seq performed at varying time points of CD4 T cell activation. (a) Metrics of good
quality, the percent of transcripts within the noted categories which have: Annotated,
mapped to annotated genes; Canonical, all canonical splice junctions; Coverage Cage, an
identified CAGE Peak; Coverage PolyA, an identified polyA motif; Coverage SJ,
supporting short-read coverage of all splice junctions. (b) Metrics of bad quality, the
percent of transcripts within the noted categories which have: Non canonical, at least one
noncanonical splice junction; Not Coverage SJ, no short-read coverage of at least one
splice junction; Predicted NMD, predicted nonsense-mediated decay; RT switching,

predicted RT switching occurrence.
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Figure 5.6. Schematic of SQANTI3 FSM subcategory classifications

(image taken from https://github.com/Conesal ab/SQANTI3/wiki/SQANTI3-isoform-

classification:-categories-and-subcategories).
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Difference from Longest annotated 5’ UTR (bp)

Figure 5.7. Distribution of transcripts with lengthened 5> UTR. A custom script was written to compare 5° UTR lengths of
individual sample transcripts to either the MANE transcript 5> UTR () or the longest Genocode (v39, comprehensive)
annotated 5° UTR (b) of the parent gene. Only protein-coding transcripts mapping to a known gene and falling within the FSM,
ISM, NNC, or NIC categories were compared in this manner. Histograms were generated using publicly available R packages
ggplot2 and dplyr. The % of total transcripts possessing specific UTR differences (bp) were calculated per sample by counting
the number of transcripts possessing each difference value and dividing by the total number of transcripts analyzed. UTR

differences outside of +/- 500 are not shown.
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Figure 5.8. Immune-relevant genes with novel 5> end-variant transcripts. 5’ end-
variant isoforms of CXCR3 (a), CXCR5 (b), and IL7R (c) found within our activated Iso-

Seq datasets. Images were taken from the UCSC Genome Browser. Tracks shown top to

140



bottom are the chromosomal location for the field of view, promoter locations
documented in the human Eukaryotic Promoter Database (v006), Gencode (v41)
reference transcripts, and finally, representative collapsed isoforms taken from the 4 hr
time point of activation. For all transcripts depicted, bars represent exons, lines represent
introns, and arrows indicate 5’ to 3’ directionality. For the negative-stranded gene
CXCR3 (a), transcripts read 5” to 3’ from right to left. For the positive-stranded genes
CXCRS5 (b) and IL7R (c), transcripts read 5’ to 3’ from left to right. Protein coding

sequences are indicated on Gencode tracks by thicker bars within exonic regions.
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Figure 5.9. Novel end-variant transcripts of CXCR5 increase in frequency with
activation and possess potential intrinsic regulatory elements. (a) Mapped FLNC

reads observed in the integrated genome viewer (IGV). Reads were grouped according to

142



their coverage of the novel upstream exon found only within end-variants. The canonical
CXCRS5 Isoform is shown for reference. Each un-collapsed full-length read is depicted
with exons as shaded boxes and anticipated introns as connecting lines. Direct FLNC
coverage at the canonical CXCR5 transcription start locus and coverage of the last base in
the novel upstream exon were graphed as total and novel FLNC coverage counts,
respectively. Sequenced time points of activation are represented by different colors both
in the IGV view and in the read count graph. (b) Motifs within the 5> UTR of novel
isoforms. CLUSTAL Multiple Sequence Alignment by Muscle 3.8 was performed for the
collapsed 5’ UTR sequences of Novel Isoform 1, Novel Isoform 2, and the Canonical
CXCRS5 Isoform. Motifs were identified by NCBI ORF finder or independent
observation. Identified motifs within the 5> UTR of each isoform are highlighted. uUORF
regions are highlighted yellow, A-rich regions are highlighted orange, and upstream start

codons possessing an in-frame STOP are underlined with green.
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Figure 5.10. Evidence of novel CXCR5 isoform junctional coverage across previous

RNA-Seqg samples. Previous RNA-Seq data were pulled from the NIH Sequence Read

144



Archive. Samples from 216 unique donors expressing CXCR5 were categorized
according to cell subset and activation state. Unique donors per category are listed in
Table 5.9. Only donors expressing CXCR5 were considered for analysis. The % novel
CXCRS5 j(x) is an estimated proportion of novel isoform expression, calculated per
sample by dividing the coverage of our novel end-variant isoform junctions
(Chr11:118882935,118883748 and Chr11:118882935,118883851) by the total coverage
at the shared CXCRS5 junction (Chr11:118883993,118893595). The average of this metric
per subset category is shown with error bars representing standard deviation. No
additional statistical tests were performed. (a) Unactivated or activated whole CD4, naive
CD4, or memory CD4 T cells. Activated cells were further classified by activation time
as blasting (4-48 hr), early proliferating (72-120 hr), or late proliferating (>120 hr). (b)
Unactivated or activated samples of B cells, CD8 T cells, or various subsets of CD4 T
helper (Th) cells: circulating T follicular helper (cTfh), Thl, Th2, Th17, and T regulatory
cells (Treg). (c) Samples of T follicular helper (Tfh) cells: cTfth, GC Tfh (germinal center

Tfh), Non-GC Tfh (non-germinal center Tfh), or ex-vivo transitional Tfh.
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Figure 5.11. Plasmid elements of pPCMV6-XL4. Plasmids were generated through the
services of BlueHeron Bio (Bothell, WA). The location of CXCR5 inserts is shown.
CXCRS5 inserts contained variant 5° UTR upstream of the standard CXCR5 CDS and 3’

UTR of NM_001716.2.
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Figure 5.12. Differential mRNA stability and protein expression conferred by novel

CXCRS5 isoforms. (a-b) mRNA stability assessed by an Actinomycin D (ActD)

transcription inhibition assay. Relative quantification was performed with normalization

to 1-hour post-ActD addition. Graphs depict nonlinear regression curves for one-phase

decay with constraints of plateau = 0 and shared Yo. 95% confidence intervals (CI) for

the curves are shaded. 95% CI for mRNA half-lives (ti2) were calculated from regression

analyses. Datapoints included in analyses were 1, 2, 4, 8, 12, and 24 hr time points after

ActD addition. (a) One-phase decay of a known unstable transcript, FOXO3, which is

endogenously expressed within HEK293T cells. FOXO3 was quantified alongside

CXCRS5 in every experiment as a metric of assay quality. The curve depicted was

generated using data points collected across all 11 experiments. (b) One-phase decay of

CXCR5 mRNA isoforms. Isoforms were uniquely expressed in HEK293T cells by
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transfection of plasmids engineered to transcribe only one mRNA variant. Nonlinear
regression curves incorporate data across three (Canonical) or four (Novel Isoforms 1 and
2) independent experiments. One outlier at the 4-hour time point for Isoform 2 was
excluded. (c-e) CXCRS5 display kinetics for variant mRNA isoforms occurring during
synchronized transfection. Plasmids expressing each mRNA isoform were transfected
into HEK293T cells. Transfection was allowed to proceed unhindered for 3 hours prior to
removal of transfection reagents and observation of protein expression kinetics using
flow cytometric staining for surface CXCR5. CXCR5 expression was observed at 3, 6, 9,
12, and 21 hours after initial transfection. Data were normalized per experiment to the 21-
hour average of Canonical isoform expression. Significance is reported based on adjusted
p-values of multiple T-tests using the Holm-Sidak method to correct for multiple
comparisons; n.s. not significant, * p<0.05, **p<0.01, ***p<0.001. (c¢) Expression
kinetics from plasmids transcribing either Canonical, Isoform 1, or Isoform 2. For each
plasmid, N=13 transfections (3 experiments, 3-5 independent plasmid preps per
experiment). (d-e) Expression kinetics from plasmids transcribing either Canonical, intact
Isoform 2, or mutant variants of Isoform 2. Canonical and intact Isoform 2 were
transfected in parallel to mutant variants of Isoform 2 for these experiments. For
canonical and intact Isoform 2, N=6 transfections (2 experiments, 3 independent plasmid
preps). For the mutant variants of Isoform 2, N= 8 transfections (2 experiments, 4
independent plasmid preps). Significance is reported for mutant variants compared to

intact Isoform 2 expression.
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CHAPTER VI

DISCUSSION AND IMPLICATIONS

SIGNIFICANCE OF FINDINGS IN FCMR REGULATION
Implications for hypotheses of FCMR function in human T cells

Even with well-documented occurrences of ligand-induced endocytosis (50-53),
we found that soluble IgM is not a modulator of FCMR surface expression on
lymphocytes. Instead, FCMR surface expression appeared to be regulated by a
nontraditional mechanism involving cell-density-driven inhibition. Aside from lending
better information to shape future in vitro studies of this receptor, this discovery has
implications in both forming, testing, and refining FCMR functional hypotheses,
particularly for human T cells where the receptor’s function is not well understood.

The prevailing hypothesis for the role of FCMR in human T cells is that
internalization of IgM-FcMR complexes upregulates T cell costimulatory molecules (53).
In this hypothesis, circulating levels of IgM would be of considerable importance in
determining T-cell sensitivity to activation. During the early stages of an infection, when
IgM titers are high, increased FCMR stimulation may heighten T-cell sensitivity to
activation before the initiation of the T-cell-dependent antibody response and class
switching. However, based on the previous understanding of FCMR regulation (53, 106,
108, 110), FcMR surface expression was predicted to be lower in these high IgM

environments, decreasing the likelihood of its functionality. In contrast, our findings
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predict relatively constant levels of FCMR on circulating T cells, even in high IgM
environments. This would allow increased sensitivity to broad ranges of IgM that could
more directly couple the IgM-productive B cell response to FcMR-mediated T cell
priming. A T cell could thus keep FCMR high until additional stimuli, such as activation
or activation-adjacent signals (53), lead to the downregulation of the receptor when it
may no longer be needed.

Outside of adding layers to the prevailing hypothesis of FCMR function in human
T cells, our findings support additional hypotheses involving the continuous sampling of
IgM, which would not be possible with direct ligand-mediated regulation. One such
hypothesis is that FcMR-mediated internalization of pathogen-associated molecular
patterns (PAMPS) triggers internal pattern-recognition receptors (PRRs). In non-T cells,
antigen may be internalized through mechanisms such as Fc gamma receptor (FcyR)
binding and endocytosing complexed antigens (241, 242). Once inside the cell, PAMPs
can bind internal PRRs such as TLR3, TLR7, TLR9, or other internal detection molecules
such as Caspase-4/5 which may directly bind internalized LPS (243-245). FCMR s the
only constitutively expressed Fc receptor in human T cells (108), and naive T cells where
FCMR is most expressed do not have many highly expressed cell-surface PRRs (246). It
is possible that FCMR in these cells provides a mechanism to sample IgM-bound PAMPs
from the extracellular, thus providing further context during T cell activation.

The lack of previous consideration for FCMR to play a role in sensing the
extracellular environment is likely due, in part, to the assumption that FCMR is not
available in high IgM environments if it is directly downregulated through the binding

and internalization of IgM. However, based on our study of FCMR regulation, a
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continued sampling of environmental IgM by patrolling T cells becomes more
biologically likely. Investigations into this and other hypotheses requiring FCMR-
mediated IgM sampling would be interesting directions for future studies. Further
analyses of FCMR-mediated regulation in T cells might also help to support or deny such

hypotheses and lend clues to additional theories into the roles of FCMR.

Implications for FCMR as a target in Chronic Lymphocytic Leukemia

The ability to predict receptor availability is important in the design of targeted
therapeutics and in understanding receptors as biomarkers of disease. FCMR is a known
biomarker, and potential target for the treatment, of Chronic Lymphocytic Leukemia
(CLL), where it is elevated on leukemic B cells as well as on non-leukemic B and T cells
(108, 118). Our studies into mechanisms regulating the expression of FCMR on healthy
lymphocytes provide insight into how this receptor may behave during FcMR-targeted
treatments (54, 55).

Though CLL is primarily a hematopoietic disease, states of natural cell crowding
exist within the primary reservoirs of bone marrow and lymph nodes (247). Yet, CLL
cells taken from circulation have been most often used for ex vivo measurement of FCMR
and to predict therapeutic efficacy (52, 54, 55). If FCMR on CLL cells behaves similarly
to FCMR in our in vitro studies of the effects of cell density on healthy lymphocytes, CLL
cells in cell-crowded bone marrow and lymph node environments may have less cell
surface FCMR available than has been assumed. Less available FCMR could lessen
therapeutic efficacy in these reservoirs and prevent the complete elimination of leukemic

cells. Future studies integrating our newly illuminated mechanisms of receptor regulation
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with previous understandings of FCMR expression are needed to estimate the true

availability of this receptor as a target of therapeutic interventions.

SIGNIFICANCE OF FINDINGS TOWARDS ISOFORM-BASED REGULATION
Iso-Seq in the discovery of novel end-variant isoforms

Using Iso-Seq, we generated isoform-aware transcriptomes for human
lymphocytes and activated CD4 T cells that revealed many novel isoforms, a large
proportion of which were end-variants with novel UTRs. It is known that mMRNA and
protein expression are not directly equivalent, and end-variant regulation may be an
under-explored but important mechanism contributing to this disassociation (90-93).
Several examples of specific end-variant regulation in human immune cells have been
found (95, 153, 157-159, 163, 168, 248), but we may still be overlooking many end
variants and further missing changes in global end-variation. With few human immune
cell types and states well-annotated with isoform-aware sequencing, there is a continued
need for Iso-Seq studies cataloging the end-variant landscape during the human immune
response.

In addition to enhancing our understanding of post-transcriptional regulatory
mechanisms, a comprehensive understanding of end-variation would also add to our
ability to adequately annotate transcriptionally relevant regions such as promoters and
enhancers. Many aspects of promoter and enhancer regions have been shown to overlap,
including the ability to start transcription near the element’s locus (249, 250). Recent
models have even proposed that promoter and enhancer elements might exist on a

spectrum rather than as independent categories (249, 250). I1so-Seq can provide additional
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insight into distinguishing these elements by providing valuable information on
transcription start sites and respective transcript characteristics, as in visualizing
bidirectional starts that would be typical of more enhancer-like TSS (249, 250). The end-
variant transcripts discovered with bulk Iso-Seq may be particularly helpful in
corroborating previous CAGE Peak and chromatin accessibility data that predict specific
regulatory loci (219, 249, 251).

The ability of Iso-Seq to unambiguously detect end-variation may also be
important in mapping cell-state-specific transcriptional control of immune-important
genes. For example, the novel CXCR5 end-variant isoforms discovered here appear to
map to a known promoter whose role in regulating Tfh differentiation has not yet been
cataloged or studied (212). Future studies could investigate the mechanisms of regulation
occurring at this locus, particularly as CXCR5 expression at the time of end-variant
appearance is thought to be independent of the transcription factor Bcl6 which is oft
considered vital in controlling CXCR5 expression (77-79, 88, 89).

Without appropriate end-variant characterization, current annotations of
transcriptional regulation for many genes are likely incomplete. It is probable many TSSs
remain to be discovered and potentially important variants of the transcripts produced at
even recognized TSS remain undocumented. End variants found in our and future Iso-
Seq studies will thus help better define the complete transcriptional and translational

regulatory atlas of human immune receptors.
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Implications for our understanding of receptors as biomarkers of disease

Surface receptors are often used as biomarkers of disease as changes in their
expression reflect the intrinsic and extrinsic factors that affect various cell states. Since
the advent of next-generation sequencing and a decrease in the cost of sequencing
technology, genetic and transcriptional markers have also become widely used in
diagnostics (252, 253). Differential expression is frequently considered in this context,
though differential RNA splicing events have also been appreciated as a novel area to
look for biomarkers of cancer or infectious disease (138, 179, 181, 254). Even differential
end-variation of isoforms has been suggested for possible diagnostic capability (96, 149,
255, 256). Single-molecule sequencing approaches such as 1so-Seq offer the unique
opportunity to enhance investigations into the differential expression of splice- and end-
variant isoforms, which may not only be recognized as biomarkers but may also have
potential consequences in controlling levels of disease-associated proteins.

For example, global 5° UTR alterations and differential first exon usage have
been identified as likely mechanisms influencing protein expression in cancer (148, 255,
256). For prostate cancer, point mutations within the 5 UTR have even been associated
with varying clinical outcomes (255). As cancer cells constantly adapt to evade immune
surveillance, slight alterations in regulatory regions that drastically affect protein
expression without creating neo-antigens, could be highly advantageous to these cells.
End-variation and mutations within 5> UTR are likely more widespread in cancer cells
than is currently appreciated, where they could thus play an overlooked role in the

evasion of immune surveillance.
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Post-transcriptional regulation is thought to play a role in the dysfunction and
exhaustion of T-cells in cancer patients (257), suggesting end-variants might serve to
distinguish amongst various immune states that could potentially predict immunotherapy
responsiveness. Yet, the landscape of end-variant isoforms in tumor-invading and
circulating cells of cancer patients is relatively understudied. Additional 1so-Seq surveys
in cancer are warranted to further distinguish end-variants as possible biomarkers of
disease or therapeutic efficacy.

Aside from enlightening end-aware nuances in differential expression across
cancer, 1so-Seq discovery of end-variation holds great potential for clarifying the
significance of single nucleotide polymorphisms (SNPs) found in Genome-Wide
Association Studies (GWAS). For many disease-associated SNPs, the exact implications
of their locus remain unknown (258). This is particularly true for SNPs in regions outside
of annotated transcripts that are not within documented promoter, enhancer, or other
regulatory elements. The significance of these intergenic SNPs is often chalked up to the
interruption of an undocumented long-range regulatory region (259). However, it is
possible some of these SNPs could be within the UTR of novel and unexplored end-
variant isoforms or adjacent to as-yet-undiscovered transcription start sites. These
hypotheses are supported by a recent study involving the re-annotation of transcript
expression that found many previously “intergenic”” SNPs were actually within
unannotated, novel transcripts (260). Though few novel transcripts found in this study
were predicted to be protein-coding (260), this highlights the importance of continuous
annotation of possible isoforms in various cell states to best predict the consequences of

disease-associated polymorphisms.
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Alongside disease-associated SNPs, rare diseases that are directly caused by
mutations in the 5 UTR of mRNA also exist that are often missed by diagnostics
methods centered on detecting mutations in internal exons (261). In such cases,
visualization of intact mMRNA molecules with Iso-Seq may be useful to classify and
characterize both mutations occurring in the protein-coding regions as well as in the
noncoding regions of the mRNA. Iso-Seq thus offers unique opportunities for biomarker

discovery, clarity of genetic disease associations, and direct diagnostics.

Implications of end-variant isoforms in designing targeted therapeutics

A well-informed catalog of end-variants improves our ability to design
therapeutics that use or target elements within the 5> UTR. In generating novel mRNA -
based therapeutics, for example, annotated UTRs are often used to predict the stability
and expression outcomes of prospective constructs (262, 263). By enhancing 5 UTR
annotation using Iso-Seq, we may also improve the design of UTRs in mRNA-based
therapeutics. Improved annotation of 5° UTRs could further enhance the design of
catered treatments targeting specific aspects of UTR-based regulation in disease. For
instance, in Alzheimer’s disease, the amyloid precursor-protein (APP) mRNA is
controlled by an iron-responsive element within the 5° UTR that increases protein
expression and directly contributes to disease pathology (264, 265). Taking advantage of
this mechanism, drugs targeting the chelation of iron to decrease APP expression have
been tested in clinical trials (264, 265). Because of its ability to pick up subtle alterations
in the 5” regulatory regions, Iso-Seq may be a useful tool in laying the groundwork for

this and other UTR sequence-informed treatments.
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One promising 5° UTR-associated target involves cancer-specific changes to
UORFs. Certain uORFs have been shown to produce small peptides that may be displayed
to patrolling T cells via the MHC I presentation pathway that, when altered by mutations,
serve as neoantigens that can initiate anti-cancer T-cell response (266). Such uUORF-
encoded peptides could serve as novel targets for cellular therapies. However, without
understanding the extent of end-variants in cancer, we cannot fully understand and
reconstruct the landscape of UORF neoantigens that may be present. Few studies have
attempted to catalog end-variants with uORFs that may encode peptides used in MHC-
based surveillance. 1so-Seq offers a unique opportunity to characterize end-variation
within diseased and healthy tissue, catalog 5’ UTRS, and observe potential uORFs to

predict short coding sequences that may be used for MHC | display.

CONCLUSIONS

Together, these studies have contributed to a more comprehensive understanding
of immune-relevant receptors by positing novel mechanisms of receptor regulation.
When integrated with previous research, our findings may help to anticipate patterns of
receptor expression during targeted treatments and further contribute to the identification
of efficient disease biomarkers or therapeutic targets. Overall, our research has provided a
valuable contribution to the field of immunology and laid the groundwork for future
studies investigating how the mechanisms described here could affect many aspects of

immune-related receptor regulation.
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